
··N~';i&ll:Uvlil1vVibvbb'UUihh~~hJ~~n11~~1il1:UTHltl~ufi11~vfh~b~~b~'U q . 

bb~~n1-ath:mn~1elf 
q 

1'VI e.nilVitJ5ilb U'Ufl 1'Uvt~ .:J'tlel.:J nT~Am~1 ~1llvt~ n\1 ~l'lfity ty1tl ~erJty1~~~,jw"~ 
~1'tl11erJ11A1nllllb'Vh~1 flW~1A1nllliA1~~~ 

"' "' dl liVI11'V1~1~~elU~~16fl51'U 
q 

\Jn1lfln~1 2559 

il'tla'VI~bU'U'tlel.:Jllvt11'V1~1~~elU~l1erlo1il q 

khanitha
Rectangle



' 

A LINEAR TUNABLE WIDE INPUT RANGE CMOS OTA 

AND ITS APPLICATION 

DANUPAT DUNAGMALAI 

A THESIS IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 

MAJOR IN ELECTRICAL ENGINEERING 

FACULTY OF ENGINEERING 

UBON RATCHATHANI UNIVERSITY 

ACADEMIC YEAR 2016 

COPYRIGHT OF UBON RA TCHATHANI UNIVERSITY 

khanitha
Rectangle



tl'ityty1t1~"llty1~'ti~uweti~ 

a1"ll11"ll11f11m-a~ 1 v-Jvh Aw::1fl1n-a-a~fl1a~i 

............... ~ .. ~~ .. [.t."::~ ................................. . 

().J ~"\J''J ~ 
··················································································· ................ C.#!.· ...... : ............................................ . 

('jmf'l1£1~'j1~1'j~ ~uJ~m.rmu 'V'I.:J~-!~u) 

'j~.:J~5n1'jD~~1~1~1n1'j 

~"llil'VI~ d~J'LI"llel-:1 ~VI11'VI El1~ EleJD g=t 'a1"llli1'U • 
um-afin'li1 2559 



-. 

l . 

n 

i'Vlcnth"l'U5tJUtJ'd6'11b~"il~~1~1tJ1~~-m~ m~tJ'IJeJn11tJ'IJeJtJVfH~flru ~"!i1tJI'll?fl'\'"j1"iJ1'"j~ ~'"j_'IJil'rl~1 
" 'U 'I 'U dA 

bbn1 bb~~ m"iJ1'"j~~'I.J~n"rJ1 ~1m~ bb 'W1fi~m1:u~'Vl1~1'1J1 m'"j m1"1l ?teJtJi'Vl tJ1il'l"l'W 5'Vln~'WI'leJ'U 
~ ' 

~J;~eJ~"il'U 1 ~1"11 bb 'U~'!.h 1 'U n1'"jii1b il'W~il'l bbJ;~~rh~~ h bbri~ b ~ tJ'U 1~ tJ hJvr!~t:.JJ;~I'l eJtJ bb 'Vl'U ~~b iJ'Ut:.J~ t ~ 
~ 

~1~ tlij fl11:U?f1:U 1'"j~ t 'U n1'"j'Vll~1'U1 ~ tJ bb!;l ~-w ~ 'U1~1'U1 ~ tJ 1~ eJ ~ 1~ij'I.J '"j~ ~'Vl5 .n 1'\"l b ~ eJ ~1tJ'Vl eJ~ 
~ 

fl11:U~fl11:U?f1:U11~~ijeJ~ bbri Pl"rJ~'IJeJ~~i~ tJ l'ieJ 1 'I.J 'We:Jn"il1ndbb~1~1~ tJ'IJeJ m1tJ'IJeJtJ'I"l1~flru u ~1 
" 'U 'U 'U " 

:1..111~1 ~J;leJ~~.:jfl1eJtJfl-r1 m ~m'"j?fUtJ?t'U'U t 'Wm'"j?in"rJ11'ieJ t 'Wfl~.:jd ~n~.:j'IJeJ'IJeJtJ'\"l'"j~flruflru1"il11~ 
' ' 

'Vlnvi1'U~1 ~1"11'\.J~n'r!1 1 'Un11?1~1.:j?f'"j1flt:.JJ;~.:j1'W1~ tJ b ~eJ b iJ'U~1'Uvt~~ 1 'Um1:u6'11 b ~"il'IJeJ~i'Vl tJ1il'l"l'W5 
' ... .., "' 

tltJLJ'U 



-. • 

~· . 

• 

1-:J"il~~b.Je:~?~1e:~Vi be:~ bb 'U'U:I.1'li1-:~B1.J'Y'lVJ ni'1-:~~?11m ~t1tl1''U fi1 hi' e:~ ci1-:~ b ~-:~ b~1.J 

~e:Jtl~tyqj1 

mfl1"1l1 

e:J1"il1~t1~tJ~m~n 

~'Y'l\'l~1~qj 

bb~~m~tJ~~c.mVJ1 i 
' .., ~ .., 

~1.J'Y'l~1.J m-:~:w1~CJ 
' 

tl1'"1lty1~'t1~U rusfiVJ 

1~1m~:w1v.Jvh 

' 

.0::. oC:lt. ~Jt 0 d' Q.l d' q I 4 1J d 
TYl CJ 11.J'Y'l1.J'Ei1.J1.J 1 b?I1.J eJ n 1~e:1 e:J n bb 'U 'U1-:J "il ~Vl ~11.J ?I fl e:J1.J ~ fl bVJ e:J ~ bb 'U'U:W"Il1-:Je:J1.J'W V1 nd1-:JV1?11:W1~tl 

' 
tJ 1''U fl1eJ Vl ~1 "1J CJ1 CJ Vl ~ 11.J ~ fl e:J1.J ~ fl bbV11.JS"d1~ eJ ci 1-:Jb ~-:) b~1.J ~ e:Je:Jnbb 'U'U 1 ~ fi 1eJ V1~1"1J CJ1CJV1~11.J~ fle:J1.J~ fl bbV11.Js& 

6'11:W1~tltl1''Ufi1"1JCJ1CJ 1~e:~ci1-:Jb ~-:Jb~1.J 1~CJe:Je:Jn bb 'U'U 1 ~~11.J"1Je:J-:J m~bb?l~~1 'UB?I"1Je:J-:Jfle.J~I'i1-:~e:JCJ L1.Jb Vle:J:W 
'U 'U 

"1Je:J-:Jrl1~-:J?Ie:J-:J bb~ ~tl1''U fi1'li1-:~ bb ~-:J~1.J B1.J'Y'lV11~ ni'1-:~ 1~ CJe:Je:J n bb 'U'UV1~11.J~ fle:J1.J~fl bVJe:J{bb 'U'U~~Vle:J1.J 
' 

S"de:J{?I ;-:~ 1fl~-:J?I~1-:J"1Je:J-:J1 -:J"il~tl ~~ n e:J'U~1 CJ 1 -:J"il~Vl~11.J ~fle:J1.J ~fl bVJe:J{ bb 'U'U~:We:J ?I bb~ ~1-:J"il~CJn n1~ -:J?Ie:J-:1 

"1Je:J-:J61ruunrum~bb?l e.J~n1~Vl~?le:J'Utlmh~e:~-:~m~v11-:J11.J~hCJ 1 tl~bbm:w PSPICE 1 ~?lm~tl1.J~e:Je:Jnm 
"'"' 'U 

VJ1:W~fl1~vrr-:~fi e:~:W"Ii1-:~ B1.J 'Y'lVJ ni'1-:~ ?11:W1~tltl 1''U fi1 BVJ ~1"1J CJ1 CJVl ~11.J ~ fle:J1.J ~ fl-bbV11.J S"d1~e:~ ci 1-:1 b :U-:~ b~1.J 
' 

1-:J"il ~~1~e:J e:J nbb 'U'U 6'11:W 1~tlvl1-:!11.J 1~~ :1.1 fi 1fld 1:W ~ ~'W ~ 1~~ 1 6'1 e:J~fl~ e:J-:1 V11:WV1 ~11 ~'Y'l~e:J:Wtl1.Jd1~ 
Ll1 be:l11-:J"il~Vl~11.J ~ fle:J1.J ~fl bVJ e:~{ 1 tJ1 m 1.J m~e:~e:~ n bb 'U'U1-:~"il ~n1 b u ~61ty ty1ru1-:~"il~~ ru61 ty ty1ru bb~~ 

1-:J"il~me:J-:~fl11:wffi VI:W~bb ~-:~~1.J 



-. 

TITLE 

AUTHOR 

DEGREE 

MAJOR 

ADVISOR 

KEYWORDS 

ABSTRACT 

A LINEAR TUNABLE WIDE INPUT RANGE CMOS OTA 

AND ITS APPLICATION 

DANUPAT DUNAGMALAI 

DOCTOR OF PHILOSOPHY 

ELECTRICAL ENGINEERING 

ASST. PROF. KHANITIHA KAEWDANG, Ph.D. 

TRANSCONDUCTOR, WIDE INPUT VOLTAGE RANGE, 

LINEAR TUNABLE, CURRENT SQUARING CIRCUIT 

This thesis proposed a transconductor circuit design which offers wide linear 

adjustable transconductance gain. This design using DC bias of current balanced 

differential pairs in square root term andreduce degeneration source techniques. This 

circuit composed of CMOS transconductor and current squarer circuits.The validity of 

the proposed has been demonstrated through PSPICE simulations in whichthe output 

of the purposed circuit indicatedgood agreementwith the theory on the wide input 

range, tunable linear transconductance and low relative error. The applications of the 

constructor circuit can be used in waveform generator, signal multiplier and voltage

mode universal biquadratic filter. 



" 

n~~m'111'lh:m1fl 

'U'VI~~uo.n1ti1L 'VIV 

"' ' "' 'U'VIflVIVO.n1ti10.:Jnqti 

~11uty 
"' ~11'Utu~111.:1 ., 
"' ~11'Uqj.tl1'W 

'U'VI~ 1 'U'VIoU1 

1.1 fi1111LU'U1!1LL~:::fl'd111~1rl~'1JB·:I'u~'V!1 

1.2 1~t~'lh:::?l\lrl'1JB\IlVH:JTW~'Ut5 
' 

1.3 th::: 1CJ"IltJ.ffi~-r'I.J 
"" ... ... 1.4 '1JB'I.JL'1J~n1~1"1n1~1fi'Ufld1 

q ot::lt. Q. ~ 

1.5 ~1CJ~:::LBCJ~'1JB\I'JV1()1'U~'U'B 
ci qd,d II 

'U'VI'VI 2 'VIt]ti~'VILnV1'tltl.:l 

2.1 1'1~~'1JCJ1CJ&1ruttnru 
"' "' .. ~ .. 

2.2 Vl~1'UBI!?IL~B1LL'I.J'I.JBI!lJB?I 

2.3 'd'I~~?I:::VJB'Um:::LL?ILL'I.J'I.J1offV1~1'U~?IL~B{LL'I.J'I.J~lJB?I 
"' ' .. 

2.4 1'1~~'1JCJ1CJ?I~~1ru~mm\ILL'I.J'I.JBI!1!B?I 
~ "' ~ 2.5 'd\I~~Vl~1'U?IfiB'U~fiL~B1 

2.6 'd\I~~Vl~1'U61fiB'U~fiL~BiLL'I.J'I.J~lJB?I.ffi~ijm~'I11L?I'UBLL~'d 
2. 7 1'1~~CJnt11~'1?1B'I&1~~1rum:::bb?l 

'U'VI~ 3 m1~.:1 bfl11::\1bbfl::oomb 'U'U'Wil1'VI11'U~flo'U~fl b~oi 
3.1 m~&1'1 Lf1~1:::'Vi' LL~:::BBf1 LL 'I.J'I.J'd'l~~~lJB?I1BVl LB LL 'I.J'I.Jij'lJ'd'IB'U~~ n11'1~?11:w1~tl 

' 

II 

'VI'U1 

1 

3 

3 

3 

4 

6 

10 

16 

25 

29 

31 

39 

u-r'I.JI"h 1~B~1'1 L :U-:JL61'U 41 

3. 2 m~1 Lfl ~1:::'Vi'?111 ~~ t~'U::: '1JB \I'd \1~ ~~1!B?I1 a Vi L B LL 'I.J'I.J ij'li1 \1 a'U~ ~ n11'1~?111!1~t1 
' 

u-r'I.JI"h1~B~1'1L:U-:JL61'U 48 

3.3 f11~lLfi~1:::'Vi'V!1'li'd'lfl'd11l~U~'I.J1i'I1'U'1JB'I'd'I~~Vl~1'UfiB'U~fiL~Bi 
3.4 'I.JVl?I~'I.J 

' 
'U'VI~ 4 m1'lh::vn~1-ij-:~1'U • 

4.2 'd'l~~flru&1ruru1rum:::LL?I 
'IJ "'"' 

4.3 1~'C\l1n~€l~rt11:W~LLtJtJVI(;l1tJVJcU'1Vi 

4.4 'I.JVl?l~u • 

51 

55 

56 

60 

62 

64 



i . 

.. . 

.Q. ~ ~ d 0 

5.1 ~~n1'WlV16'leJ'Ubb~~n1'~1bfl11~VlflUJ6'l~'U\il"'.leJ-l1·:r'ilWI'W1b6'l'l,!"el 
' 

5.2 ~~m1"111~mm1vi'1-l1'W"'.le:J-ln11'lh~(Jnlil1-tl'-l1'W1-l"il1~1l1b6'l'WeJ 
' 

5.3 'U'Vl6'l1'l.l 
' 

'U'Vl~ 6 'U'Vl~'l'llbb~~ilm~'Wmb\.1~ • 

II <> 
bilfl~11il1~il~ 

fl1fle.l\.11fl 

n fl1V'1111i1b\ile:J~"'.le:J-l~~e:J6'l'V111'W~6'lb\ile:J~ TSMC 0.35~m Level 3 vtlm'Wm1-.6'1~e:J-l 
nT':ivl1-l1'W~1() 1 'l.l1bbn1~ PSPICE 

"1.1 ~~-l1'W1-;ij(jvft~~~~~ 

II 
Vl\.11 

65 

71 

81 

82 

83 

84 

89 

92 

114 



; 

• . 

~. 

4.1 

5.1 

5.2 

.. ~ "" 
'll'U 1~'ll eJ-:J'VI)1'U '1161 bl'l eJ) bb 'U'U'/1~ eJ61 

rh bb 1-:~~'U a'UV'I~'~ b ~ e1 1m~~~ l'leJ'U61'UeJ-:J'lleJ-:~ bb~m:~-:~ noff'U • 

II 
Vl1..11 

63 

65 

77 



' 

;. 
.,j 

ll1'W'VI 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

2.10 

2.11 

2.12 

2.13 

2.14 

2.15 

2.16 

2.17 

2.18 

2.19 

2.20 

2.21 

2.22 

2.23 

2.24 

2.25 

2.26 

2.27 

bb 'U'U"il1~a-:~'J-:~"ii1"llcnCJ61 ryry1rubb 1-:J~'U 

'J-:J"ii1 b -YiCJ'U LfiCJ-:J"ll a-:~ aatJ bba11U1 'U al'111fl~ • 
bb 'U'U "il1~ a-:~1-:~ "ii1"ll en CJ 61 ry ry1 rum~ bb?f 

'J-:J"ii1b i1 CJ'U LfiCJ-:~"lJa-:J'U a1~'Ubba11thfl1 vH baa1 

0 -~ • 
bb 'U'U "i11~ a-:~1 -:1 "ii1"ll CJ 1 CJ 'VI11'U?f 161l?f bb\11 'U'Il 

(n) 'VI11'U~?fbl1la1LL'U'U.ij11a?f "IIU1'1 N bb~~ ("ll) 'V111'U~?fbl1la1Lb'U'U.ij11a?f "IIU1'1 P 

m1'YJ m1'Yi 1-:1 1'U"ll a-:J'V111'U~?f b\11 a1 bb 'U'U.ij11 a ?I 
o ~ t{ q o v v ~ d dO 

bb 'U'U"ii1~ a-:~"ll a-:~ 'V111'U'Il?f b\11 m bb 'U'U'Il11 a ?I ?11Vl1'U ?I ry ry1 ru"lJ'U 11'1 b~ n'Vl m 111 f:l\111 

bb 'U'U"il1~ a-:~"ll eJ-:J'V111'U~?f b\11 a 1 bb 'U'U.ij11 a?f~1Vl~'U 61 ry ry1 ru"ll'U 11'1 b~ n~ ~1'U 1 a-:~ hJ1~ 
l I Q.l f( 

\1laaCJn'U"ll1'1lB1?1 
'U 

0 ..::lit. f( q 0 Q.l v ~ .d d 
bb 'U'U "ii1~ a-:~"ll a-:~ 'V111'U'Il?f b\11 a 1 bb 'U'U 'll11 a ?I ?f1Vl1'U ?I ru ru1 ru"ll'U 11'1 b~ n'Vl m 111 f:l?f-:1 

...... 'U 

m1Vl1eJI1111n11"llCJ1CJfl1~bb?f"llru~~tJI'11-:J"ii1 
'J-:J"ii1?f~Vfa'U m~ bb?f bb 'U'U~'U~1'Uvft i'V111'U~?f b\11 a1 bb 'U'U.ij11a?f"IIUI'1 bB'Ubb "II'U bb 'U~ 

"' 
flru?111illi~Lml'l'111l"lla-:~'J-:~"ii11 'UmV'I~ 2.13 1 'Umru~'V111'U~?fbl1la1 M 1 bb~~ M 2 

(n) bb'U'U"iJ1~a-:~61ryry1ru"IJ'U11'1b~n"IJa-:J'V111'U~?fbl1la1 M 1 ("IJ) 1-:J"ii1?111~~~"1Ja-:~ 

., 
'VI'U1 

6 

7 

7 

8 

8 

9 

10 

11 

13 

13 

14 

16 

17 

19 

o v a .o:::t. t{ 

bb'U'U"i11~a-:~?fryqJ1ru"lJ'U11'1b~n"lJa-:J'V111'U'Il?fbl1lm M 1 19 

(n) bb'U'U"iJ1~a-:~61ryry1ru"IJ'U11'1b~n"IJa-:J1-:J"i11?l~Vfa'Um~Lb?f~fl1111~~1 ("ll) 'J-:J"ii1?111~~ 
"IJa-:Jbb'U'U"il1~a-:~61ruru1ru"IJ'U11'1b~n~m111~~1"1Ja-:~1tJ (n) 20 

... ... 'U 

f( v a tl d d 
1\l "ii1?111lJ~ CJ"IJ a\l?f ru ru 1 ru"lJ'U 11'1 b~ n"IJ a\l'J\l"ii1?f~'Vl a'U m ~ bb?f'Vl fl'J 1lJ t:1 ?1\l 21 

~ v ~ ~ ... .,. .., 
'J\l"ii1?f~'Vla'Ufl1~bb?f'J'U?f'U 22 

m1'W m~bb?ILml'lV'II1lb ViCJ'U n'Ubb 1\l~'UbB11'lV'I111 23 • • 
'J-:J"ii1?f~Vla'Um~bb?fbbfl?fbfll'1 24 

m1'Wm~bb?fbml'lY1111 b -YiCJLJnu bb 1\l~'Ubml'lV'II11 24 • • 
1\l"ii1"1JCJ1 CJf11111t!1ri1CJ 1a'U"IIu1'11 i'V111'U~?Ibl1la1 bb 'U'U.ij11a?fa ~1\1~1 CJ 25 

fl11Wfl'J1116111~'Ul5"1Ja\l m~ bb?f bB11'1V'II11~ b U'U~\lnoB''U"IJ a\l bb 1\l~'U[:.J~ ~ 1\l"IJa\lB'UV'I\11 • • 
1\l "ii1?flJ'U 1ru"1Ja 'l1 a-Yi w~ffi fl1 \l ?11'1\l b tl'U'V111'U~?f b\11 a1 bb 'U'U.ij11 a ?1 

'U 

m1vh 1 ~b U'Ub :a\lb~'U~'JCJn11~1'1'Vla'U'Il1a?f 

1-:J"ii1"1J CJ 1 CJ e.J ~ ~ 1\l bb 'U'U~ 1'1'Vl a'U'IJ1a ?ftJ ~ 1 CJ ri?f a \l ~ 1'Uvft i ~ 1191 1'U'V11'U~ 1'1'Vl a'U 
'U 

(n) 1-tl'~119i'1'U'V11'U~I'1'Vla'U?fa\l~'J ("IJ) Hi~119i'1'U'V11'U~I'1'Vla'U'Vlfl\l~'J 
(n) 1\l"ii1?11111~'VI1\lal'111fl~"lla\l1aViLa ("IJ) 61ru~n~ru"lla'l1ai1La 

'U • ... 

26 

28 

28 

29 

39 



., . 

.,j 
.fi1'VWI 

2.28 

2.29 

2.30 

2.31 

2.32 

2.33 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

4.1 

4.2 

4.3 

4.4 

5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

5.10 

5.11 

5.12 

5.13 

5.14 

5.15 

~ Q.l 6' ..::111 II Q.l 

'"l-~"'il';i'VI';i1'W61rla'U~rlb\WeJ';i'VIrl1'Urlll ~1mb ';j~~'W • 
f' cv f'aj II' 

1~"'il';i'VI';i1'W61rla'W~rlb~P~m'VIrl1'Urlll mvm:m61 • 
1~"'il';i EOTA ~aamb'U'UL~V1~"'il';i'VI';i1'W~rla'U~rlb1Pla{bb'U'U61ll~~~1'W1'W 3 l>l1 

1~"'il';i BOTA 

1~"'il';i'VI';i1'U~rla'U~rlb1Pla{~tl1'ul"h gm 1~aci1~b;a~b~'W 

1~"'il';itJnn1~~61m61qJqJ1rum~Lb61 

• 

u~a n 1~a~ bbm~OZJ m1~"'il';i1~"'il';i'VI';i1'W~rla'U~rl b~P~a{ bb uuihh~a'W'V'I\Pl n11~~611~1';itl • 
tl1'u l"h 1~ aci1~ b ;a~ b~'W 

Lrl';i~61~1~"llm1~"'il';i'VI';i1'Urla'U~rl b~P~a{~ii"li1~ bb ';j~~'W B'W'V'I\Pl ni'1~ • 
Lrl';i~61~1~0ZJa~1~"'il';itJ mi'1~~61a~61qJqJ1 rum~ bb61 

tl 

VI'U1 

31 

32 

34 

35 

37 

39 

41 

43 

46 

1m~61~1~0ZJa~1~"'il';i~l!a611aVi LmL uuii"li1~ B'W'V'IIPI n11~~611l!1';itltl1'ufi11~ a ci1~ L ;a~ L~'W 48 • 
Lrl';i~61~1~m';ivnfi1Lb ';j~~'U 1 Vl~~~1~ 1~61~61~ 50 

'U • 

1~"'il';i'VI';i1'Urla'U~ rl b\Pl aft 'U n1';ii brl';i1~v;-VI1"1i1~rl11l!~tJ5u~~1'U 52 

u~an 1~a~LLm~OZJa~1~"'il';in1b'i1~61qJqJ1ru 56 

cr v cv '"' 
brl';i~61';i1~0ZJa~1~"'il';irlru61ruflnrum~ bL61 LL uu bba'U~~ an 'U .., .., 

Lrl';i~61~1~0ZJa~1~"'il';in';ia~rl11~~bb'U'UVI~1tJVI1!1~ 

bb';i~~'WB'U'V'I~P~aavJL~IPIOZJa~1~"'il';i • 
cv 6' QJ ff 

a\Pl';i1"/JtJ1(J'VI';i1'U61rla'W~rl~\Pl'U~OZJa~1~"'il';i 

eJIPl';i1"1JmtJ'VI';i1'W~rla'U~rl bb~P~'W6lia ci1~ b U'Wb ~~ b~'W 

"li1~rl11~~tl5~~1'U"lla~1~"'il';i 
eJ\Pl';i1l!1{i'U bb~~b vJ61~1{i'UOZJa~1~"'il';i 

Q.J f' I CV 

61qJqJ1ruba1\Pl~IPIOZJa~1~"'il';i61.f111~a~IP11 
' ' 

61btln~P~1'l!OZJa~61ruru1ruVir111~~ 600kHz .., .., 

61ruru1rurl11ll~Lm~'V'I~P~OZJa~1~"'il';ibda 1 ifi11>l1 bn'I.Jtl';i~"'il SnF til"' , , 

61qJqJ1rum1~~bm~~\PlOZJa~1~"'il';ibda 1 -&'1"11~1 LnutJ';j~~ so pF 

61qJqJ1rurl11~~Lm~~\PlOZJa~1~"'il';ibda 1 ifi11>l1bnutJ';j~~ soo pF 

61ruru1tlJrl11l!~ba1~'V'I\PlOZJa~1~"'il';ibda1offfi1\0l1Ln'Utl';i~"'il SnF SOpF bb~~ SOOpF 
CIJ Cll q q 

cv f' Q.J '"' 

61ruru1ruba11Pl'V'I~P~"lla~1~"'il';irlru61 ruru1ru m~ bL61 bL uu LL a'W~~ an 
QJ Ill 'I 'U u QJ 

~ Q.l ff Q.J ~ 

rlru61l!'U~P~OZJa~61ru ru1ru m~ bb61 ba11Pl'V'I~P~OZJa~1~"'il';irlru61 ruru1 rum~ bb61 bb uu Lba'W~~ an 
q 11.1 QJ " 'U u v 
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'VI'LI1 

(:.Jl;l!'leruG1'Wa.:~"Ua.:~~.:~ni'Wn':ia.:~bb'U'Ubb~'Um1:w~~1'W 79 

(:.J(;l(Jl a'U G1'W a.:J"U a.:J~.:J ni'W m a .:1 bb 'U'U fl'J1:U ~G1.:!~1'W 
" 

79 

r:.J(;ll'la'UG1'Wa.:~"Ua.:~~.:~ni'Wma.:~bb'U'Um1:u~~1~1'W 79 

r:.Jl;ll'la'UG1'Wa.:~"Ua.:~~.:~ni'Wma.:~bb'U'Ubb~'Ufl'J1:u~'VItJI'l • 80 
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; 

; 

; 

d 
'U'VI'VI 1 

0 

'U'VI'IJ1 

1.1 fi113JLU'IJ:W1LL~:::fi11:W~h~ru'IJe:J.:IUruvn 
01 01 

1 'IJB~~'~~~Tu:w11 'IJfl1':ieJBtlbL'U'U1\I"il':i~ b~ n'Vl':iBiln~ ii'n"'l~ 1 iB'IJmruvn?I~'W~1:wn'Un'UmJmru 
' ' 

bbeJI"lVIvJ 1~t~B'IJmrubbBI"lVIvJ1 'U 1 V!:W~bb ';i\l~'t.~.ffi~-r'Um1:wilt~:w 1~LbnBB'IJ bbeJ:w'tJ "il~b~'U 1~11BBUbbeJ:w'tJ 
' 

il.UB~BtJV!mmh~m':i L"li'W bb'U'Uiiiubbl"l'U eJI'l':i1?1~1~1 ~\I'W~\I\11'U?I\I bU'U~'U 1'W'Vll'lld':i':i"M~~1'U:W1 
" " i11"1111l'WtJ1t!1:W~"il~~~bb ':i\I~'U 1 vJ b~ tJ\11 'U1\I"il':i~b~n'Vl':iBiln~ b~B\1"111nm1:W~B\Ifl1':i~'l11:w11 in'U 

BtJmrum.ff'W~\I\11'U~1 b "li'W eJtJmru~eJ?I1':ibb'U'UH?11tJ bU'U~'U ~\l,r'U~\Illm-:i1 .ffb'Vll"lill"lm':iv11\11'U 
' ' 

1'W1V!:w~m:::bb?l (current-mode) ~\liloUeJ~V!mtJ'IJ':i:::fl1':i 1~Lbn il"li1\IVii.1tJ'W~l~n11\l (dynamic 

range) llbb'U'Wii1un11\lbb~:::~\ln1~\I\11'U~1 [1] 1~tJ~~'IJmru1 'W1 V!:W~m~bb?I~1~1''UI"l11:WilmJ 1~bbn 
1\l"il':i'Vl':i1'U~I"leJ'U~I"lbl'leJ~ V!~eJ 1BVlbeJ (OTA: the operational transconductance amplifier) 

~\I b U'U1\I"il':i~ bb 'IJ~\11.1 ruunru bb ':i\I~'U b U'Ui.1 ruru1ru m~ bb?l ?11111-:itl'IJ':i::: tJ nl'l1 offG'11V!1''U fl1':ieJB n bb 'U'U1\I"il ':i 
Q.l QJ v QJ , 

~b~n'Vl':ieJiln~bb'U'UbbeJ'U:::~Bn b"li'U 1\l"il-:iU1''UeJI'l':i1fl1':i'lJt!1tJ (automatic gain control circuit) [2], 

1\l"il':i~rui.1qJqJ1rubb'U'UbbeJ'U:::~eJn (analog multiplier circuits) [3] 1\l"il':ifl1bil~i.1qJqJ1ru~'IJ"IJ1t!'11 

(sinusoidal oscillator circuit) [4, 5] 1\l"il':in':ieJ\II'n1:W~bb'U'UbbeJI"lVlvl (active filter circuit) [6] 

bb~:::1\l"il':itleJ~':i1nn1~\l?leJ\I (square-rooters circuit) [7] bU'U~'U t;l1V!1n?I1:W1':itleJBnbb'U'U1~1\I"il':i'Vl':i1'U~ 

!"leJ'U~I"lbl'leJ~ ill"lru?l:wtm~rheJ'I'! ':i1 fl1':i'llt!1 tJ'Vl':i1'U~ l"leJ'U~I"l bbl'l'U"il ?11:W1':it~'IJ1''Urh 1~B ~ 1\1 b U'U b :a \I b~'U 
' 

~1t~15~L~n'Vl-:ieJiln~ 1~tJfl1':il"l1'UI"l:W~1tJm:::Lb?l Vl~Bm'UI"l:w~1mL ':i\I~'U 1 vJ.Yh 1\l"'l':i'Vl':i1'U~I"leJ'U~I"l 
' ' 

bi'!B~'if"il:::?I1:W1-:itl'1111 'IJ'IJ-:i:::tJ nl'l1 oU\11'U 1~nl1\l'll11\l:w1n ~\I~'U 1\l"il':i'Vl':i1'U~I"leJ'U~I"l bi'!B~bb 'U'Ub :a \I b~'U 
' 

~eJBmL'U'U 1~tJ 1-ifl 'U 1 'Wm~'Vl':i1'U~?Ibi'IB~ [SJ LU'WeJ'IJmru~'U~1'WV!~n~ill"l11:wG'11~ruanlii'1V!~\I ilm':i ' ... " 
'1111 tJ1 offtJ-:i::: 1t~"llt1 n'UB ~1\lnl1\l'lJ11\I m':ieJBmb 'U'U1\I"il':i~1'UbbeJ'U:::~B n B ~1\11 -:inl'l11Jd\l"il':i'Vl':i1'U~ 

l"leJ'U~I"lbl'leJ~~b U'U 1m'1?~1'1'11 'U 1 'Wm~'Vl':i1'U~?Ibl'leJ~l'J\IlloUB~BtJ fiB 1\l"il':ibb 'U'U 1 'U 1 'WGn~L'V11"11 'U 1G'l ~ 
"il:::i1'll'W1~~1 V!qjn111\l"il':iLL'U'U~:WeJ?IL'V11"11 'U 1G'l~ (CMOS technology) mn ~\lll':i11"11LL'W\I~\I~B\11 ~ 
LifB~?I1':i~\llii'11ii'1'111mnn111\l"il':iLL'U'U~:WeJ?IL '1'11"11 'IJ 1G'l~ ~i1'll'W1~L~n 1 ~b i!eJ~?I1':i~\llii'1'111ueJtJn111 'U 

m':ieJBmb'U'U1\I"il':i':i1:w LLG'l::: 1 'U'U"il"ilu'U-d'b'Vll"l1 'U 1G'lm'U fl1-:i?l1'1\11\l"il':i':i1:w1 'UeJI'l?I1V!m':i:w~1'U1 V!ru 
' ' " 

b U'Ubb 'U'U~:WeJ?I b '1'11"11 'U 1G'l tj ~\liloUB~ AeJ ~:WeJ?I b '1'11"11 'U 1G'l V?I1:W1':it1?11'1\11\l"il':ibbeJ'U:::~eJtlbLG'l:::~~lii'G'l'U'U 
?11':i~\llii'1'111~'Ub~tJ1n'U 1~ v\'11 ~'ll'U1~'lleJ\I':i:::'U'U1\I"il':i~b~n'Vl':ieJiln~ L~n~'l1~:w1n B~1\11 ':inm:w~:weJ?I 
L'V11"11 'U 1Gl Ei l'J'Iil.U mh n ~~ G'11~ qJ Ld B'I11'Vl-:i1'U ~?I b~'~ B{ bb 'U 'U~:w B ?~:w 1 B B mL u u L U'U1\I"'l-:i L :a'~ b~'U 
b ~ eJ\1"111 n fl1':ivl1\11'U'lJeJ\I'Vl':i1'U~?I bl'l f)~ bb 'U'U~:W eJ?I?I1:W1':itlU ';j~1J1ru fl1';j 1~ b U'U bb '\J'\J~\1 n.&'U'lJeJ\I?I:W fl1';j 

fl1~\l?leJ\I ~\lb U'U?I:Wfl1':i hJL U'Ub :a \I b~'U ~\l,r'U1\I"il':i'Vl':i1'U~I"leJ'U~I"lbl'leJ~~eJeJtlbb 'U'U 1~tJ 1 oU'Vl':i1'U~?Ibl'!eJ{ 
LL uu~:w eJ ?I ~1'll eJ\IeJ m1 m ':i'll tJ 1 t!'Vl':i1'U ~ 1"1 eJ'U ~ 1"1 Lbl'l 'W"il'll eJ\11\1"11 ':i'll tJ1tJ 1.1 ru ru 1 ru ~ 1\1 (differential 

" " 
amplifier) "il:::eJ~b 'U L'VleJ:W'lleJ\I':i1n~?leJ\I 'lleJ\1 m::: Lb?l~~1 'UeJ?I I 8 tf'UfieJ ~1'll t/1 t~-d'?I1:W1':it!'IJ1'u~11~ 
~1 t~m::: Lb?l I 8 Lb~ill.1:w~'U5bb 'U'U hh U'UL :a \I b~'U 'WeJn"il1ndl'J\Ill fl1':ieJBtlbL'U'U1\I"il':i'Vl':i1'U~I"leJ'U~I"lbl'leJ~ 



.. 

; 

2 

~~ uuGlil.la?lvfl ~1'11 e) 11111 n1'J''ll CJ 1 CJ'Vl 'J1t.~G'1flat.~ ~ fl ~~111 'U~~ ~Uti~~.:~ ~~'U ~6'11l.l1'Jri'lJ -ru fi1BI1l'J1 n1'J"ll CJ1 CJ 

'Vl'J1t.~rifla'U~fl~~111t.!"lil?i' .. mm'JLJ-ru~~'J.:J~'Ufi1'Ufll.l (voltage control) [9-10] ~~~iiimhl'~fia ii"li1-:Jfl1'J 

LJ-rur-h11?i'av1.:~~ut.~~~.:~~~t.l hJn1'1.:~ ~~~~ hhvtl.l1~6'll.ln'U1-:J:U'J~~'U'Uvfl i~~ 'J.:J~t.~1 v·lb~CJ.:J~1 (low voltage) 

1..1 an :v1n-d E1.:~ii n11aa n ~~ 'U'U1-:J:V'J'Vl 'J1'Ufl a'U~fl ~111 a 1~~ uuGlil.l a?lvfl ~1'11 e) 11111 fl1'J"ll CJ1 CJ'Vl'J1t.l 6'1 f!at.l~fl 
~~1111..1~~ ~Uti~~.:~ ~~1..1 ~~ 'U'Ufi'J'U fll.ll?i'1 CJ m~ ~~?l~Gli 1~ CJ a1~ CJ fl ru?llJD~"ll a.:~l.la?l~Vh.:J1'U 1 t.~-d1.:~ weak • • 
inversion ~~l'i1-:J:V'JEJ.:Jiii a l?i'a CJ ~ii"li1.:~LJ-ru 1'111~~ n1'1.:~'t1 n ~ ~ a.:~:u 1nl.la?lv11-:J1t.!1 'U-d1.:~ weak 

inversion [12] 

~~a 1~'1..! 1t.ll.l1-dii ~'111 ~6'11..1 a1.:~:u 'J'Vl'J1t.l 6'1 fla'U ~fl ~111 ai~LJ-ruri1"1JCJ1CJ 11?i'l?i'1CJB ~~ fl'Vl'Ja'U n6'1~ii~a11 
'U 

1-:J:V'J EOTA (electronically tunable operational transconductance amplifiers) [13-14] ~iJ'U1-:J:U'J~ 
a am~ 'U'U 1~CJ~ m.:~:u'J 1aVi ~m~'U'Ufl16'l~fll?l bl?lCJ€11~ CJ flru ?llJD~"lla.:~l.la?l'Vl 'J1t.~61i?l ~111 ai~v11-:J1'U 1 'U-d1.:~ • 
~l.ll'i'1 ~~~ ~ 1 i ~ 'Vlf!Ufl n1'J?l-r1.:~6'll.lfl1'JCJ mh;l'.:~?la.:~v111 ~ri1 B\11 'J1"1l m CJ'Vl'J1t.~rifla'U~fl-~~11l'U~"1Ja.:~1.:~:v'J~ 
~ u1..1 ~ ~.:~ ~~1..1 ~n 1?1~1..111?1 CJ'W.:~ n-11'1..!~ ~ u'U ~ ~ .:~ ~~t.l~~'U nu r11 m~ ~~6'11 u B'MnCJt.~a n av1.:~ 1 1n \111lJ1-:J:u'J EoTA 

~nci11l.l1i1.:~~1..1 aam~uu11?1CJ1maVi~m~uu6lil.la?l 3 1'11~avh.:~n'U~U'Uvt~n ~.:~ii¥~11l.lsB'uia'U~~~~ii 
"1l'U11?11 vtrunt.~~ -da~6'11'JM.:~I'i'1't11l.l1 n t.~an:u1n-d'E1.:~ii~'l11~6'lt.~m.:~:v'J'Vl'J1'Uri-flat.~~fl~l11ai~LJ-ruri1"1lmCJ 11?1 

v 'U 

1?1' 1 CJ B ~~ fl 'Vl 'J a 'W fl 6'1 ~ ii ~ a 11 1.:1 :u 1 BOTA (a balanced output operational transconductance 

amplifier OTA) [15] ~Ut.l1-:J:V1~aam~ 'U'U 1 ~rl1BI1111"1JCJ1CJ 'Vl'J1'UG'1f!at.~~fl~~l11t.l~6'11l.l11r!'lJ-ruri1"1lCJ1CJ 
1\?lav1.:~~~.:~~~t.! av1.:~ bnml.l1-:J:V'J BOTA ~'tl1~6'1t.!a~ii"li1.:~LJ-ruri1~~ 'J.:!~t.!Bt.l'vm 1~~n1'1.:~'t1n ~~~~ • 
~~a 1~ 'U 1t.ll.l 1-d E1 .:~ii 111 1a a flb~ 'U 'U 1.:1 :u 1'Vl 111..1 6'1 fl a 'U ~ fl-~111 a i~ ii ~a 11 a CMOS OTA and 

Implementation [16] ~LJ-r'Url1"1JCJ1CJ 11?i'l?i'1CJB~~fl'Vl1a'Wnri bl?lCJ1i~~ 1.:1~1..11 ~~~CJ.:J~1 ~~~~'U~b.nfl 
n1~.:~.:~1'U~1 LLI'i E1.:~iiial?i'aCJ fia hJ?~1l.l11r~LJ-ruri1B'I1111"1JmCJ 'Vl11t.~fla'U~flbbl1l'U"'l1~av1.:~ L ~.:~ L~'U Lb~~ii 
"li1.:~LJ -ru ri1 bb 1 .:~ ~'U B'U~ 11111?1' ~bfi'U 1..1 a n:u 1 n-dL~ au~ ~1'Ul.l1ii m1'l11 L?l'U m .:~:u 1 'Vl11t.~ ~ ¥1 at.~ ~¥1 ~111ai~ii • 
~a11 a 0.35-V bulk-driven self-biased OTA with rail-to-rail input range in 65 nm CMOS [17] ~bl'i 
1.:1:U1~ll1 b?l'U a E1.:~iiial?i'a CJ fiaiiB'I1111fl11"1l m CJ ~1 ~b~~ii"li1.:~LJ -ruri1 ~b 1-:J~t.!B'U~I1111?1' ~bfi'U • 

~.:~,!1..1 .:11'1..! 1 ~ CJ-d~ .:~ 11?1''111 b?l'U a n1 1a an b~ 'U 'U1-:J:V 1'Vl 11'1..!6'1 fl a'U ~ fl b\11 a i bb uuii"li1.:~ Btl~ 111 n1'1.:~~ • 
6'11l.l 11mJ -ru ri111?i'arJ1.:~ b ~.:~ L61tJ ~a a mL 'U'U 1 ~ri1el'm1"1J m CJ'Vl11'W~fl au ~fl bb~'W~6'11l.l11ri'lJ1'uri1"1l m CJ 

11?1 a rJ1.:~ b ~.:~ b61tJ 1?1'1 CJ15B b~ fl'Vl1a'W n~ bl?lCJaamb 'U'U 1 ~~1'W"1Ja.:Jfl'J~b~6'1~6li1 'UeJ?l"lla.:~ri v.m~Jl 1.:1 (differential 
'U 

pair) a~1 'Wb'Vlal.l"lla.:J I/ ,!ufia~ a.:~a1?fCJ fl11vl1.:11'W"1Ja.:J1-:J:U'JCJ fl n 1~-:J6'la.:J"1Ja.:J61qJ t1J 1f.1.lfl'J~ bb?l 

(current squarer) bb~~LJ-ruri1"1i1-:Jbb'J.:J~'WB'W'1'Vl11?i'n11.:~ bl?lCJaamb'U'U'Vl11'W~-flatJ~flbl1laiLL'U'U~~'VlatJ 

"'lai?l (source degeneration) ;.:JbUt.lb'VlfiUflfl1'JUa'Ufl~'Ubb'U'U~'U (negative feedback) ~"li1CJ1~ 
m1 ~ LJ~ CJ'Wb~ LJ~ .:~ bb 1 .:~~1..1 b U'U m~ bb?liim 1l.l b uu b ~.:~ ~~'Ul.l1 n~'U ~ ~ a.:~:u 1 n bb 1 .:1~1..1~ 111 nfl~al.l 1'11 ~1'W'Vl1'W 
bb'U'UbbafiVi~ Rs :u~v111 ~bb 1-:J~'W vg, iim1b 'lJ~CJ'Ubb 'lJ~.:J1~~'U~'W~.:JLJaCJ~.:J~.:Je..m 1 ~n11~b'lJ~.:Jbb 'J.:J~'U 
b Uti m~ LL?lii m 1l.l b u 1..1 b ~ .:~ L61tJl.l 1 n~'U ~~~ ~"111.:~ ~b 1 .:~~ 'W B 'U ~ 'Vl11?i' n1'1.:~ 1..1 an :u 1 n-d 1-:J:U 1~'111 b?l'W a • 
6'11l.l11rlvl1-:J1'W~ bb 1 .:~~'!..! 1 ~.Yh~ 1ii B'11111 fl11'U~b.nfl n1~ .:~~1 Lb~~6'11l.l11r!l1la'U?l'W a.:~fl11l.l~11?ln11.:~ 
~.:Jb V!lJ1~6'llJ~:U~'l111 LJ'W~tJ11 'Wfl11aamb 'U'U1-:J:U1'J1lJ 
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1.2 1~~'1J~~~..:~f>i'"11e:HI1'VIt11'U'W'LIB • 
d QJ t{ t{ QJ t{ .<:::11 dl oQI, t.l d 

1.2.1 L'V'Ie:JG1-:J Lfl11~'V!LLc;:t~e:Je:JnLL '\J'\J'd.:J"'il1'V111'UG1fle:J'U~fl L~e:l1LL '\J'\J"'l:We:JG1LL '\J'\J:W"ll'd.:Je:l'U'V'I~nd1-:J'VI 
' 

G11:W11~tl-r'U fh a~ 11"1l m tJ'VI11'W 6'1 1'1 B'W ~ 1'1 LL~'W"1l1~ B ~ 1\l L ~ \l LG1'U ~1 tJ m ~ LLG11 'U aG1 "'il 1 n.n1 tJ'W e:Jn LLc;:t ~ 

u-r'U fi1"1l1\l LL 1\l~'Ua'U'V'I'VI1~n11.:~ 
' 

1.2.2 L yje:le:le:l n LL '\J'\J'd\l"'il 1U1~ tJ n~1 oU\l1'U"lle:l\l'd\l"'il 1'VI11'U G'lfle:J'U ~1'1 L~B1LL 'U'U61i:We:JG1 LL '\J'Uij"l!'d\l 
' 

a'U'V'I ~ n11\l~G11:w11~tl-r'U fl1Bm1"1ltJ 1tJ'VI11'UG'Ifle:J'U~fl LL~'W"1l1~B~1\l L ~.:I LG1'U~'d tJ m~ LLG11 '\J BG1"'il1 n 
' cv ~.::!1 0 .o:::llo Q..l cv d tl d 

.fl1tJ'Ue:Jn ~\l'WI'le:J 1-:J"'il1n1L'U~G1q]qJ1ru 1\l"'il1~ruG1q]qJ1ru LLc;:t~'d\l"'il1fl1B\ll'ld1:WmL'\J'UvtmtJvt'W1'VI 

1.3 tl~~ Lt111u.ffi~i'u 
1.3.1 'd\l"'il1'V111'UG'IAB'U~fl L~ e:J1 LL 'U'U61i:We:JG1 LL '\J'Uij"l!'d\la'U'V'I~n-J1\l~G11:W11fltJ-r'Uf'i11~e:J~1\l L ~\l 

' 
LG1'U~'dtJ m~LLG11 'UBG1"'il1 nmtJ'WBn ~.:~vh 1 ~1\l"'il1~BBmL 'U'UG11:W11mJe:J'Wa'U'V'I~ 1~"li'd.:Jn11.:J~'W ij"l!'d.:J 

' 
f111:W~'tJL)\J~\l1'U n-J1\l LLc;:t~tl-r'U fl1B ~ 11"1l tJ1 tJ'VI11'Ufle:l'U~f1 LL~'W"1l1~ e:J ~1\l L ~.:! LG1'U~'d tJ m~ LLG11 '\JBG1"'il1 n 

.fl1tJ'Ue:Jn 

1.3.2 1\l"'il1'VI11'UG'~Ae:J'U~f1 L~ e:J{ LL 'U'U61i:We:JG1bb '\J'Uij"li1\la'U'V'I~n-J1\l~G11:w11fiU1''Ufi11~e:J~1\lb ~\l 
' 

bG1''U~'dtJm~bbG11 'UBG1"'il1n.fl1tJ'Ue:Jn ljfi1m1'U~L.nA'V'Ir;r\l\l1'W~1 bbc;:t~ bb 1\l~'W 1 vJvh~1 
1.3.3 ~c;:t.:J1'W1~tJG11:W11t~~~:w~b~mb'V'I1L'Wm1tl1~"1l:w1"1l1m11~~'\J'W1'W1"1l1~ ,r1'W1'W 1 'U'VIA11:w 

' bbc;:t~1~-r'\Jm1~~:w'V'I1'W111G1111"1l1n111~~'\J'U1'U1"1l1~1'U~1'UoUB:Wc;:t Scopus ,)1'U'd'U 1 '\J'VIf111:W ~\ld 
"" "U 

1.3.3.1 n11U1~"1l:W1"1l1n111~~'\J'U1'U1"1l1~ ,)1'U'd'U 1 '\J'VIfl11:W fiB 
' 

Danupat Duangmalai and Khanittha Keawdang "A linear tunable wide 

input range CMOS OTA", IEEE TENCON-2014, P.157. Thailand: Bangkok, October 22-25, 2014 

1.3.3.2 111G1111"1l1n111~~'\J'U1'U1"1l1~ ,)1'U'd'U 1 '\J'VII'ld1:W fiB 

Danupat Ouangmalai and Khanittha Keawdang "A linear tunable wide 

input range CMOS OTA with application to linear tunable sinusoidal quadrature oscillator", 

Journal of circuit systems and computer, 2016 

Q.1 t{ t{ Q.J t{ q c::ll I .<::\ iJ' Ciil 

m1G1\lbf111~VI bbc;:t~ m1e:1e:J n bb 'U'U'd\l"il1'V111'WG1AB'W ~A b~B1 bb 'U'\J"'l:W B G1 bb '\J'\J:W"ll'd\le:J'W~ ~ m1\l'VI 

G11:W11t~'tJ1''Ufi11~m.h.:Jb ~.:JbG1''Uij"llB'\J b"ll~"llB.:Jm11~tJ ~\lif 
1.4.1 1\l"il1'V111'WG'Ifl B'U~fl b~ B1 bb 'U'U61i:we:JG1~fi1a~11"1ltJ 1 tJ'V111'WG'IflB'W~fl bb~'WiG11:W11t~tl1''Ufi1 

"lltl1tJ 1~B~1\lb~.:JbG1''W~1tJ1Tiab~n'VI1e:JilnG'I~'dtJm~bbG11'UaG1~\lbb~"ll1.:~ 1 nA t'i.:J 1 mA 

1.4.2 1\l"il1'V111'W 6'11'1 B'W~A b~ B1 bb 'U'U61i:we:JG1~G11:W11t~tl-r'Ufi1"li1.:Jbb 1\l~'Ua'U~ ~ 1~ ni'1.:~ bJ.U BtJn11 

±O.SV 

1.4. 3 'd\l"il1'VI11'UG'IAB'U~fl b~B1bb 'U'U61i:WBG1Be:Jn bL '\J'\J 1 ~G11:W11flvl1\l1'U 1~~ bb 1\l~'U~1U1~:w1ru 
±1.5V bbc;:t~'U~L.nArhr;r.:J1vJvh~11~di'W 4mW 

1.4.4 'd\l"'il1'V111'UG'IAB'U~flb~B1bb'U'U61i:We:JG1ijfi1~e:J'UG1'Ue:J\lf111:W~1~n-J1\l 1~'!Je:JtJn11 1GHz 
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1.4.5 tl~~ t:J n~1-ff..:~1'U1..:J"il~'Vl~1'W~ 1"1e:J'W~I"1 b~e:J{ bb 'U'IJ6li:w e:J ?t bb 'U'Ui1'1i1..:~ B'U~~ n11..:~v1?t1:W1~titl-r'U 
' ' 

fi1eJ'm1"1J t:J1t:J'Vl~1'W~I"1e:J'U~I"1 bb~'WB1!11?le:J ~ 1..:1 b ;a..:~b~'U l?l1 t:J m~ bb?t1 'UeJ?f"il1 n.n1 t:J'We:J n "'i11'W1'U 3 1-:J"il~ 
Cl.l Jd. 0 A Cl.l Q.l ,d II d 
~..:J'WI"1e:J 1..:J"il~n1b'W~?ttyty1ru 1..:J"il~~ru?ttyty1ru bb"~1..:J"il~me:J..:JI"111:Wmb'IJ'IJVI"1t:JVI'U1'Vl 

1.4.6 ~1~1iJb~e:J{"l!e:J..:J6li:We:J?f'Vl~1'U68?tb~e:J{ TSMC 0.351-Jm Level 3 "'i11"e:J..:Jt:.mm~v11..:J1'WI?l1t:J 

1tl~bbm:W PSPICE 

1.5 ~1tJ~~L~EJfi1Jil~1Vl£J1ilcwcu6 

b-rle:J 1 ~~1t:J~e:Jm~v111"111:W boff1 hv1:w1"lle:J..:J1..:J"il~v1e:Je:J mb 'IJ'IJ bb"~"ll'IJ1'Um~fi~ ~1:w(i..:~m~'tl1b?f'Ue:J 
1'Vlt:.~Tu~whruud11?l bb'\J..:~bde:JVI1e:Je:Jm tl'W 6 'IJ'Vl bb"~.fl11"1v.J'W1n ~..:~b~t:.~..:~G'I'1~'1J~1:wbb 'W1fi~ 1 'Wm~Pimn 

.c:t,Q.J ~ Cl.l ~ .::::1 dl A 1/ Q.l I 

bb"~1 "il t:J e:J e:J n bb 'IJ'IJ 1..:1 "il~'Vl ~1'1..!?1 1"1e:J'U ~1"1 b~ e:J~ bb 'IJ'IJBI!:We:J?t bb 'IJ'IJ:W'U1 ..:Je:J'U~ ~ m 1..:1 bb" ~ ?t1:W1~t~tl ~'\..J\"11 
' 

eJ'm1"llt:J1t:J'Vl~1'W~I"1e:J'W~I"1bb~'WBI!11?le:J ~1..:~ b ;a..:~ b~'UI?l1t:J m~bb?t1 'UeJ?f"il1n.n1t:J'We:Jn 1~ t:.~1 'Ubb~"~'IJ'Vli1 

~1t:.~"~bat:.~~ ~..:~~e:1 1 tJd 

'IJ'Vlv11 b tJ 'W mh1 ()'..:~ 1"1 1 1:w b tJ 'W:W 1 bb" ~ 1"1 1 1:w ~ 1 ~ ru "ll e:J..:~tl ru Vl1 1 ~ t1 tl ~ ~ ?t ..:~ fi"ll e:J ..:J..:J1'U1 ~t:J 
"' "' ' 

tl~~ 1t:.~'U\Jv111?l-r'IJ "lle:J'IJ b"ll~"lle:J..:Jm~Pim~1fl'W1"1l1 ~1:w()..:~bde:JVI11~t:J?t~tl"lle:J..:Jbb~"~'IJ'Vl 
I I I q 

'IJ'VlVi 2 e:JTI'IJ1 t:.~ ()..:~'VI~~~ Vi bn t:.~1off e:1..:~ n'IJ1 ..:~"il ~'VI ~1'W~ 1"1 e:J'W~ 1"1 b~e:J{ bb 'IJ'IJ~:we:J?t bb 'U'Ui1'1i1..:~a'W'\"l~ 

n-1'1..:~ bb" ~ ?t1:W1 ~t~tl-r'IJ fi 1eJ' ~ ~1"ll t:J 1 t:J'Vl ~1'1..!~ 1"1 e:J'U ~1"1 bb~'UB1!11?l e:J ~ 1..:1 b ;a..:~ b~'W l?l1 t:J m~ bb?t1 'IJ e) ?t"il1 n 

mt:J'W e:Jn v111?l~tn~'U1 bb" ~e:Je:Jnbb 'IJ'IJ 11~..:~VI:w~ b~:W~'W"il1 m..:~"il~?f~VJe:J'Wm~ bb?t bb 'IJ'IJ 1 otl'Vl~1'U68?tb~e:J{bb 'IJ'IJ 

~:We:J?tv1v111?li1 m~'tl1 b?I'Ue:J:W1 bblK1 1-:J"il~t:.J nn1~ ..:!?! m~ ruru1 rum~ bb?f bb" ~'U'Vl?t~tl b~ t:J1 n'Uoffe:J~ bb"~-rr e:J 
"'"' ' 

n1~~"lle:J..:J1..:J"il~'Vl~1'W~I"1e:J'U~I"1b~e:J{bb'IJ'IJ~:we:J?tv111?liin1~'t11b?f'Ue:J:W1bb!K1 
d ~ Cl.l ~ d ail .c::t, ll 

'IJ'Vl'Vl 3 b?f'W e:J m ~e:J e:J mb 'IJ 'IJ1 ..:J"il ~'VI ~1'1..! 6'f 1"1 e:J'U ~1"1 b~ e:J~ bb 'IJ 'IJBI!:W e:J?f bb 'IJ'IJ :W'U1 ..:~ e:J'U~ ~ m1..:~ bb" ~ 
' 

6'f1:W1~fltl-r'UrheY~~1"ll t:.l1t:J'Vl~1'W~I"1e:J'U~I"1 bb~'WB1!11?le:J ~ 1..:1 b ~..:~ b~'UI?l1 t:J m~ bb6'11 'UeJ?f"il1n.fl1 t:J'W e:Jn m~ 
o .oC~t. ~ do 

'Vl1..:11'U"lle:J..:J1..:J"il~ bb"~ n1~1 bi"1~1~VI?f:W~~fi'U~"lle:J..:J1..:J"il~'Vl'U1 b?I'U e:J 

'IJ'Vlv1 4 m~tl ~~ t:J n ~1 off ..:J1'Wv1e:J e:Jmb 'IJ'IJ 1~m..:J"il~'Vl~1'W~I"1e:J'W ~ 1"1 b~e:J{ bb 'IJ'IJ~:We:J?f bb 'U'Ui1"1i1..:~a'W~~ ' . 
ni'1..:~v16'f1:W1~titl-r'Urh 11?le:J~1..:Jb~..:Jb~'U l?l1t:.1 1 tl~bbm:W PSPICE v111?le:Je:Jnbb 'IJ'IJ \1 bb"~tl~~t:Jn~1 otl..:J1'U 

' 
1..:J"il~'Vl~1'W~I"1e:J'W~I"1b~e:J{bb'IJ'U~:we:J6'fbb'IJ'Ui1"1i1..:~8'U~~n11..:~v1?t1:W1~fltl-r'UrheY~~1"llt:.l1t:J'Vl~1'W~I"1e:J'U~I"1 

' 
bb~'WB1!11?le:J~1..:Jb~..:Jb~'UI?l1t:Jm~bb6'f1'1JeJ'6'f"i11n.n1t:J'Ue:Jn ..S1'W1'W 3 1..:J"il~~..:~df1e:J 1..:J"il~n1boU~~tyty1ru 

Q..l d tJ d 
1..:J"il~1"1tu6'fruru1rum~bb?t bb"~1..:J"il~me:J..:JI"111:Wflbb'IJ'IJ'VImt:JVI'U1'Vl 

'IJ "'"' d ~ ~ CV ~ .::::1 .<::ill A II .<::11 

'IJ'Vl'Vl 5 b6'f'U e:J1"1tu6'f:W'IJ ~"lle:l..:J1..:J"il~'Vl~1'U6'fl"1e:J'U~I"1 b~ e:J~bb 'IJ'IJBI!:We:J6'f bb 'IJ'IJ:W'U1..:Je:J'U~~ nd1..:J'Vl6'f1:W1~fl 
' ' 

tJ-r'Urh 11?le:J ~1..:1 b ~..:~ b~'W v1e:Je:Jmb 'IJ'IJ 1 ~fi1eJ'~~1"ll m t:J'Vl~1'W ~1"1 e:J'W ~ 1"1bb~'Ui6'f1:W1~titl-r'IJ fl1"llt:.l1t:J 11?le:J~1..:J 
b ~..:Jb~'WI?l1 t:.~158b~ n'Vl~e:JoUn~ 1~m..:J"il~tl~~ne:J'IJ l?l1 t:J6'fe:J..:J~1'W 11?l bbn 1..:J"il~'Vl~1'W~I"1e:J'W~I"1b~e:J{bb 'IJ'IJ 
~:we:J?f bb"~1..:J"il~ t:J n n1~..:J6'fe:J ..:J"lle:J..:J~ ty ty 1 rum~ bb?f 1~t:.~v1e:J e:J n bb 'IJ'IJ 1 ~~1'W"ll m m~ bb6'f~~1 'IJ eJ?f"ll e:J..:J~ 
t:-1"~1..:~ e:Jt:Ji.'Ub'Vle:J:W"lle:J..:J 1 2 'Ue:Jn"iJ1ndEr..:~11?lbb6'f~..:Jt:-~"m~"'i11"mm~v11..:~1'W"lle:J..:J1..:J"il~'Vl~1'W~I"1e:J'W~I"1 

'IJ B 

b~e:J{ bb 'IJ'IJ~:We:J?f bb 'IJ'Ui1"1i1..:~a'W~~n11..:~v16'f1:W1~fltl-r'Ufi111?le:J~1..:Jb ~..:Jb~'W bb"~ bb6'f~..:~v.~" m~"'i11"e:J..:~n 1~ 
' ' ' .. " .. 

v11..:~ 1'U"lle:J..:J1..:J"il~n1boU~~tyty1ru 1..:J"il~~ru~tyty1rum~bb6'f bb"~1..:J"il~me:J..:~m1:wflbb'IJ'IJ'VImt:JVI'W1'Vl 
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'U'VI~ 6 btl'UG1Tu~miTJ~.:J'U'V16'11U~(;1n1'~1~t!~.:JVI~~ 1 'W1'VIt!1'U~'U5QD'U'd 11~~-:J-ifm?f'Wmb'W~~ 
' 

lil~'ll'11 'lJTIWJ'U1U~'U'lJ1.:JVI~B'lJ1~t!nl'i'l?iv 1 LJb'UB'U1rWl 
' ' 

mfl~'W'Jn n bb?f~.:J'U'VIfl11~1~tJffi~r'Um1~1il11ru1~~~~b~mb~~ 

; 



cl 
'U'Vl'Vl 2 

a an bb tru1 ,X~ 1eJ' !PI 'j1'lJ EJ 1 EJ 'VI 'j1'W ~ Y'l a'U ~ Y'l bb!Pl 'W ~&11~ 1'j tttJ -ru ~ 1'll EJ 1 EJ hi' a~ 1-:1 L "8-:~ b~'W ~1 EJ15 

~ b~ n'VI'ja'U n~ 1~ EJ 1 'W1'VI EJ1'UV'I'U6-d'i11 IPltt'lJ'j~&1-:~fi L ~a a a mL 'U'U1-:J"iJ'j'VJ'j1'W ~ Y'la'W ~Y'l LIPla1 bb uu~~a &1 
' 

bb uui1"1i1-:J~'Wyt!P!ni'1-:~~&11~1'jtttJ-ru~11~a ~1-:~ L"!i-:~ 1 'W'U'VIdmh1ti-:~'VI~~~IIi 1-:1 1 ~ b~EJ1ia-:~ilu 
'VI~~~~b~ EJ1ia-:~~'t11~11 im'jaan bb 'U'U1-:J"iJ'j bb~~th~ ~ n!Pl1 i-:~1'W'lJa-:J1-:J"iJ'j~'t11 b&1'Wa 1 'W1'VI EJ1'WV'I'W6-d 

tJ'j~nau~1m-d'avnlli1-:~ 1 ~-:~llia1tJ-d' 
2.1 1-:J"iJ'j'lJEJ1EJ~tyty1ru 

2.3 1-:J"iJ'j&1~Vfa'Wm~ bb&1bb'U'U 1 i'VI'j1'W"B&1b1Pla1LL uu~~a&1 

2.4 1-:J"iJ'j'lJEJ1EJ~tyty1rut:..mlli1-:~bb'U'U~~a&1 

2.5 1-:J\l1V111lJ~rreru~flbtJlB1 

2.6 1-:J"iJ'j'VJ'j1'U~Y'la'U~Y'l b!Pl a 1 bb 'U'U~~a&1m~i1m'j't11 b&1'W a bbG'i'1 

2. 7 1-:J"iJ'jEJnrh;l'-:~&1a-:~~ttHu1rum~Lb&1 
"" 

<V 

2.1 1..:11\l~'tla1aacycy1w 

1-:J"il 'j'lJ t}1 EJ ~ ty ty 1 rub tJ 'W1-:J"il 'j~lj m1~61'1 ~ ty 1 'W m 'j a an bb 'U'U 'j~'IJ'U ~ b~ n'VI 'ja'U n~ ~-:~"ll'W ~'ll a-:~ 
1-:J"iJ'j'lJ EJ1 EJ~ ty ty1tuLT'W~'W a~ ilu ~tJ bb uu'lJa-:~~ ty ty1tu~1-:J"il 'j'lJ EJ1 EJvi'Tvt.U1~'lJ'j~m!;1 e.J(;j 1 'W'V11-:~tJlj'IJ~ 
~tyty1ru~'Wyt!Plm"ila ~1 'W~tJ'lJa-:~~tyty1tubb 'j-:J~'W Vt~a~tyty1rum~ LL&11 'W'llru~~~tyty1rubm~yt!Plm"il 
a~1 'W~tJ'lJa-:~~tyty1tubb 'j-:J~'W Vt~a~tyty1rum~ bb&1b "1i'Wb~EJ1n'W ~\lLT'W1\l"iJ'j'lJEJ1EJ~tyty1tubb U\laamtl'W 

4 'lJ'j~b.fl'VI ~a 

+ 

v 
I 

+ 
R 

i 
0 ---
+ 

I 

d 0 Ql Ql 

fl1'W'VI 2.1 bb 'U'U1\11fla-:~1.:~1\l~'tla1aaruru1wbb ~.:~~'U 
"'"' 
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.n Tv-rv1 2.1 bb~ 1?1\11\l"'il ·a~ii-eru'lle.J\11\I"'il'J'll tJ1 tJ~qJ t1J1rubb 1 \I~'W 11?1 CJ.n 1 tJ 1 'W'lh::: ne.J'U ~h tJ 
~'J'Wbb 'Jf1fie.J~'J'W'lle.J\I~'W'Y'l1111~bbrl l'i'11'i'1'W'VI1'Wb~iie.J'W'VI1\I~'W'Y'l\11 R "'il:::iirll~\lbtl'We.Jii''WI11b'We.JI?ll.Jfl~ Lb~ 

't 'l I '\.1 't 

1 'W'VI1\IU~U~"'il:::iiriTth:::l.l1ru 10GQ ~\l"'il:::vh 1 ~bb 1\I~'WB'W'I~111iiri1bVhn'U bL 1\I~'W~'\.Je.J'W 1 ~bbrl'J\I"'il'J 
nci11fie.J ~t1! qj1ru "'il1 mb Vlci\1~1tJ~ n'I.Je.J'Wb -i11~'J\I"'il'J'll tJ1 tJ~\I'VIl.l\?1 Lb~:::~qj qJ1ru bb 1 \I~'W~1'WB'W'I~\11 vi 

LL~:::?f'J'W~~e.J\Ifim>f'J'W'lle.J\ILe.Jll?i"'Y'l\11 1~ Lbrl \91'JI'i'1'W'V11'U b~iie.J'W'VI1\1Le.J11?i"'Y'l11i R "'il:::iifi1~1L tl'U!21'UtJb 'W 
, 'I 0 'U 

~l?ll.Jfl~ LL~1 'W'VI1\IU~U~"'il:::iiri1'\.J'J:::l.J1ru 0.01Q L ~e.J 1 ~~qjqJ1ru~~f1'lJCJ1CJ~'JtJLL'VIci\1~1mL 'J\I~'W 
LL 'U'U hJB~'J:::t"l f1~\1~1'W1 '\.J iJ\11 VI~ 1?11~ L~l.J~ Lb~::: LL Vlci\1~1CJ LL 'U'U 1lJB~'J:::L tl'U bL Vlci\1~1CJ LL 'J\I~'WiiA1 

'U 

bvhn'U A v L\?lCJ~ A 
VO tn VO 

~ii~ru~l.JU~1'Wf11'J'lJCJ1CJ~qjqJ1ruLL'J\I~'Ufie.J e.Je.JULLe.Jl.JU (op-amp: operational amplifier) ~\I'U~,;-'1'1 
National semiconductors t:-J~\11e.JCJ1 'U'JUbb'U'U'lle.J\11-e.J~L'U e.J~ LM 7 41 bb~::: ir'lii'VIm tJ'U~,;''VI~iim'Jt:-J~\11 

'U 'U 

e.J e.J'\.J LL e.Jl.J U L yj e.J 1 otl \11'W b 'li'W 'U ~,;''VI Motorola t:-J ~ 111 e.J ~1 'U 1'\.J LL 'U 'U 'lJ e.J '11e.J~ L 'U e.J { MC741 'U~,;''VI 
'U 'U 

Fairchild t:-J~I11e.J CJL 'W'JU bL 'U'U'lle.J\11-e.J~b 'Ue.J{ UA 7 41 b tJ-ul'i'u 1\l"'il'JbVi tJ'U b~ CJ\I'lle.J\Ie.Je.J'I.J Lbe.Jl.!Ub 'Ue.JI?ll.lfl~ 
'U 'U • 

i , .... 
+ 
R 

I 

R0 =00 

Aa~. = 00 
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il1'Yl~ 2.3 bb?l~\11\l~'.l b?I:WeJ'U"lJB\I'N~'.l"lJ tl1tl ~ 'lJ qj1W n'J~ bb?l 1~ tJ il1 tJ hJ'lh~ f1 B'U~1 tJ 

611'Ubb'.lf1~mh'U"lJB\I~h.J'Yll'11~bbn ~1~1'UVl1'Ub?I:WmJVl1\I~'U'Yll'l R ~~:Wr11~1bU'Uf'll'UtJ1'UB~l..lfl~ bb~ 
'I 'I I 'lJ 'I 

1 'UVl1\ltJl)'IJ~~~ijf1Tt.J'.i~l.J1W 0. 01 Q bb~ ~611'U~?IB\I~e:J61'd'U"lJB\I be:J1ii~l'l 1~ bbtl ~1~1'UVl1'Ub?I:We:J'U 
Vl1\lbmii'Yll'l R ~~:Wr11?1\lbU'UB'l1'U~1'UB~l..lfl~ bb~1'UVJ1\Itlfiu~~~:Wr11tl'.l~mru 10GQ ~:Wf11?1\l 

• 0 \I , d.J '\J 

b'Yl'.l1:::~a\ln1'.l1 ~n1~ bb6'1Vl1\1~1'Uba1ii'Yll'11 'Vl~ 1 t1~1 'Vl~~ 1~6'1\16'1~ bb~~bb 'Vl~\1~1 t~ bb uuhJa?~'.l:::btJ'U 
' 'U ' 

bb'Vl~\1~1t~m:::bb?I:Wr11bvhnu A i 1~tJ~ A ~m)l'l'.l1f11'.l"lltJ1tJm~bb?lbbuu~~1\l~'.l bb~::: i ~am~bb?l 
IS I H I 

m'Vl~~1'UR ~\leJI'l'.l1f11'.l"lltl1tJf1'.l:::bb?I:Wf11b'Vhnu A = io ~\1Btlmruab~f1Vl'.la'Um1~:Wflru?ll..!Um'U 
j IS • 'I 'I 

I. 
I 

f11'.l"lltl1tJ61qJqJ1Wm:::bb?l~a 'UB{~'Ubbal.Jtltl~hHbaa{ ~\lu~..;'Vl National semiconductors t:.J~I'l 
a ~1 'U '.l tl bb 'U 'U "lJ a \11 B 68 b 'lJ a { LM359 Dual, High Speed, Programmable, Current Mode 

'U 'U ' 

(Norton) Amplifiers ~\lbb?l~\l~\lil1'YlVi 2.4 

+ 

v 
I 
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m~~ 2.5 ~~6'f~\11\l"il'H6'fil-eru'l.leJ\11\I"il1'l.ltnti'V111'U~~eJ'U~ ~~Wl'W"IIL~tJmtJ 1 'U'th:m-eru~htJ 
?i'd'U~~ 1f1~eJ6'i'd'U'lleJ\IB'U~~ Hi' ~~ri ~1~1'U'V11'U~6'fileJ'W'Vl1\IB'U~~ R "il~ilfl16'f\I~U'UeJiJ'U~1 'UeJ~l.J~~ 

't 't I \J 't 

~~~ 1 'U'Vl1\ltllj'IJ~"il~ilfi1'th~l.J1ru 1 OGQ ~\l"il~vl11 ~~~ 1\I~'UB'U~~ilfi1~ vhn'U ~~ j\I~'U~UeJ'U 1 ~~~n'J\I"i)j 
mh1~v ~t!Jty1ru"il1m~ Vlc;l\1~1t1 ~ nu v'W~ i1~'d\l"il 1'1l t11t1~\1Vll.l~ ~~(I ~~t!J ty1ru~~ j\I~'W~1'WB'Wyt~ vi 

~~(1~6'i'd'U~6'feJ\I~v6'i'd'U'1leJ\I~m~~~ 1~~~ri ~1~1'W'V11'W~6'filv'W'V11\I~m~~~ R "il~ilfi16'f\l~ U'Uvii''W~1 'U 
, , 0 '\J 

v~l.J~~ ~~~1 'U'V11\Itlfi'IJ~"il~ilfi1tl1~l.J1ru 1 OGQ ~ilfi16'f\1~~11~~v\lm11 ~m~ ~~6'f'V11\1~1'W~eJ1~~~ 
'I d..l \1 'I 

1 Vl(l1 tlffi Vl(l~ 1~6'1\16'1~ ~~(l~~~Vlc;l\1~1CJb~ 'U'U hJB6'fj~~U'U~~ Vlc;l\1~1tln1~~~6'filfl1~ vhn'U G v b~CJ~fl1 
'll 'I m 1 

~il~ru6'fl.JD~1'Wm1'1Jti1CJ'V111'U~~eJ'U~~~~~'W"Il~v 1vvibv (OTA: operational transconductance 

amplifier) 'U~,;''Vl National semiconductors t:.J~~v~1'W1tl~~'U'U'1JeJ\11v•ih'Uv1 LM3080 b~CJ1'W 
'U 'U 

l'VltJTu~whc;ll.l.0't~vi'1 m1eJeJ n ~~ 'U'U1\I"il1'llti1CJ'V111'W~~eJ'U~~ ~~~'Us&~~ 'U'U ~:a \I ~~'W~ilB'W~ ~ n-1'1\1 1 'W 

m1vvn ~~ 'U'U'd\l"iJj,r'iJ 1m ~~ru6'fl.Jlli1'1lv\11\J"ilj"IJ m t1 
' 

'V111'W~~eJ'W~~ ~~~'W6111 'Uf111vvm~ 'U'U ~\111CJ(l~~BCJ~'1leJ\11\I"il1"i1~111~6'f'UeJ 1 'W'U'Vl~eJ 1 tl 

2.1.4 1~1il~"ttt11ti'VI~1'U~'i~~bb(;l'UsH 

i I--. 
+ 
R 

I 

' 

.fl1~~ 2.6 b~6'f~\l'd\l"iJjb6'fi!eJ'U'1JeJ\I'd\l"iJj'1JCJ1CJ'VIj1'\.J~~~6'f bb~'U"Ilb~CJ.fl1CJ 1 '\.JtJj~f)eJ'IJ~'dtl 
?i'd'Ubbjf)~eJ?i'd'U'lleJ\IB'U~~ 1~bbrl ~1~1'U'V11'Ub6'fi!eJ'U'Vl1\IB'U~~ R "il~ilfi1~1bU'UPl'WCJ1'WeJ~l.J~~ bb~ 

'I 't I '\.1 Cl 

1 'W'Vl1\ltllj'IJ~"il~ilfi1tl1~l.l1ru 0.01Q b~eJ 1 ~~t!Jty1rum~bb6'1~1'UB'U~~ ii "il1f1bbVlc;l\1~1tJ~nueJ'Wbi1 

6'f'd\l"il1'l.ICJ1CJ~\1Vll.J~ bb(l~6'f'd'U~6'feJ\I~eJ6'i'd'U'1JeJ\IbeJ1~~~ 1~bbn ~1~1'U'V11'Ub6'fiJeJ'U'V11\IbeJ1~~~ R "il~ 
\J , , 0 

ilfi1~1bU'U~'Wt~1 'U~~l.J~~ bb~"l 'W'Vl1\ltlljllii"il~ilfi1tl1~mru o.o 1 Q bb(l ~ bb Vlc;l\1~1mb 'U'U 1l1Ba1~b U'U 
' ' 

bbVlc;l\1~1mL1\I~'WVlilam1m1'1JtJ1mvhn'U R i. LileJ R ~v am1'l.ICJ1CJ'V111'W~Bl.J~bb~'W6!1LL'U'Ubtl~ 
m 1 m 

1\l"il1ilfi1bvhn'U Rm = ~o ~\lf1111~\11'U"lleJ\11\I"il1'1Jtl1ti'V111'U~~6116'fbb~'U6!1J'W1~bbrl 1\l"il1 photo 
1. 

I 



.. 
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2.2 VI111J~flL(P)e:JiLL 'UtJ~2Jelfl 

\hr<il'IJ 'Um".im:Jnbb uu 1v6S'W m .. n11Vl".i1'U61i?lb~e:J~ll11-iil 'Ufn".ivvmb uu 1~ bbn VJ".i1'U61i?lb~e:J~ LLuuiJ L"ilVi , 
bb!;'l~Vl".i1'U61i?lb~e:J~ bb uullv?l ~..:Jtl "il"iltJ 'U'wu11b Vlflb 'U b!;'l ~"ll e:J..:JVl".i1'U61i?l b~ v ~ bb uuGSllv ?11~ b "il ~ ru b~u 1~~'\.J , u 

mh..:Jll1n ~..:Ji1flll'L11Vl".i1'U61i?lb~e:J~bb uu6Sllv?lll11-iil 'Ufn".ie:Je:Jflbb 'U'U1-:J"il".i".i1ll vh 1 VJ?I1ll1".it:I'U".i".i"il1-:J"il".i , 
~ ~ n e:Je:J nbb 'U uH:W fl11ll'V!'U 1 bb 1.1 'Ull1n ~ ..:J~ 'U b"li 'U 'Vlll 1 f.~ fl11ll..S 1 (memory) 'Vlll 1 f.l'lb~ll1 !;'! t:.~ !;'! 
(microprocessor) btl'Uvl'U b~f.~Vl".i1'U61i?lb~e:J~bb'U'U6Slle:J?I :W 2 "ll'W~ 1~bbn bb'U'U PMOS bb!;'l~ bb'U'U NMOS :W 

"ll11oU..:J1'U 3 "IJ1 f'iv "ll1b~".i'U (0: drain) "ll1'lJe:J~?I (S: source) "ll1bn~ (G: gate) bb!;'l~"IJ1'Ue:J~ (B: body) b~f.l 
Vl".i1'U61i?lb~e:J~bb'U'U6Sllv?l 'll'W~ N 'V!~e:J P i1'-:Jbn~1~~~1"lle:J..:J!;'!n!"l".i~"ll1'lJe:J~?I t;l1~1!;'1nl"l".i~'Ubotl1"ll1bn~ 

'U 'U 

bb?I~..:Jl1btl'U PMOS bb!;'l~t;i'1'V!1n~1!;'lnl"l".i~'Ue:Je:Jn"il1n"ll1bn~bb?I~..:Jl1btl'U NMOS V!~e:J~~Yil"lV11-:J"lle:J..:J 
'U 'U 

~1~nl"l".i~"ll1'Ue:J~ (body) 'V!~e:Jji1'U".ie:J..:J (substrate) 'V!~e:J'U1-:JVie:J1"ilb~f.lnl1 bulk 1~~t;l1~1~nl"l".i~'U 
botl1'V!1"ll1bn~bb?I~..:Jl1btl'U NMOS bbl'it;l1~1~nl"l".i~'Ue:Je:Jn"il1n"IJ1bn~Lb?I~..:J11btl'U PMOS i1t~J61'n~ru 
"lle:J..:JVl".i1'U68G'Ib~e:J~bb'U'U~lle:JG'I 'll'W~ N 'V!~e:J P ~..:Jbb?I~..:J~..:Jil1'V'IVi 2. 7 

(n) ("ll) 

0 ~ tf q 

2.2.1 nT~'VI1.:J1'U"l..v.:J'VI~1'UIIli~HIPlv'm uulllillvfl 

m~1 Vi'Lb".i\I~'U 1 ua~LLnV1~1'U68?1L~v~Lbuu6Sllv~'Y111m~mL ".i\I~'U~"ll1Ln~ vG "il~~n 1ua?l 

L ~ vfl1'U fl:U 1 Vi':W m~ L vt~ m'L1Tt.h~"il'V'I1vt~'ll'D ~ L~ f11 nu ~1'U61Jv {?I LL!;'l ~ Lm'U ~ 'U f'iv m".ifl1'U fl:U 1 Vi' Ln~ , , , 
LL 'lJ'ULL 'Um~vtl1.:161Je:J~?I Lb!;'l~ L~ ".i'U ~1"lle:J-:J61Je:J{?I bb!;'l ~:01'\.J ".ie:J\I"il~ t:1 nl'l e:J!;'l..:J m11~ bb!;'!~?h'U b~ ".i'U 1~-ru 

... 'U 

~nm~..:J'Y111Vi'".ivf.ll'iv~-bS'U ~?i1'Ub~".i'Ubtl'U1ue)?IEJe:J'Un~u (reverse bias) ~..:J,!'U 1'Umru"lle:J..:J 

ba'Ubb 'lJ'Ubb 'U!;'l~n~1~"1J1 bn~ bb!;'l ~ b~".i'U~ ..:J:Wrh b tl'Uu1n 1 'U'Y11'U v..:Jb~f.l1 il'U mru"llv..:J~ bb 'lJ'U bb 'U!;'l ~n~1~ 
"ll1 bn~ bb!;'l~ b~~'U~ ..:J:Wrh b tl'U!;'l u "il1 n~1~ n~ 11ll1?11:U1".it:l bb u..:J ~1'\.J m1'111 m~ bb?l"ll e:J..:JVl".i1'U61i?l b~ v{ bb uu 

6Sllv?l1~ 3 ~1'\.J f'iv ~1'Uhi'L11m~bb?l (cut-off region) ~1'Uhi~ll~1 (triode region) bb!;'l~~1'U~ll~1 
(saturation region) 1~mb\1l!;'l~"/J1-:Jf11".i'Yl1-:J1'U"il~~'Ue:J~iluf11 Vc;s- vr bb!;'l~fl1"lle:J..:J vm ~..:Jbb?I~..:J~..:J .. 
fl1'V'IV1 2.8 



.. 
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Triode ~._Saturation 

2.2.1.1 ~1'UhhJ1m~bb~ 

tl1rh Vas- vr biJ'U~'U~ vt~e:Jiiri1btl'Urh~'U ~\lbtl'U•1h\I~'V1~1'W'B~bl'ltl~bb'U'U 
~:We:J~11Jv\'1\11'U hJii-de:J\I'V11\I b~'U"lltl\lf11~bb~'OJ~vl1~1 b vtiie:J'U'd \I 'OJ~ btl~ ~\lvl11 ~'V1~1'U'B~ bl'ltl~bb 'U'U~:Wtl~ 

11J~1:w1~m11m~bb~b~~'U 1~ ~\lb tl'U(:.J~ 1 ~'Vl~1'W'B~bl'lrJ~bb 'U'U~:We:J~'OJ~tl E.J1 'W"li1'111Jt.hm~ bb~ (cut -off 
" 

region) m:w~:wrn~ 

(2.1) 

2.2.1.2 ~1'\.J 11J~:W~1 
tl1 !Vasi-!Vri>O bb~~ O<!Vv.1 I<IVGsi-IVrlbb~1 btl'U~1'U~bb~\I~'U1'U'iJ~~"ll1 

~..:::lill I QJ.c:::t.:::::., Q.l I QJ f' Q 

bf19lbb~~"ll1"1Jtl~~:Wfl1:W1f1fld1bb ~\1~'\.J"ll~b ~:w VGS > VT bb~~bb ~\I~'U~~VI11\I"ll1b~~'Uf1'U"ll1"1Jtl~~ VDS :w 

riTu mm-h VGs - vr bb~1'Vl~1'W'B~ bl'l tl~ bb 'U'U~:Wtl~'OJ ~tl ~1 'U ~ 1'\.J hJ ~:w ~1 (triode region Vl~tl 
ohmic region) ~1:W1~t:IVI1rl1f11~bb~b~~'U 1~1'11:W~:Wfl1~ 

..; 
b:Wtl 

f-loC ox 

of the gate oxide) 

1 w [( ) vz DS] ID = K L ~;s -Vr ~Js --
2

- (2.2) 

.. 
K' fltl 

.. 
f-lo fltl .. 
C0 x fltl 

rl1fl11:Wflcie:J\IL~~ Vl~tl~lb~f1l'l~tl'U (surface mobility of carrier) 

rl1fl11:W~~tl~'U~"lltl\lbf1l'ltle:Jf116!lt91 (capacitance per unit area 

w ~tl fl11:Wf111\l"lltl\lbb"ll'Ubb'U~ (channel width) 

L ~tl fl11:Wtn1"lltl\lbb"ll'Ubb'U~ (channel Length) 



... 
• 
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VGS Pia bb~.:J~'U~~vrh:~·lmn~ n'IJ "lfai?t 

V7 Pia bb~.:J~'U~\ilb~l.J (threshold voltage) 
dl Q..l I CV I{ 

vru fla bb~.:J\il'W~~V!11-:J'll1b\il~'W n'IJ "l!m?f 

I D Pia m~bb?fb\il~'W 

~1V!-r'IJ 1 'Wmru~ bb ~.:~~'W'i~V!11.:~'ll1bm'Wbb6'l~'ll1'11ai?t vru :Wrh'!JatJl.J1 n b VJal.J 

V 2/Js/2 1'W?tl.Jn1'i~ (2.2) ?f1l.J1'ifl6'l~b6'ltJ1~ m~bb?fblil1'U If) liJ~:iJGln'l-Jru~bU'Ub:U.:Jb~'U L\iltJ 
"' "' ~ ICV QJ I I{ 4:ll.:::il -=o tf .c::!l .::lev 

'll'W a~ n'IJ bb 'i.:J\il'U ~~V!11-:J'll1 blil1'W bW~'ll1'11a'i?t ~JS mru'W Vl~1'W"I!?f b~ el'ibb 'IJ'\J"I!l.la?tlil~l.l6'l n'l-Jru~ 

bV!:iJa'Un'\J~1~1'WV11'U L\iltJ:iJr11fl11l.J~1'UV11'U 1\q 1~~-:J?tl.Jm'i~ (2.3) 

(2.3) 

2.2.1.3 ~1'Wal.l~1 

~1 IVGs 1-IVrl > 0 bb6'l~ IVJJs I> IVGs 1-IVrl bb~'J bU'U~1'U~bb 'i.:J~'U~'ll1bfl~ bb6'l~ 
'll1'11a{?t:iJr11l.l1nn11bb'i.:J~'W~\ilb~l.l Vas > VT bb6'l~bb~.:J~'W~~V!11.:~'ll1blil1'Wbb6'l~'ll1'11a{?t vru :iJr11l.l1 

fll1V!~mvhn'IJ vGs- V7 bb~'J Vl~1'U~?fb~a{bb'\J'\J~l.Ja?flil~vl1-:J1'Ua~1'W'1h.:J~l.J~1 (saturation region) 

?f1l.J1'ifi'V!1rl1n1~bb?fb\il'i'W1~~-:J?fl.Jn1'i~ (2.4) 

(2.4) 

b~e:J -1 Pia bb'l1'Wbb'Wm6'l'W~l.Je:J~b6'l-B''W (channel Length modulation: v-1
) 

~.:~ 1 'Um'ia a mb 'IJ'\J'J.:Jiil 'i 1 'UiVJ m'W~'WtHh~aan bb 'IJ'\J 1 ~Vl'i1'W~?f b~a{ bb '\J'\J~l.la?t 
Vi1-:J1'U€l tJb 'U~1'U~l.J~'J ~.:) 1 otl'V!~ fln11'll€l.:Jfl11Vi1.:J1'U 1 'U~1'Um 'U fl11€l€lfl bb 'U'U bb6'l~i bfl11~t.1~.:Jiil~ 1~ 

'U 

nci11 1 'U'UVJ~a h.l 
o Q ~ ct o u.., Ad dA 

2.2.2 bb 'U'U "1lila.:J'tl€l-!I'VI";i1'1J6ll~ b~ el";ibb 'U'U6ll11el ~~ 1VI";i'U~ qJ qJ 1 W'ti'IJ1fl blilfl'VIfl1111 ~~1 

bb 'IJ 'IJ ..S 1J;1 a.:J'll a.:JVJ 11'W~?f b~ a1 bb 'IJ'IJ~l.l a ?t611V!r'IJ G1 f1J f1J 1 ru'll'U 1\il b~ n~ fl11l.l~~1 (low 

frequency small signal equivalent circuit models) bb?f\il.:J~.:Jm~~ 2.9 bU'Ufl1'ibbVl'UVl'i1'U~?fb~eJ1 
bb 'IJ'IJ61il.la?f~'J tJ'J.:Jiil11 vJVh b~ a H1 'U m'ii bm1~~e.J6'l fl1'i~ e:J'\J?f'Ue:J.:J~ aG1ruru1ru'll'U1\il b~n (small 

"' "' 
signal analysis) 
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.--------.----oD 

'V111'W'B6'fb~e:l'hb UU~:W B6'1 bth.!~'IJ mru~iJ~ru6'f:wllii1 'tJ n11b 'IJ~ EJ'Ubb 1-:J~'U~bfl~-'1JB16'1 v gs 

1 ~btJ'Ufl1~bb6'1~ b\911'U-'1JB16'1 g v fl11:W~1'U~ bfl~iJ~16'f.:J:W1fl ~.:J1 'UB\91:Wfl.~~B11iJ~1b tJ'UB'\J'U~ m gs 'U 'I 

fl11:W~ 1'U'V11'U~"IJ1 b\911'U ro iJ~1"liB'Uell1.:J~.:J ~111llb~B1Bfl ~'JV!~.:J.ffi m 'tJ fl11~'hfl11~'1-1~qJqJ1 ru'1J'U1\91 

b~flRB ~1'V111'W~flB'W~flbb~'U6fi g., 6'11:W11(1Vl1ri11~~.:J6'f:Wfl11.yi (2.5) 

(2.5) 

(2.6) 

bb 'U'U"il1(;lB.:J~qJqJ1ru"IJ'U1 \91 b~ n.ffi~ n~11:w1 bb~1oD1.:J~'W1!'W b U'Wbb 'U'U"il1(;l B.:J~EJ.:J 1:w 1~i'im1 
Vhl11ru1fi.:Jt:-J(;l"IJB.:J~1'U1B.:J body effect ~.:Jbfl\91~'Ub~B~1'U1B.:Jtf'W1:W1~~BB~tl'U"IJ1611B16'1 b~B11:Wt:-J(;l 
'1JB.:J~1'U1B.:J'Yi'11 m~bb 'U'Uli\'1(;1B.:J'1J'U1\91b~fl~.:J.fl1~~ 2.10 ... 

Go-----

s 

.----.------.---oD 

---.oB 
+ 
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li11f1.fl1V'l~ 2.10 V'l'Lr;h~qjqJ1U!"IJ'U1\11b~f1~bfi\11~'U1~VI'D:J~1'U1e:J·:IfrU'lJ161!€m'l v65 lil~'Vll1~ 
bn111fl1"1Je:J-:Jm~bb6'1b1111'Uiifi1b'Vhnu gmb vbs L\11CJ~fl1"1Je:J-:J gmb fle:Jfl1"1.1e:J-:J'Vl11'U~fle:J'U~flbb\>l'Us&~~1'U1e:J-:J 
body transconductance "lle:J-:J'Vl11'U~6'1b\>le:J{bb'U'U~hm6'1 6'11lJ11t;1'VI11Ji'\>11lJ6'1lJf111~ (2. 7) 

(2.7) 

(2.8) 

0 ..:::::.. ~ ,q 0 tU Q,l Q d d 
2.2.3 bb 'U'U\11~e:J..:J'tle:J..:J'Vl"a1'U'll~ t\>lv"abt 'U'U'lllJv ~~1'\ll"a'U~ ruru1 W'tl'U1111 b~n'Vlf1111lJfi~..:J 

01 01 'IJ 
' ' 

bb uu "ii'1~ a-:~"1.1 e:J-:J'Vl11'U~6'1 b\>1 a{ bb uu~lJa 6'1611V11'u61 qJ t1J 1 ru"I.I'U 1111 b~ nVi fld1lJ ~~-:~ (high 

frequency small signal equivalent circuit models) bb6'1111-:J~-:!Jl1V'l~ 2.11 :u~~li111U!1t:-J~1'JlJ 
"l.le:J-:11911 bn'lJ'U'j~~bb~-:1 1Jl bbfi cgs 'cgd b U'Ufl119i''J bn'lJU'j~~ bb~-:J'U~b'JU!'je:JCJ~f)'j~'\lll1-:Jbf1\>l n'U61le:J{6'1 bb~~ 

1~'VIl1-:J bf1\>ltl'U b\111'U\>11lJ~1~'U 

cgd 

Go 

I I D 
+ 
v gs 

c 
gmvgs ro 

gs 

s 



-. 

'fi,un1,.vu1n1'1 )Jvn1'VIv,~mrufl,1"l1tnu ~~;;;rH.~,,;---~ ':: 1s 
... \~..:' ' ,. 

1"11~1 ~n'Uth:::"ii 1 vJvh c, 1 'U'llru:::~vl'nu~~ ~twerh~ 'U'U61h.JB~vhn'UB~1 'W~1'W 1~~11~1 , ~ ~ 

"ii:::i1fi1~vhn'U~1111'H1'Vl11~m11~11m'.i~ (2. 9) 

(2.9) 

1 'W'll ru:::~'Vl '.i1'W ~~ ~~ B1 ~~ 'U'U 6ii11 B ~vhnum.J1 'W ~ 1'U ~11~1 "li e:J\I'V11\I ~~'U'lle:J\1 m::: ~~61"ii:::'Vl~ 
~ 

~~fi'Ul;J\1 ~~ '.i\I~'U~'ll1 ~m'U"i!:::iJt:-Jl;J ~ Yl CJ\1 ~~ m!e:J CJ~ B"lie:J\I'Vl1\l ~~'U m::: ~~~~~l;l:::th:::"ii~'ll1~n~ vi'11-M'fi1'lle:J\I 
' 

~1~nut.l'.i:::~ C gd i1fi1 ~ vh n'Ufi1~1 ~nuth:::~ ~~~'~~Btl n 1"1lii a'U~n~"ii1m>h'W 'lle:J\I~n ~iB'WVf'Un'U n'U 

a1'U'lJtJ\I~~'.i'U (overlap capacitor) 1~CJfi1 cgd i1fiTth:::111ruB~1'U'.i:::~'U 1 1:1\1 10 ~vJ111~vJ1-r~ 

fl1'lltl\1~1 ~tl'U'I.J'.i:::~'.i:::'Vl'J1\I'lJ1~n~ ~~l;J:::'lJ1"1le:J1~ cgs 1 'U~1'U~11~1 ~1111'.itl'Vl11~~111 
6111 f11'.iVi (2.1 0) 

C =aQr=~C WL 
gs av 3 ox 

gs 

(2.10) 

1'W'V11\I'I.Jn'I.J~fi1~1~nut.l'.i:::"ii c Ei''ll>i'e:J\I'.i111i:1\lt:-Jl;J'lJf)\1~1~n'U'I.J'.i:::"i11vJvh ~~n~"ii1nfi11'11 d.J 't g~· , 

~n'U'I.J'.i:::~ e:Je:Jn 1"1lii ~~~\I ~tie:J\I"ii1n~'U~'lJf)\la1'U~n~~ie:J'UVl'U tl'Un'Ua1'U'lJf)\l ~m'U~ "li'W ~~ CJ1 tl'U cgd ~\1m~ 

fl ru 6111tJ~~~1 r1 ru ~ mh:::m'.i'Vl~\1 ~ 1V1-r'U 1 'Wf11'.ivl1\11'U~ ~ 1'U m111~ ~ \l'lle:J\I'Vl'.i1'U~61~~e:J1 
' v ~ 

~~'U'U6ii11e:J61~vl1\11'U~U'U1\I"ii'.i'lJCJ1CJ ~e:J fl1111~~i1am1f11'.i'lJCJ1mU'U'Vl~\l (unity gain frequency) 

1~ t~DtJ 111'h ~ tJ'Ufl1111 ~~a~ '.i1'lJ m tJ'lJf)\I'Vl'.i1'U~61 ~~f)1 ~~ 'U 'U6ii11e:J~~ ~f) f)() 1 'U'.i'I.J ~~'U'U'lltl\11\l"ii'.ifltl1111f)'U 
~ ~ 

"1le:J161 (common source configuration) 'lJru:::tl~1\l"ii'.ilJfl1~U'U'Vl~\I~\IJl1'W~ 2.12 ~~~~\I~~'U'U'iJ1l;Je:J\I 
1~'U~~-1 'W (hybrid- 7r) 'lltl\I'Vl'.i1'U~61~~tli~~ 'U'U6ii11e:J611 wrn~ru:::1\l"ii'.ifltl1111tl'UB11e:Ji61 'W~f)11~\lf1'.i::: ~~61 
a'U-w~ i ~~l;l:::m::: ~~61~m'l'1-w~ i 1 'Wf11'.i'Vl1Bm1n1'.i'lltJ1CJm::: ~~61'llru:::~D~1\I"ii'.ie:J~ "ii:::l'i'B\IlJf11'.iUB'U 

C1 I C1 0 \1 

~~ 'Vl~\ltl1~ \i~m:::~~~B'U'I'~~ i; ~'ll1~ oV1 ~\l"ii::: 1~m:::~~~~'ll1e:Je:Jn i
0 

611111'.itl'Vl11~m11~11n1'.i 

(2.11) 

"ii1 n~ n~11111 ~~~11 'WoV1\II>i''Wfi1'lle:J\I Cgd i1fi1ife:JtJ1!1n vh 1-H'-w"ii'l1~~Vf1t~1'W6111m'.i~ 
(2.11) i1fi1~.V11n~!i'f'U~ "ii~ 1~6111f11'.i'lle:J\Im:::~~61~'ll1Be:Jn 1 VI~ i1fi1~ vhn'U 

~ 

(2.12) 

khanitha
Rectangle

khanitha
Rectangle



.. 

. . 
.. . 
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cgd i 
0 

+ 
i 

I c 
gs 

(2.13) 

io gm 

i; s(C.<:s +Cgd) 
(2.14) 

(2.15) 

(2.16) 

2.3 1~'l·ut::l1v'I.Jn'l:m~m uu 1 ii'VI'l1'LI~~ L~miLL uu~h.Jv~ 
l'lru6tiJlliivn..:J1vJvh"Ua'l1·r'il'j"ii'f~Vfe:rum~LLii'f (current mirror) [18] ~a l'l11l-1~1'LI'VI1'LI~"il~H<U'1 • • 

"Ua'l;;rt1J'1!1ruiifi1~1 (low input impedance) LL(I~iil'l11l-1~1'U'VI1'U ~111 aan"Ua..:J61'1!'1!1rui1fi1~'1 
(high output impedance) "il1fl\"l ruii'fm:T&l-d';s..:Jvh 1 vb..:J"iJ'j"ii'f~Vla'Um~ LLii'f~fltJ1lJTth~~ fl\J\1-tll 'U'I1'U 

~1'1 1 L U'U a ~1'1l-11 n b "li'U il11'1'1l m t1 ;;r '1! '1! 1ru ?i1'UV!U1"Ua..:J bl'l ~a..:Ji1 a-J 1111 i b U'UJ11'j"~'1J a..:J1..:J"iJ'j"'1JtJ1 t1 

;;r'1!'1!1ru"U'U1111 b~n1 'U1..:J"iJ'j"'j"'JlJ bb(l~ 1 ib u'U1..:J"iJ'j"?i..:Jr;J1'U m~ bbii'f bU'U~'U t111t~~11 tlbb~1ii'f1m'j"r~ii'f~1'~ 



.. 

. . 
-· • 

17 

t.f I S/ I 
~ <C:1it. IJ'.c::lll I d iJ d i.l .<:::\ ff d I QJ d 

TVI tJ1'UYfU 5'U "il~ m'IT'J ~.:'! bu~1~1.:'1"il 'jG'f~ 'VI e:J'U m~ bbG'f'VJG'f'j1.:J"il1 fl'VJ'j1'U6!JG'f b\>1 eJ1 bb 'U'U6!J:Ue:JG'f b 'Vl1'U'U 611.:'1 

~'U111.:J"iJ'jG'f:::Vf e:J'U m::: bbG'f b U'U'd.:J "il 'j~ijm1:u~11"i'ru1.:J"il'j'Vl~.:J 1 'UU "il "ilD'U'd.:J"iJ'jG'f~VleJ'U m::: bbG'!l~ ~ n 
v • v 

~l'll'U16fi'U bb~1 'Ui'VltJ1'U~w5d"iJ:::fl~11~.:J1.:J"iJ'jG'f:::Vfe:~'Um::: bbG'I~.:J~eJ hJd ~e:J 'd.:J"iJ'jG'f:::Vfe:~'Um::: bbG'f 

~'U~1'U (simple current mirror) 1.:J"iJ'jG'f:::VJeJ'Um:::bbG'I1~61'U (wilson current mirror) bb~:::'d.:J"iJ'j 
G'!:::Vfe:~'U m::: bb?l bbi"JG'I 11"1~ (cascade current mirror) b ~ e:~.:J"il1m tl'U~'UtJ:u 1m 'U fl1'je:Jvmb 'U'U'd.:'J"iJ'j~.:'J 
bb~~::: bb 'U'U"iJ:::ijl"lruG'!:ulli\Vi bbl'l n~1.:Jn'U • 

II J/ 
2.3.1 1.:J"il~~:::'Vle:J'Um:::m1~'U!1'U 

'd.:J"iJ'jG'f:::Vf e:J'U m::: bbG'I~'U~1'U (simple current mirror) vl1.:'11'U L~tJ eJ1PltJ'Vl~ flfl1'j~e:J 
'Vl1n bb 'j.:J~'U 1 'UaG'f~ bfll'l-6!Je:J1G'f "lm.:J'VJ'j1'U68G'fbl'le:~1bb 'Uu61i:ue:~G'f~ijl"lruG'f:u'IJ~ b 'Vlije:~'Un'U~.:JG'fe:J.:J~1 bb~'d~'U • 

' v 

"il1fli11~Vi 2.13 bbG'f~.:J'd.:J"iJ'jG'f:::VleJ'Ufl1:::bbG'f bb 'U'U~'U~1'U"ll'W~ bB'Ubb "IJ'U bb 'U~ (N-channel ... 
current mirror) L~tJijm:::bbG'fl"l.:J~ Ire1 bU'Um:::bbG'f~'Vl1Wih bb~:::m:::bbG'f 1

0 
bU'Um:::bbG'f~'Vl1.:Je:Je:Jfl 

'Vl~e:~m:::bb?l~~n?l:::Vfe:~'U hw'Vl'j1'USBG'!bl'le:J1bb 'U'U~:Ue:J?l M 1 ~ v m 1 = vGs b~e:J?l:Ul.J~1 ~'Vl'j1'USB?lbl'le:J1 
bb'U'U61i:ue:~G'f M2 ijrh ~Jsz '2::. vGs -Vm ~.:J~'U'VJ'j1'U68G'fbl'leJ1bb'U'U61i:ueJG'f M2 "il:::vl1.:'11'U1'U"Ii1.:J~1J~1 

(2.17) 

b~e:J K = J.inCox :, A ~e) fld11JtJ1'J"lJeJ.:Jbb6!J'Ubb'U~, J-ln ~e) fl11"l'J1:1J\"l~eJ.:J~'J1'Ufl1'jbfl~eJ'U~ 

"lle:J.:J'th:::~~1'Vl::: cm2 I (V.Sec), cox ~e:J rl1fld1:U~1vHh~bfl~"il1fl Si02 'j:::'Vl'J1.:Jbfl'Vln'U-de:J.:J'Vl1.:Jb~'U 

v 

el\>l'j1~1'U"llel.:Jfl1:::bbG'IbeJ1l9i'~l'l 1o ~e:Jm:::bbG'!Vi'Vl1.:'1boU1 I ref ~.:'loU 



1
N }C~l!l,~~r1.Lf.IA.r1.L~~It1, ~ 1

"' I ~,,~Wfl._.V 

~Gr1.!le~l!lll:'!}ltl,L~t11:'~ .I''A t1r1.Li:'LiA "N ~Gl!lW~rl.Lf.IA.G~, 171"Z' t1M.LU'r1.l,MLWUL~~~ ~Lil.£Gl3f.UtL~ 
f1 I I I I I 

rl.ll.M:M.,IA. "N Wl!l,~ll9r1.Lf.IA.i:'Gil.l!lMl!lLGmLIA.r1.Ll!lrtLt.~L~ M:Ll!lrl.ll.rtM.,~~ "1 L~ rl.ll.ULrtrtM.,L~rt 
/1:7 1C:>' J=o , ~ , I'& I 1/:::t' ~ I /1:7 b I fCJ' 
11 I I f1 I 1'1 I 

zsaA Grt,~~,, soA = z.mA G~n.n. 'w f.Gl!l,~ll9n.Lf.IA.i:'Gil. ~f.Gll9-n.f.~ml!l~:-f.,muLIA.1 <w f.Gl!l1~!19n.Lf.IA. F' p ~ , b , 1'1:1 1'1) I , ._ 

!:'Gil. ~}13119- rl.f.l!lm~i:'f.,,L~~~~l 1
N }Gl!l,~~r1.Lf.IA.i:'Gil.r1.f.l!l,~,,~Wfl._.VL!'\,~~ zf!'{ }Gl!l,~~n.Lf.IA. 

1:'Gil.rl.f.~,~,, ~W t.~,, n._.V~I:'M.rt~t.~i:'G~i:'~~Grt~n.n. ,,}Gl!l,~~r1.Lf.IA.t1~W n. tLrtlf.L~~ULitl,~,, t11:'~ 
... ' ' 

~,,~Wl!lt},L,\JI:'~Itl, ,,i:'Gil.rl.LI:'Ll'tf.LUI:'~fl. ,m~~fl. ,f.LUG~m:J~~~i:'~ ~t.~i:'G~t.~~,LrtL~, (UO!lelnpow 

L.J+aUallaUUeL.p) ~mmll9,,i:'Gil.t.WrtLt.~i:'Gil.~t:l~~~n._t1,t.~,,~.(bQfl.i:'LIA.r1.tLruf.L~~G~, 
... ' 

nz·z) H.~ _ S!~ = <:.\t7A 

G~rt~~Lrtltl, ,i:'L~G~~ rl.Li:'LlAf.~i:'t.~ t Ll'tt1l!l~L~L~ <:s'f~ n.~i:'f. ,m_t1,1:'~ 
' ' ... 

(OZ'"Z') ~f.LUM:~M:Ll!l~n.~rt!'!M:Lt.~~~ ~~1:-~t.~rt~i:'t.p.n. L ~Grl.Li:'LlA 'lf!'{ }Gl!l,~~n.Lf.IA.G~1 

l!lM~LG,~~i:'~~,,~W~L~I:'~Itl,,ml;}mG~~,~Ltbltl,L!'\~~ zN 

~Gl!l,~~n.Lf.IA.~~~ll!lMn.~~~,,~wn._vq..t,l!lM~LG,~~11~W~~~~ t.~,1 7 I "M= '7 I 'A1 ~tl!lrl.ltl,L,\J 

UL!tl, f.~i:'t.fl.n. 11 UGGf.LUI:'Gil.r1.Gl!lr1._Q.n. ~t!}L~Itl, 1 L~l!lrl.ltl,L,\J ~~t1l3f.LM:L~i:'~ ~11~Wr1.~1i:'LIA.i:'Gfloi:'Gil.t.W 
1'1 II I I 

rtLt.~~~11i:'Lt.UrtLt.~L~n.u~Gn.ll.~~ 1"'1 1°/ n.t.~Lf.l!lGLt.n.~t~,1~~ (OZ'"Z') IA.f.LUrt~uL~ 
/5 I 1'1:11 ~ I 1'1:1 I ~ F' 

(OZ'"Z') 
"7'M J•~l 

"M 17 = ---a;-

G~r:ltl, tf.LUrt~L~~U\ tLiA Lrtlf.L~~LM:L!\ftt 

~~U Y L~ r1.URI:'M.rt~M:Lt.~rtt.l!li:'G~i:'IA.~Grtll9fl.fl.11f.Gl!l1~!19n.Lf.IA.~~1, lsaA = <:sc~ 1311:1 
~ I l"bjl 1'0'1'1:1 rb It=>' , ._ ~ 

(6 1"Z') 

... ' 

( 1.mAY +I)( 'M.z7) = 1"~1 
l uaAY + 1 l '7"M "! 

!}!:'~ ~1.rtltl,tr1.~~mf.LM:L~ ... 
(81"Z') t1f.LUM:~r1._t1,1:'~ ~t.~r1._.VL!'\1t1L~~ (Ja+aweJed le:)!SA\1d) i:'Lk~i:'f.~li:'~mt}Gl!l1~Lf.LM.L~ 

~ t Ll't~~i:'~ f.LU~f."'rtuiA.n._.V~I:'M.rt~rt·Lt.~~i:'~t.~i:'G~i:'~~Grt~n.n. 11}13 l!l1~l/!r1.Lf.IA.t.~11 ~RbiA.i:'LIA.rl. t ~l!ll 
' ... • 

n._vn.G~Itl, 1 ~,(brt~ru~~~mm_vw~1 l!lt}ll.rl.l;} 1 t.~i:'G~i:'~~Grt~n.n. 1, }Gl!l,~~n.Lf.IA.UL~i:'Gp 1 

(81"Z') 

B1 

( 

JXO:JI"rf )( ISC~ y +I) ( IH.LA- soA )( 'M_"7) _ Ja~J 
zxo:J""rl zsaAY+l ZH.jf_SDA '1"M - o1 

'l 

. ·-

.. 
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I 
ref 

o~ __ ___. ____ ___,_ ____ _.v/JS2 
VGS- VTH VGS 

R =[Vosz =r 
o [J o2 

0 

(2.22) 

11'1CJ VA 2 ~e:J bb ';j,Wi''U~I'Ib~:W"lle:J\1 M 2 ~\lbbth~'Um:wrhfrl1:WCJ1l"lle:J\I"Iie:J\I'Vl1\lb~'Um:m?f 
bb'U'U~16'1e:J\161qJqJ1ru"ll'U11'lb~n"lle:J\I'Vl';i1'UGii?fbl'le:J~bb'U'U~:Wm'l M 1 bb?fl'l\119i'\IJl1'V'lVi 2.15 (n) bbfl~l\1'<\l';i 

tf 0 QJ w: 01::\ tf 

?f:W\jfl CJ"lle:J\1 bb 'U'U'<il16'1 e:J\16'1 t1J qJ1!J.J"ll'U11'1 bfl n"lle:J\I'Vl';i1'U6!!6'f bl'l e:J';j M 1 

bb6'fl'l\119i'\1Jl1'V'l~ 2.15 ("11) 

·····································-··v··-··--·l 
.----------,IL-;....-

(n) ("11) 

d 0 u Q Q ~ ~ 
.n1'Vi'Vl 2.15 (n) bb 'U'U'iil1fle:J.:I~qjf1!1W"ll'U1~bfln"lle:J.:I'Vlj1'1J6lf~bl'le:Jj M 1 ( "!1) 1-:l'iilj~lJ~iltl"lle:J.:I 

o 11.1 G ~ fl 

bb'U'U'iil1ile:J.:I~qjqj1W"ll'IJ1~biln"lle:J.:i'Vlj1'1J6lf~bi'Je:Jj M 1 

b~e:J~"'il1';i!J.J1bb 'U'U~1fle:J\161ruru1ru"ll'U11'1b~ mo'V'l1~"lle:J\I'Vl';i1'U"Ii?fbl'le:J~ M 1 1 Wl1'V'l~ 2.15 

(n) 'V'l'U11'Vl';i1'U"Ii?fbl'le:J~ M 1 ~n~m?flje:J'UbU'U11'11e:JI'I~TVf~\l I, ~mb'Vl'W~lCJl\l'<il';ibU\11 be:J1~~1'1~~6'f 



.. 

., 
• 
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(2.23) 

LL~~1~~1Le:l1~~\9l~l.J~LL~'U~"lle:l~Vl'j1'1.J~G1L\9le:J{ M 1 LVhn'IJ -
1
-/ lrds LL\~lL'ije:J~~1fl 

v 
gs 

+ 

(n) 

ix ._ 

rds2 

g.,, 

+ 

vx 

d o Q,/ G 11 d dO 
111\'-l'VI 2.16 (n) bL'IJU'il1mHit=~ruru1ru"!l'U1~L~n"!la.:I'J.:Ili!":it'I::'VIa'Um-::LLt'I'VIfl'J1l.ltl\911 ("!!) 'J.:Ilil":i 

0101 

t'l1111~"!le:J.:ILL'UU•ih~a.:~fl'ruru1ru"!l'U1\91L~n~fl'J1l.l5~1"!le:J.:I":itl (n) v QIQI cu 

~1fl"N~1G1l.ll;j~~"l!mVl11'W~G1L\9le:J{ M, 1'WmV'l~ 2.16 (n) dja vgs ~a~~fl11'd'W~~~vi'1 

1v!bJi1m~LLG11'VI~~1'W~'d~1'WVl1'W 1/ g.,, LL~~ g., 2V
8

s Lvhnu~'U~ ~~1~1~~1G1l.ll;J~~"l!B~LL'IJ'IJ''ih~a~ 

61qJqJ1UJ"lJ'U1~L~fl\P1~.fl1V'lVl 2.16 ("ll) ~1Le:l1~~\9l~l.l~LL~'U~"lJB~iKqJqJ11U"lJ'U1~L~fli1~1LVhn'U rds2 



.. 

I 
ref 

c gsl 

I 
out .__ 
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"il1fld,:J"il11'Wm'V'l~ 2.17 6'11~11t:rvnVl,:JnitJm1?i,:J~1'U (transfer function) 1ml?lEJ 
6'1~~m~~~vta,:Jn1~iJI?ll"l,:)m'Ui11'V'l~ 2.13 ~vhnu 1"'' 

Vi"il11tu1vft 'UI?l ~ 

(2.24) 

(2.25) 

(2.26) 

low (s) gm2 

I,~f(s) = gml +s(Cgsl +Cgsz) 
(2.27) 

(2.28) 



.. 

.. . 

lOIII = gm2 

J ref g.,, 

22 

(2.29) 

1 u1VJt~1'U~u5-d'1~Be:Jm~uu1-:~'0J':i~'l11 ~6'1'\.Je:JL~tJ 1 i1-:J'OJ':i6'1~Vle:J'Wm~~~G'I~'W~1'W ~ ~e:J.:J'OJ1f1 .. 
~tl'W1-:I'OJ':imli~uie:Ju ~~~~ 1 iVJ':i1'W~6'1~\11El'h v:it~.:~G'Imlii'Tvh 1 ~th~'VIir~~um um':ie:Je:Jm~ uu1-:~'0J':i':i'J~ 
'We:J f1'0J1 n-d lii'1 ~n'IJ't.b~'OJ ~~e.J.:~ii"il1'W1'W,j'El t~vh 1 ~1-:J'OJ ':ilil!-J~ \11 El'\J 6'1'\.J El.:Jfl11~~~~f1l11-:J'OJ':i6'1~Vle:J'Un';i~ ~~6'1 

al 
~~ 'IJ'IJ El'W 

• 

II "" "' 2.3.2 1-:i:ij':i~::'VIv'Um::~b~1fii~'W 

1-:J'OJ':i6'1~Vle:J'Wm~~~6'11m1u (wilson current mirror) b~6'1~-:J~.:J.f11~~ 2.16 ~U'W'J.:J'OJ':i~li 
bml'l~111a~-wb~~us&6'1.:~ 'J.:J'OJ':ith~ne:Ju~'JtJVl':i1'W~6'1~\11El~"i11'W'J'W 3 lii'1 1~t~Vl':i1'U61i6'1b\11El~ M, ~.uu . ~ 

Vl':i1'U61i6'1~\11El~Vl1-:JB'W~\11 ~~~~Vl':i1'U61i6'1~\11El~ M 2 'M 3 ~U'WVl':i1'W~6'1~\11El~Vl1-:J~El11'l~111 m~~~G'I I ref ~~~~ 

m~~~G'I /
0 

~e:Jm~bb6'1~1'VI~~1'WVJ':i1'W61i6'1~111e:J~ M, ~~~~m~~~6'1~1'VI~~1'WVJ':i1'W61i6'1~111e:J~ M
2

, M
3 

\111~1.4'1~'\.J 

I 
ref 

+ 

t 
+ 

VDSI 

" al ... d ' ' 1 " ~.:Jir'W ~~El~'OJ1':if111'0J1f1.f11~Vl 2.18 ~'IJ'J1 VDSI = VGSJ + VDS2 6'1.:11!-J~ VI VDSI > VDS2 

m':iG'I~Vle:J'Wfli~ ~~G'I"lle:J.:J'J.:J"il':iG'I~Vfe:J'Wm~ b~6'11m1u~.:~~ U'W 1 'IJEJ ~1.:~ 1116'1~'\.J':iru ~.:~Vi'OJ1':iW1f11':i6'11-:~"lle:J.:J 
~ 

QJ d' I Q.l 6' d 6 d .c:iil I I CV - + + Q.l 

6'1qjt1J1WbE11\11~\11 ~'IJ11~~';j.:J~'W~El1\11~\11Vl\111Vl~~~fl1bVl1f1'\J VOl!/(min) - VDSAT2 VDSATJ v7'(M2) ~.:1 

~b6'1~-:J1'W.n1'W~ 2.19 



.. 

.. . 

oL-----------~--------------~vour 
VOUT(min) = VDSAT2 + VDSAT3 + VT(M2) 

23 

"il1flfl1'W~ 2.19 b U'Wm1'\"Jfl11ll~ll~\n5~~vrh.:Jm~ bb?l bBl~'W\91 bbft~ bb ~.:J~'WbB1~'WI'l 
' ' 

~.:Jbfll'l1~111.:J"il~?I~Vla'U m~ bb?lift~'W b~ll1:Wvh.:J1'Wb~B bb ~ .:J~'W bB1~~1'1i1fi1 b vhn\.J Vour<mm> ~.:J,T'W~.:J 
b U'WoUm.J n-w~a.:J'1JB.:J1.:J"il~?I~Vi' B'W m~ bb?l1 ft ~'W nci11~a fl1~?11.:J'1JB.:J bb ~.:J~'W bB1~'WI'li1fi1~fia'WoU1.:J 

' 
~1tl~ 

2.3.3 1-:!lil'H'I:::Vfe:~'Wn~:::bb~bbfll~1flt~ 

1-:!"il~?I~VlB'Wfl1~bb?lbbfl?lbfl~ (cascade current mirror) bb?I~.:J~.:J.fl1'W~ 2.20 bU'U1.:J"il~ 
0 0 

Vii1ba1~~1'1~ll~bb~'We&~.:J 1.:J"il~th~na'U~1tJ'V1~1'W~?Ibl'lB{~1'W1'W 4 ~1Vii1'VI~1'W~?Ib\9la{ M
2 
~a 

bbfl?lbflt~€J~tl'U'V1~1'U~?Ib\91€J{ M
3 

b~tJ'VI~1'U~?Ib\91€l{ M, ,M
4 
biJ'W'V1~1'W~?Ib\91€J{'VI1-:!~'W~\91 bbft~ 

..:::. ~ ~I Q ~ ~ 4 d1 
'V1~1'W'II?Ib\91€l~ M ,M bu'U'VI~1'U'II?Ib\91€J~'V11.:Jb81\9l'W\91 m~bb?l I,, bbft~m~bb?l I fle:Jfl'j~bb?I'VI Vlft 

2 3 • re1 o 



.. 

.. . 
.. . 
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1 'Ufl1'HHJflbL 'U'lJ1 .. :J''il'a1\l"il'a?l:rYleJ'Um~ LL?ILLrl?lbrl~ "il~eJeJflbL 'U'U1 '\Xvt'a1'U68?1L~eJ{ M 
3 

LL~~ M 4 i1r111l.l?ll.l~\l,;n'U vh1'\X vcsJ @Vcs 4 LL~~ v/Jsl @Vosz ~\l,r'Ufl1'a?I~VleJ'Um~LL?I"il1fl 
Vl'a1'U68?1L~B1 M I hJEY\1 M 2 LtJ'U hJ1~eJ~1\I?Il.J~'aru ~\lii"il1'atu1fl1'a?I:S\1"1JeJ\I~f.1lt1J1tuLm~~~ ~'U-;h 

LL'a\I~'ULeJ1~~~~~1~~~i1~1LVhn'U V01H<mm> = VosAn + VDsATJ + VT<MIJ ~\ILL?I~\11'U.fl1~~ 2.21 

OL---------~----------------•Vour VOUT(min)- VDSAT3 + VDSATI + VT(Ml) 

d "' CV CV ~ I tf Q.l tf 

"il1fl.fl1~vt 2.21 LiJ'Um1vlm1l.l?lll~'U51~'V!11\Im~LL?I LeJ1~~~ LL~~LL 'a \I~'ULB1~~~ 

~\!Lfl~ 1~111\l"il'a?I~VleJ'Um~ LL?ILLrl?lbrl~ L~ll 1:Uv11\11'UL~eJ LL 'a \I~'ULB1~~~ij~ 1 L vhn'U V our (min) ~\I,!'U~\1 



.. 
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~ Q.J 1.1 ..::.. Q.l d tJ' • 

b'Vf~tl'I.Jn'lJ1-:J"iJ161:::'VJ€)'Ufl':i::: bb611c;'l61'U b'U€)-:J"iJ1f1 V GS 
3 

@V GS 
4 

~.:Ji!'Ubb 1-:J~'UVi"'J1b\111'U"'J€)-:J 

'Vl11'U~61bt9lt~{ M 
2 

15.:~ljf'i1th:::~1rub·vhn'Ubb1-:J~'U~"'J1bm'U"'.lt~.:J'Vl11'U~61bt9lt~{ M
1 
(~.:~ljf'i1bvhn'U v c;s I ) 

61-:Jl!-J(;lb~bb1-:J~'U~"'.l1bnt9l"'JB.:J'Vl11'U~61bt9lt~{ M
3 

ljf'i1bvhn'U v(i] = vGsJ + vnMn 
1.1 I I i.l ..:::., Q..l II 

"il 1 m.:~"il 161:::'Vl B'U m::: bb61 bb 'U'U \911-:J 1 'W'U11 1-:J"il 161 :::'Vlt~'U m::: bb611" 61'U bb(;l :::1-:J"il161:::'Vlt~'U 

m::: bb61 bbf1611fl ~ijoij tl'U fl'W ~€).:) b Vfiitl'U tl'U ~ tl n 1161l.:J"'J1(;1-:J"'J tl.:) bb 1.:) ~'U btl11'l'W (9lij fl1~fl tl'UoU1-:!'<il1 n ~ 
' 

0~ fJIS.:J 1~ b~ tl f11-:!"il161:::Vte:l'U m::: bb61~-:J61tl.:J bb 'U'U~1b m 'U f111 Btl n bb 'U'U1-:!"il1"/Jtl.:!l'VlfJTW'W'U5d 

2.4 1.:11\11"tt~1~~ruru1rue-~~~1.:~bb'U'U~bJt~~ 
01 01 

1-:J"il1"/JV1fll!-l(;1~1-:J (differential amplifier) bU'U1-:!"il1"/Jfl1fl~6'11fi'qJ~1nam.:~"il1V!'i!.:~ Gin'l'fru::: 

b~'U"'.l'tl.:J1-:J"il1"1.l mfll!-l(;l ~1-:Jfltl 1-:J"il1ij f111'l.b:::m" l!-l(;laruru1tu8'U'W\9lb 'UGi n'l'ftu:::l!-lc;'l~1-:J (differential 
"'"' ' 

input signal) bb'Vl'U~f111'l.b:::~1(;1l!-lc;'lb'UGi'n'l'!ru:::~bVim.Jn\.Jm11~ f111th:::~1c;'ll!-lc;'lb'UGi'n'l'!tu:::l!-J(;1~1-:Jij 
~ru61~u~h~'UV!m flt.b:::m1 1~bbn m1~ 611~11~ 1 'U m1n1~~a qJt1J1ru 1'U m'U 1~~~~'U aqJ qJ1ru 

" " ' t dl .c::lo II'~ ..:::1 Q.l t ..:::1 

btl1\9l'W\9l~"ll1-:J611-:Jf111-:J"'J'U bbc;'l:::f111~b'WV'U"'J'tl.:J61ruru1rub'tl1\9l'W\9l'Vlc;'l~".:~ 
, fU QJ .. 

' .!/ 2.4.1 1.:11\11"t1~1~e.l~\Pl1.:1bb 'U'U'Vi'IJ;)1'1J .. 
' .,f 'l 'l "' "' • 

1-:J"il1"1.l m fl l!-J(;j \911-:J'W'U~1'U b'IJ f111tl'tl mb uu1.:~"il 1"il:::t~ t1 mb 'U'U b Vf'Vl11'1J6!161 b\9ltl1 M 1 bb(;l::: 

'Vl1TW~61bt9l'tl{ M 2 ijr111~61~'W.:!,;tl'IJ ~.:!,f'U"iJ:::b~'IJl1 1-:!"il1"/Jfl1fll!-J(;1~1-:JIS.:~ffif11.:!61~1.:!~61~~1\911 "il1f1 

l"ltu61~lli1~nci11~11S.:~ b Vf~.n:::~"il :::'l11~11.U6'11V!-rut~t~n bb uu b U'IJ1-:J"il1'Vl11'U61 fl'tl'IJ ~fl b\91 t~1~f11'U r1~~1 fl 
' ' 

m::: bb61 [19] 6'11V1-ru1.:~"il )'VI 11'1J 61 r1 t~'IJ ~l"l b\91 t~1~ij n 11'lJ 1::: fl n t911 -ir .:~Tu bb" :::vr w.J'U1~ 1"il1f11-:J"il1"1.l fl1 fl 
' 

l!-J(;1~1-:Jbb'U'UV!1-:Jfl11 (long tail pair differential amplifier) bU'UV!Gi'n ~.:~.Ut~'<il1n~6'11~qj"'.ltl.:Jf111U1 
1-:J"il 1'Vl11'1J 61 r1 m..t ~fl b\91 t~1 bb 'U'U~~ t161~ 1 t1 t1 n bb uu b tJ 'U1 .:J"il 1 b ~.:~ b61'U n ~ t1 f111vl1-:J1'1J"'.l B-:!1-:J"il'a'Vl 11'1J61 

r1 t~'U~ m\91 t~1 bb 'Uu~~ e:1 61611~1) ~u1:::~1ru m1 1~ b tl'U bb uu~.:~ n<tl'IJ"'.Jt~ .:~61~ m1 n1Gi-:~61e:J-:~ ~-:~ b tl'IJ61~ m1 

1~bU'IJb~-:~b61'1J~-:~61~m1~ (2.35) 'N"il1'Vl11'U~rle:J'U~rlbt9le:J1bb'U'U~~e:J61e:J~1-:~~1mb61~-:~~-:~.n1'W~ 2.22 

VI~ 
v = v - V2 in I 

Vzo------------r--------~ 

__ _.,. ___ v ss 
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';ij1fl1~';ij'J1'U.fl1V'I~ 2.22 'V111'U"B?IL~B1 M 1 LL(;'I~'VI11'U61i?IL~B1 M 2 LU'U1~';ij';j"tJtJ1tJ 
m1:u LL~ n toi1~ LL 'U'U ~'V'I L 'V'I a{ L 1'U L ~tJ "~~vi'Tvl'li'1~ L 'tJ ~ tJ'U LL 1~~'U L tl'U m~ LL?I ~1'U'V111'U61i?l L~ ai M 3 

LL(;'I~'V111'U61i?IL~ai M4 L U'U1~-;u1?1~VIB'Um~LL?I~~1-Mel'~11~~e.i1'Um~LL?I L vhnuvrd~ b(;ltJi1m~ LL?I I 8 

LU'Um~ LL?I1 'ULLB ?11-Mn'U1~-;u 1 L~m'J v'U61'ty ty1ru LL 1~~'U V," -;u~vi'11-Mm~ LL?I I 01 LL"~ Im ~'U~ 
'VI 1 1'U 68?1 L~ B { M 1 LL(;'I ~'VI 11'U 68 ?I L~ B { M2 ~ 1:U ~ 1 ~'U fl 1 ~ LL?I Im ~ ~ fl ?I ~VI B 'U fl 1~ LL?Ib(;l tJ 

'VI11'U68?1L~B{ M 3 LL(;'I~'V111'U61i?IL~B{ M 4 L~V1.111't.J(;I'UB'Vfl';ij1flfhfl1~LL?I Im ~Ln(;l~'U~ 
'VI11'U68?1L~B{ M 2 -;u~1~m~LL?ILB1vli1~ Io ijfi1L'Vhtl'Ufl1~LL?I Im - Im 

50 

-50 

-100~~--~--~~~4---~~--~~~-+--4-~ 

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.2 
V;n(V} 

lil1flfl'JTW'l-U.fl1V'I~ 2.23 LL6'1(;l~fll1:U61':U~'Ulh~V!'h:Jfl1fl'J~LL6'1 /o n\Jfl1LL'J~~'U'Vi~(;)Li1 

V,n "tiB~l~lil'J"tltntJfl11:ULL{;lfl(;h~ i1fi1~~6'1:Ufl1'J~ (2.30) 

l=f-lnCox[W]v 41n -Vz 
" 2 L '" C (WI L) '" J.ln OX 

(2.30) 

d ICII cv Q.l 6 I 6 

lil1fl?I:Ufl1'J'VI (2.36) ?11:U11tiL"tl tl'Ufl11'V'J LL?I(;l~fl11:U?I:UV'I'U5'J~'Vll1~fl1~ LL?I LB1Yii1~ Io 

6li~Ltl'U~~noff'U"tiB~LL'J~~'Ut:-J"tol1~"tiB~B'Ui1~ (differential input voltage) V,n (I(} 'Uvi:ua"1m1nu 

18 LL"~ V,n 'Uv1:uv"1"in'U J218 I f-In Cox (WI L) ~~.fl1V'I~ 2.17 6/i~lil1flfl11'V'JLL6'1(;l~L-ML~'U11A1 
fl11:U'I11LL~fltol1~ (effective differential transconductance) "tlm'VI'J1'U686'1L(;lel1LL'U'U~:Um'lfi"tltntJ 

'U 

fll 1:U ~ 1~ liJ ~ ij ~ fl'I~HU ~ fl ~ 1 tJ tl'U fl "tl tJ 1 tJ fll 1:U tol 1 ~"tl B ~'VI 'J 1'U 68 ?I L(;l B { LL 'U 'U 1 'U b V'l (;I 1{ (bipolar 
'U 

differential pair) LL"~i1A1?1~?1(;1LVhn'UA1fl11:U'I11 quiescent transconductance ( gm) 
'U ' 

"111fl?I:Ufl1'J~ (2.30) 6'11:U1'J(l'Vl1fl1fl11:U'I11 gm 1~~~?1:Ufl1'J~ (2.31) 
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(2.31) 

.. 
'jlj'jf) 

(2.32) 

Ll'ltJ~ K = f.l,.Cox (W/2L) 

~1fWhb'U?ll.lfl11~ (2.32) ~~1~-hrh gm "llB.:Jl.:J~1~bnl'l~'U,r'U?l1m1t;1~~~mtJ1"1l.l~1 
' 

1ml'ltJnT~u-rtJm~bb?~1ua?~ I 8 

~1 n mT~ fn1l.l61l.l~'U 1h~w-J1-:Jm~ bb?l ba1~'V'II'l bb~~ bb 1-:J~'U~:-J ~~ 1-:J'llB.:JB'U'V'I 1111 'U.Il1'V'I~ 
' ' 

2.17 ~~'V'I'U11 l.:J~1Vl11'U~I"1a'U~I"1bl'la1bb'U'U~l.la?l,!'Uihh.:Jrn1'Y11-:J1'U~btJ'Ub"tl.:JbG1'U 1 'U"lil.:Jbbi"1'U ~ 
b"li'Ub~tl'JntJ'J.:J"'l1Vl11'U~I"1a'U~1"1bl'la{bb 'UtJ 1 u 1 'V'I!;h{ Ll'ltJ~l.:J~1Vl11'U~I"1a'U~1"1bl'la{bb tJ'U~l.la?l "U~~ 

0 ov "' "' 0 0 ov 21 21 ... 0 ov 
1"11bb1-:JI'l'UB'U'V'I\1l"llB.:Jl.:J~1l.ll"11bV11ntJ - (B ) ~ v ~ ( 8 &ll.:J1"11'llB.:Jbb1-:JI'l'U 

' JlnCox WI L m JlnCox WI L) 

B'U'V'II'l"llB.:Jl.:J~1Vl11'U~I"1a'U~I"1 bl'la{bb 'U'U~l.la?l bb 'UtJ~"lil.:JB'U'V'I\11 n11-:J~?l1l.l11t;1U-r'U~11~a ~1-:J b"tl-:J 
' ' tJ' QJ II ..::111 I I V I 1/ t{ Q.J t{ d 0 

b?l'U 'Vl1n?lqJ qj1ru"ll1 b 'll1l.l'll'U11'l~.:J m 11"111'1-:J n~ 11 bbml.:J~ 1Vl11'U?l 1"1B'UI'l1"1 bl'laibb 'U'U&Ill.l a ?I "U~Vl1-:J1'U 

a~1 tJ"lil.:J~l.l~l ~'Uilia m~bb?lbm~~l11~~~~1bvhntJm~bb?l1 ua?la'U~I'l (I H) ?h'UVi~VJ1-:J'lla.:Jm~bb?l 
., ., 

t{ ~ IQJ QJ I Q.J o<:::11t. 

ba1\1l'V'I\1l'lJ'UatJn'U'lJ'JI")'J1l.J\111-:J'lleJ.:J bb 1-:JI'l'UeJ'U'V'I\11 
' " ' 

.n1'V'I~ 2.24 bb?ll'l.:Jl.:J~1Vl11'U~I"1a'U~I"1bl'la1bb 'U'U~l.la?l~'U;i1'U ~~ m~bb?l1 'UB?l~1n ... 
.n1tJ'Uan I 8 "'l~btJ'U~ln1'Vl'UI'l~1rn1l-lth~1na'Ufl l'l~Ylbvla{b 1'Ub~tJ~ ;.:J~~btJ'U~:-J~?l~Vi'a'U 1 'lJ fY.:J 

n1~ bb?l ba1~~ 111 "'l1 n .n 1'V'Il.:J"U1,r'U n1~ bb?l I 2 btJ'U n1~ bb?l~ a1-:JB-:J ntJ l.:J"'l 1?1 ~Vi'a'U n1 ~bb?l bb uu 

bb'Vl".:J~1tlfl1~bb?l (current source) ~'lJi~natJ~ltJV111'U~?Ibl'la{ M 5 bb~~Vl11'U~?Ibl'la{ M6 b~a 
b11hJfhoU.:J~.:JI!-J~"lla.:J channel Length modulation bb~l bb~~?ll.ll-l~11Vl11'U~?lbl'la{bb'U'U~l.la?IVJn 

~l ~f1l1l.l?ll.l'V'I.:J,;n'UI111l.l~~'~l.l1"1~"1l~vh1~~1m~bb?l I 6 bvhnum~bb?l 12 ~.:Jm~bb?l 1, ti~~n~ru~ 
0 

l..c:ll Cl.l d 1/o<:::~~t.QJ iJ II o=l 

b"ti'Ubl'ltJ'JntJm~bb?l I 2 !"1am~bb?l I, ~~~nm.:Ja.:Jn'Ul.:J"'l1?l~Vla'Um~bb?l bb 'UtJ bb'Vl~.:J~1tJm~bb?IVl 
., 

'lJ1~natJ~ltJ M 3 bb~~ M4 ~.:Jir'Um~bb?l I4 ~~b'vhntJm~bb?l I, ~ltJ m~bb?l I4 ~~~n?l~Vi'a'U 

l.l1fJ.:JV111'U~?lbl1la{ M7 bb~~Vl11'U~?lb1118{ Ms 'V111m~~1m~bb?l Is= I4 ~.:J~1fl1~bb?lba1~~111~1~ 

(2.33) 
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+ 

" M 1 bbG'l~ M 2 ~.:J'IJ'U 

(2.34) 

L11m~ gm nr11whnu .j2KI8 1'U?tllm':i~ (2.32) 

b~B~"il1':iru1?flJn1':i~ (2.32) "il~~u'h r11?\,:~e-h'Um1ll'l11J'U bbth~'Url'\Jrl1':i1fl~?IB~ 
'llB~m~ bb?t1 ueJ'?t 1 s ~~vh 1 ~'N"il':i bJ?t1l.l1':iCltl-rur11eJ'V~':i1fl1':i'llmrJ'Vl':i1'U61fla'U~flbbV~'U'Il1~a~1~b ~~ba'U 

' ~ 2.4.2 1.:ilil"a'tlll1tle.JG'l~1.:! bb \J\JG'l~'VIeJ'U'lJ"ael~ 

'N"il':i'llrJ1rJe-JG'l~1~bb'U'IJG'l\11'VlB'U'I!{a?t (source degeneration) btl'Ub'Vlfli1fln1':iDB'Ufl"''\J 

LL uu G'l'U (negative feedback) ~"li'W 1 ~ fl1':iLL tl G'l~ LL ':i~~'U Ltl'U m~ LL?fnwnl.l L tl'Ub ~~La'Ul.l1fl~'U 
I ff Q.l d 

'N"il':i'llrJ1rJe-JG'lV\1~bL'U'\JG'l\11'VI8'U'I!':i8?fLL?f\11~\11~.f11~'Vl 2.25 

V. ~ 1+-, 
v -

gs 
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~1n.nTv-rvi 2.25 m'.ivh 1 ~\th.JL :a·:ml'U~'Wn1'.ifl~Vla'U"I!ia?l L~a..:J~1mb '.i..:J~'Uvil'lnl"l~m.J 
Rs ~:::v111 ~bb '.i..:J~'U vg, iim'.ibtl~CJ'Ubbtlfl..:J'.i:::~'IJ~'Ufi..:J'l!mm..:~ ?i..:~cm 1 ~n1'.ibbtlfi..:Jbb '.i..:J~'Ubtl'Um:::LL?Iii 
1"111~ b tl'Ub :a..:~b~'U~1n~'U 1 'U"llru::: b~CJ1 n'U m'.iua'U mKu ~..:~n"11~:::vl11 ~B\>l'.i11"111~'1111a'U t'J1c.~:Wfi1 
fl~fl..:JLtl'U 

(2.35) 

1~ CJ m'.iaa n Lb 'IJ'IJ1..:J~ '.i"ll m CJ e-Jfl ~1..:~ bb 'IJ'\Jfl ~Vla'U"I!{a?l ?11~1'.it~a an bb 'IJ'IJ1..:J~'.i 1~G'Ia..:~ bb uu 
~a 1..:1~ '.i"ll CJ 1 CJ e-Jfl ~ 1-:J Lb 'IJ'\Jfl~Vla'U"I!ia?ltlmc.~fi?la.:J~ 1'Uvib-ti ~1~ 1'UV11'Ufl~Vla'U'V!~.:J~ 1 Lbfi:::1-:J~'.i"llCJ1CJ 

" 
e-Jfl~1..:J LL'IJ'Ufl~Vla'U"I!ia ?ltlfl1 CJ fi ?la.:J~ 1'Uvib off~ 1~ 1'UV11'U fi~Vl a'U ?I a..:~ ~1 ~.:J n '.i::: bL?I b m~V'l l'l"lla.:J1..:J~'.i " . 

v~ 
v~ 

v_ r-ei 

(n) ("11) 

.n1w~ 2.26 1.:1~-a"ll tl1 m: . .J fil~1.:1 LL 'IJ'Ufil f!Vl v'U'llia~tl fil1 t~fi~ a.:~~ 1'Uvfl cti~1 ~ 1'UV11'\Jfil fi'VI v'U 
'U 

(n) tcti~1~1'\J'VI1'\Jfilfi'VIv'U~v-:~~1 ("'I) tcti~1~1'\J'VI1'\Jfilfi'VIv'U'V!~.:I~1 

2.5 1-:i~"a'VI"a1'\J~fllv'U~tlL\>lvi 
1avha (OTA: operational transconductance amplifier) 'V!~a1-:J~'.i'VI'.i1'U~I"la'U~I"lbl'lai 

L tl'U at! mru"llil~ bbal"lVi'Vl"llil~V!~..:J ~..:) 1 'Uih ~U'U 1~:Wm'.iaan bb 'U'U 1 ~a CJb 'U'.itl"1Ja..:J1-:J~'.i'.i1~'V!~a 1a6/i 
, , '\.1 'V 

1fl c.~ btJ'Wviil c.~~t11~ 1tl '.i::: ~ n ~H1 'U..:J1'U ~1-:J 1 ~..:J'VI1-:J ~1'U 1 'V!~ ~"11 a.:J bb ',j .:J~'U 1 vJvh bbfl::: 1 'V!~~"lla.:J 
m:::LL?I1 'Vlvh 1~LtJ'Ua~1..:J~LLfi:::LLV'l~'V!mCJ L ~a.:J~1nm'.i 1 i.:J1'U"lla..:~ 1aViLa 1lJ~'U~a'U~..:JCJ1n LLfl:::fJ.:J~1CJ • 
~am'.iaamL'U'U 11"l'.i.:J?I~1-:J"lla.:J 1aViLa~'Un?l1~1'.imL?I~.:J 1~~-:J.n1V'lvi 2.27 
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v+ 
fo 

V;n -
v_ 

(n) ("U) 

1vvibv b thJ'd\l'<iJ'j"tJ tJ1tJvibb '\.J~\1 bb 'j \I~'U 1 vHh 1 ~m b tl'U m:m?t1 'V'Ivh 1~ tJli~ m~ru::: f11'jvl1\11'Ub tJ'U 

bb 'j\J~'U1 'V'Ivhm'Ufl:Ubb'V!~\IIii1tJm:::bb?t1 'V'Ivh (voltage control current source) ~\11\l'<iJ'j?l:UlJ~'V11\I 
v~:ufl&i bb~:::~ru~n'l3ru bb?t~\l~\ln1~vi 2.1s btl'UB'I.JmruBb~n'Vl'jeJ'iJn~vili 4 ~d Hi'bbn~'J~'U~\91 

" Cl.l " , 

(~") 2 ~1 1~bbrl ~ bb~::: V_ ~1m:::bb?l'V11\1~1'U"tl1BBf1 ( 10 : output current) lil'1'U1'U 1 ~1 bb~~ 
~1m~ bb?lfl'd'Ufl:U ( 18 : bias current) lil'1'U'd'U 1 ~1 flru?t:u,J&i-uv'I1Bvhm1\.~'<il~ii~:uvhb~'U"li'V11\I • • 
~'U~\91 bb~ ~ bfJ1\9l~\91 ?I '11~ tJ 1 'U'V11\IB ~:U fl&i '<il~li fl1 b tJ'U m!'U \9l '<il 1 flJ\I'<il 'j?{1J:U ~'V11\IfJ~:Ufl&i"tJB\11BVi bfJ 

't Ill 'U q 'U " 

'<iJ::: b~'U 1~11 m~ bb?t1 'V'I~ 1'V11\I bfJ11'i"~ \9l'<il::: b '\J~ tJ'U bb '\J ~\I\911:U fl11:U bb\91 f1 ~1\I"UB\1 bb 'j \I~'U 1 'V'J~1'V11\1~1'U • 
~ .::111 V G V r( I Q.l V r( Q.l f{ 

fJ'U~\91 1Jfl1 fJ(9l'j1"tJ tJ1 tJ'Vl'j1'U?{ flf)'U~fl bb\9l'Uezlb 'V11f)'lJ g m bb~~f)(9l'j1"tJ tJ1 tJ'Vl 'j1'U ?{ fl eJ'U ~fl bb\9l'Uezl?{11J1'jt) 

fl1'Ufl:U1~~1tJm:m?t1'V'I~1 18 ~\11'U?t:Uf11'jvi (2.36) 

(2.36) 

1BVi bBffifl'j\1?{~1\li11 tJ l 'W.yi?l~1\llJ1'<il 1 f1'Vl'j1'U~?l b\91B1 ~\lli~\llfl'j\1?{~1\l.yi b tJ'U'Vl'j1'UG/i?t b\91B1bb 'U'U 

1LJ1~~11 (BJT: bipolar junction transistor) bb~~1fl'j\1?1~1-:JvibtJ'U'Vl'j1'UGii?tb\91B1bb'U'U~:UB?l 
(CMOS: complementary metal -oxide-semiconductor) 1~tJfi T~,\9l'j1"tJtJ1tJVl'j1'U~ flB'U~flbb\9l'U61l"tJB\I 

1fl'j\1?1~1\l~btl'UVl'j1'UGii?tb\91B1bb'U'U 1 'U 1 ~m1~\lbb?l~\11 'U?l:Uf11'jvi (2.3 7) 

I B(BJT) 

gm(BJT) =~ (2.37) 

bdB v:. fl1fl11:U~1\Ifllf1~B'Ub~B\I:U1'<il1f1BW'V!i1iJ (thermal voltaoe) bb~~fl1eJ\9l'j1"tJtJ1tJ 
1 • 'U :) 

'Vl'j1'U~flB'U~fl bb\9l'U61l"UB.:J 1m'l?l~1-:Jvib U'U~'V'I b'V'IB1b 'j'Ub~tJ~ bbv:ul'l'\J~1 'V'I bBB1 bb 'U'U simple OTA 1~tJ 
1otl'Vl'j1'UG/i?t b\91B{ bb 'U'U~:UB?l bb?l ~\I~.:J?l:Uf11'j.yi (2. 38) 

gm(CMOS) = ~2KJB(CMOS) (2.38) 
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lil1fl?ll.lf111~ (2.34) fhB1?111'1Jl'J1l'JV111'U~fle:J'U~fl LLI?l'U611'1Je:J..:I bfl1..:1?l~1..:1~ L U'UV111'UGB?t Ll?le:J1LL U'U 

1 'U b 'Wm1?t1l.l11t1Ui''UfhB1?111'1J l'J1l'JV111'U~ fle:J'U~fl LLI?l'W6!11~e:J ~1..:1 L 'IJ-.:1 L~'UL ~ e:J..:IIil1flfl';i ~ LL?t1 'UB?l I B(BJT) 

1~1~~Wie:J~b 'W~-.:1 n-!r'W'lle:J..:i11fl~?le:J..:i ~1'W 1 'W?ll.l fl11~ (2.35) fhB1?111'1l l'J1l'JV111'U~fle:J'U~fiLLI?l'U611'1Je:J..:i 
bfl1 ..:1?1~1..:1~ L U'UV111'UGB?t Ll?l e:J 1 LL 'U 'USiil.l eJ ?t1~?t1l.l 1 1t1tl -r'U fl1 Bl?l 11'1J l'J1l'J V111'U ~fle:J'U ~ fl LLI?l'W6!11~e:J ~ 1..:1 

L'll..:~L~'UL~e:J..:~Iil1flm~ LL?t1 'Ua?t I B(CMOS) L U'ULL'U'IJ~..:~n-~r'U'lle:J..:I?ll.lrn1n1~-.:~"'e:J..:~ ~..:~ LU'U?ll.lf111 1~LU'UL'll..:~ 
... 

L?l'U 

2. 6 1~';11'Vl'~1cuaf'leJ'U ~f'l b~eJibb uu~l.lel~m~ijn Tnh b~cumb~ 1 

lil1 fl~1oVe:J~ eJ 1'Ul.l 11~ fl~ 115..:11..:11il1Vl 11'U ~ fl e:J'U ~ fl Ll?l e:J 1 Lb 'U'USiil.l e:J ?l~fi1'U fll.l Bl?l11 fl11"1.1 l'J1l'J 
' 

V111'W~fle:J'W~fl bbl?l'W6!11~~1l'J m~ Lb?t~61i1 'UB?t I 8 LL~fi1BI?l11"1.ll'J1l'JV111'W~fle:J'W~flbLI?l'Ws& 1~?t1l.l11t1 

tli''Ufi11~e:J~1-.:~b 'll..:~b61''U b ~ e:J..:IIil1nfi1al?l11'1J l'J1l'JV111'U~fle:J'U~flbbl?l'U"1hY'W bb tJ1iJ'Ufi''U fi111 n~?tm"Ue:J..:~ 
fl1~bL?t1 'UB?l IB ~.:J~'W1 'U~1oVe:Jdlil~ fl~115..:JbVlfi'Wfl1 'Ufl11'W~'U1 b~e:J 1 ~1-:llil1V111'U~fle:J'U~flbl?le:J1 
?l1l.l 1 1t1Ui''U fl 1 B 1?1 11'1J l'J1l'J V111'U ~ fl e:J'U ~ fl bbl?l 'U 6!11~ e:J ~ 1..:1 L 'IJ-.:1 b ~'U 

2.6.1 1~';l';i'VI';i1'Uaf'leJ'U~f'l b~e:Jibb 'U'U~:I.Jel~~f'l1'Uf'l:IJ~1mb ';j.:)~'U • 
1..:11il1V111'U~fle:J'U~fl Ll?le:J1bb 'U'USiil.le:J?l~fi1'Ufll.l~1l'J bL 1-.:I~'U b U'Uf111e:Je:Jfl bb 'U'Ub ~e:J 1 ~1..:11il1 

' 
'VI11'U~fle:J'U~flbl?le:J1 ?l1l.l11t11 ~fl1"1Jl'J1l'J'V111'U~fle:J'U~fl Lbl?l'Us&~b U'Ub '8-.:~ L~'U1 'U1tl bL'U'U b~l'J1fl'Ufl'U 

'\J 

~ Q.l ~ -=1 d 4 ..:!li 0 Q.l .c::t..o:::!il I 

1..:11il1'V111'U ?l fl e:J'U 111 fl bl?l e:J 1 bb 'U'U'U L liJ V1 6!1-:Jl.l fl11'U 1 L?l'U e:JV!~ fl fl11e:Je:J flbL 'IJ'U VIm l'J15 L 'll'U 1?11l.l e:J fl?l11 

el1.:1~..:1 [9-11] bl1ll'J1..:11il1~tJ1b?l'Ue:J~.:Jfl~11 ~oVe:Jii'..:!Lfll?l';h 1-:Jiil1~tJ1b?l'Ue:J?i'J'U1Vlqjlil~tJi''Ufl1"1Jl'J1l'J 
V111'U~fl e:J'U~ fl bbl?l'U611~1l'J fl11tJ -r'U fi1 bb 1-:J~'U (voltage control) ~.:~ 1 'W fl11tJ -r'Ufi1 

bb 1-:J~'U fi1'U fll.ld ir.:~ii-b' mi'1 ti' 111~6'11fi'ru ~e:J ii-d1.:~ m1tJ i''U fi11~e:J ~ 1-:J b "8.:~ b61''U"Ue:J.:J1 .:Jiil1V111'UG'ifl e:J'U ~ fl ' ~ 

b~Bflml.ln1'1.:~'11n bb~~ 1~b V!l.l1~?tl.ltl'U1-:Jiil1bb 'U'U~1 offbb 1-:J~'U1vh~CJ.:J~1 (Low voltage) ~.:J1-:Jiil1Vl 
11'UG'ifle:J'U~flbl?le:J1bb 'U'USiil.le:J?l~fl'd'Ufll.l~'dCJbb 1-:lvl'U v1.:~1'11e:J~1.:11-:Jiil11 'U.fi1'W~ 2.28 

' 

Von 

Yss 
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"il1f1.fi1'W~ 2.28 L'U'U1'l"il':i'Vl':i1'UG1rrEJ'U~flbl'lB1~BBf1Lb'U'Uhw1iL'V1Fl'Ufl cross

coupled ~'lfl1'Vl ':i1'U G1 fl B'U~fl bbl'l'Ui"tl B'l1'l"il':i ?11l.ll':i t1l bfl ':il~'V!b~ tJ b ~ tJ'U Fi1 m~ bb?l Lml'i~l'l1~~'l 
..; 

?ll.lf1l':i'Vl (2.39) 

(2.39) 

LiiB K=,u,~'ox(:}b"'~bb':i'l~'U~'U~\91 ~n =(VP-VN) b~B vp bb"'~ VN fimb':i'l~'U 
~ .:::.. ~ 0 Q.J cv :::: ~ d 

bf11'1-'IJB':i?l "tlB'l'Vl':il'U'Il?lbl'lB':i M 1 bb"'~ M 2 l'lll.I"'1~'\.J ~'l'U'U?ll.lf1l':if1':i::ibb?l'V11'lbBll'l~l'l"il1f1?ll.lf11':i'Vl 

(2.39) "il:::1~ 

(2.40) 

"illf1?ll.lf1l':i~ (2.40) "il::ib~'U1~11FlTell'l':i1"1JtJ1tJ'Vl':i1'UG1flB'U~flbbl'l'Ui gm = lo/Vin = 2KJ8 

~'lFil"tJB'l g., ?lll.ll':it1iJ~'UFi11~B~l'lb~'lb61''Uhi'~1mL ':i'l~'Um'Ufll.l V8 LL~b~B'l"illni1imhn~~1'U 
bb ':i'l~'U~fl1'Ufll.l"il::it1f1"illfl~BtJ b 'U'li1'l hJbn'Ubb'V!ci'l~ltJ 1 ~bitJ'l"tlB'l1'l"il':i 15'lvl11 ~1'l"il':i'Vl':il'U~flB'U~fl-

' " " 
bl'lB11lJ?l1l.J1':it1i.l~'UFil g., 1m'U'li1'lni'l'l 

2.6.2 1~lil'l'VI'l1'U ~flv'U ~ fl b\9lv ibb uu fi1'\.J fll.l~1 fJn'l::bbfil • 
1'l"il':i'Vl ':il'U~ flB'U ~ F1 b\9l B{bb 'U'Ufl'J'U fll.l~1 CJ n':i::i bb?l~iJ f1l ':iB B f1 bb 'U'U b~ CJ 1 i b'Vl flilfl f11':i 

' 
vll'l1'U"tlB\I'Vl':i1'USii?lbl'lBfl 'U'li1\l weak inversion b ~B 1 ~FiTell'l':i1"1JCJ1CJ'Vl':il'U~flB'U~F1 bbl'l'Uszl?l1l.l1':it1 

iJ-r'U1~B~1'lb~\lb61''U~1CJf11':ifl1'Ufll.I~1CJm~bb?l~~1'Ua?l 18 1~iJf111U1b?l'UB [20, 21] bb?l~\1~\11\l"il':i 
..; 

.fll'W'Vl 2.29 

~~~-

·---~· 
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"il1 rn .:r<iJ ~lu.n1v'l'vi 2.29 fl tu?ll.ID~'D€J'l1'l"il1-d' "il~e:nl"l tJ fl ru ?ll.ID~'D €J'l'V111'U61i?l b\91 B{ bb 'U 'U • • 
~l.l€J?lvlv11'l1'W1 w:J1'U weak inversion ~'lfl11l.l61'l.l~'U~'D€J'l?ll.ln11n1~bb?l bV11'U I 0 bbG'l~bb 1-:J~'U 
Ln\91- film{?~ vGs 1 'W~1'Wd"il~b U'Wfl11ll61'l.l~'W~'DB'll4-:Jn-B''WLan 1-t.JLL'W'Wb VitJG'l ~'l?lllm1vl (2.41) 

I = W I exp( VGs ) 
D L DO v: n r 

(2.41) 

bd€1 I 00 ~€! m~bb?IEJ€J'Un~'U~l.l~1 (reverse saturation current) 

n ~€! sub-threshold slope factor 

~· ~€1 fl1bb1'l~'UbU€J'l"il1nfl11l.l~€J'U (thermal voltage) 

CV Q.l f( I Q.l f( d Q 

"il1 n fl11l.l ?Ill 'V'I 'tJ u 1 ~ VI 11 'l n 1 ~ LL ?I L V~1 'tJ I o LL G'1 ::: Lb 1 'l VI 'tJ b n \91 -6(1 eJ 1 ?I vGs 'V1 b'O 'tJ 

fl11l.l61'l.l~'W6bL 'U'U bB n hJ LL 'W'WL VitJG'l ;'lij~ m~ru:::r~~1tJ nw1'U fl11l.l61'l.l~'W6'DB'lm~ LL?l~iJ\91 b\91€1{ 1 E 

LLG'l:::LL 1-:J~'WL 'U?l-~iJ\91 L\91€11 vBE 'DeJ'l'V111'U61i?l LI91B1LL 'U'U 1 'V'Im{ ~'l,!w;11eJeJ mL 'U'U 1 ~61't1Jt1J1ruvli1B'W 
'V11'l~1'U~'U~I9lijfiTW€JtJl.l1nl.l1n (small signal) "iJ:::v111 ~61't1Jt1]1tum::: bb?l'V11'l~1'U Le:nvi~191vl bi1V~"il1n 
1'l"il1'Dtl1tJ6i't1]t1J1tut:.JG'1\911-:J (differential pair) ijfl11l.lb U'Wb :U.:JL~'Wn'U61't1Jt1J1tubb 1'l~'U'V11'l~'U~\91 "il1n 

.fl1'V'Ivl 2.20 "iJ:::b~'U1~11~1'U'D€J'l1'l"il1'th:::neJ'U~1tJ'V111'U61i?lbi91€J1 M1, M2, M5 bbG'l::: M6 bV~tJGit1]t1]1tu 
bb1'l~'U~'U~\9l'D€l'l1'l"il1'V111'U~fi€J'U~flb\91€J1 ~ "il:::LU'U logarithmic ljfi1~'l?ll.ln11Vi (2.42) 

(2.42) 

I = A~in(Vz -~) 
out I R 

Cl eq 

(2.43) 

"il1 n?ll.l m1vl (2.45) "il~ L ~'W 1~11fl1B\9111'D tJ 1tJ'V111'W ~ fi€J'W ~ fl LL\91\J.g'D eJ'l1'l"il1 ?11l.l11f:l 

LJ~'Ufi11~V~tJm:::Lb?I1'Ua?l ICI Vl~eJ Icz LL\9leJ~1.:Jhnml.l1'l"il1n?l1l.l11f:lvl"il~'\.J~'Ufh gnt ~1tJ 
m:::Lb?I1'Uel?lvl~1flVI1'W"1i1'lbbfi'U '1 ~€Jvl11~)hi(i'l 100 bVh ;'loU€J~1tlVJd b~€J'll.J1"il1n<Ji'eJ.:Jn111'Uel?l1~ 
'V111'U&8?1bi91€J1vh.:J1'U 1 'U"1i1'l weak inversion 

2.6.3 1.:J\11Vl11\.!~flv\.!~fl b191vi'\9lvbb 'U'Ufl1~ bfl~ 

1~'<il1Vl11'U~ fl €1'\.J ~fl b\11 €11~ €1€1 nbb 'U 'U 1~ tJ 1 i b VI flU fl n11\9l Vbb 'U 'U fl1?1 bfl~ €1€1 nbb 'U'Ul.J 1 

L~v1~LJ~'Ufi1el'I1111'Dtl1V'Vl11'U~fleJ'U~flbbi11'U6(!1~eJ~1-:~L:U~L~'W 1~vii~\hb?I'UeJ [14] ii~eJ111~'<il1'Dmv1eJ 
" LlJm1otl'ULL~~Vl11'U~fi€J'tJ~flbbi11'U.g~LJ~'Ufi1'Dtl1V 1~~1tJ15~ b~ n'Vl1€JU n~ V!~€1 (EOTA: electronically 
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tunable operational transcondance amplifior) e:Je:Jnbb'U'U1~1-:J"il1'Vl11'UG'1-fle:J'U~flbl?le:J1bb'U'UGlh.Je:J~ 

~~1l..l11rt'\.J i'u1'111~e:1 ci1-:~ b ~-:~ b~'U~'l tJ m~ bb~ ~GS't u a~"il1 n.n1 tJ'Ue:J n1m 'U"lh-:~ ni'1-:~ i1-:~'\.J1 ~l.J1ru 3 b~ bfl~ 
(1,000 b'Vh) ~-:lbb~~-:J1'U.fl1~~ 2. 30 

"il1m-:~"il11 t1.n1~~ 2.3o 1-:J"il1Be:Jmb uu 1~tJmPi'tJflru~l.Jtr~"l.le:J-:~'Vl11'U61i~bl?le:mb uu6ill.Je:J~ 
' 

~vh:n'U 1 'U"lh:~~l.J~'l bb~~ 1 -tl'b 'VlflUflf111~~1-:l~l.Jf111tJfln1~-:~~e:J-:~ b ~e:J-:l"il1m 'Vle:Jl.Jm~ bU'Ub~-:Jba'U "l.le:J-:~ 
1-:l"il1'Vl11'UG'1fle:J'U ~fl bl?le:J1"l.le:J-:~'J-:J"i!16ill.Je:J~ ~-:~ b~mr'U e:JtJ 1 'U~-:~tHTt~"l.l e:J-:!11fl~~e:J-:~ ~-:l,r'U b~e:JtJn n1~-:~ 

" ~e:J-:~~l.J m1,r'Ubb~'l"il ~vh 1 m~r11al?l11"1.1 m tJ'Vl11'U 6'1fle:J'U ~fl bbl?l'Ui"l.le:J-:11-:J"il1~1l.J11f1'\.Ji'u 1'111~e:Jci1-:J b ~-:~ 
b~'U;'U 1~ tJ'IJi'ur11Bm1"l.ltJ1tJ'Vl11'UG'1fle:J'U~flbbl?l'Ui~'l tJ m~ bb~~6il1 uei'~ 1 n "il1fl.fl1 tJ'Ue:Jn1~ 

b~e:J~"il11ru11m-:J~~1-:JI?l1l..l.fl1~~ 2.21 1-:J"il1'\.J1~fle:J'U 1 '\.J~1 tJ'l-:J"il1'Vl11'UG'1fle:J'U~flbl?le:J{ 
bb'U'U~l..l~~~1'UTU 3 ~'l 1~v~ OTA1 vl1'VloU1~bbD~-:J61~~1rubb1-:!~'Ua'U~I?l vm = ~ -JI2 bU'U 

61~~1rum:m~ iL bb~~~-:~t..h'U1'\.Jir-:~ OTA2 ~-:J~mtJ'U~1~1'U'Vl1'Ubb'U'Ube:JflViyj zL 1~tJ~ zL = 1/ gm 2 

b~e:J gm2 ~e:Jrl1'eJI?l11"l.ltJ1tJ'Vl11'UG'1fle:J'U~flbbl?l'Ui"l.lm OTA2 ~-:J,!'U61~~1ruf11~bb~ IL = gm1V,. "il~1~ 
r11bb 1-:!~'UI?lflfl~e:Jl..l~'ltn1'U'Vl1'Ubb 'U'Ubbe:JflViyj OTA2 ijr)1~-:!~l.Jf111~ (2.44) 

(2.44) 

... 
rl1'Vl'U~1Vf gm3 "l.IB-:l OTA3 flBrl1BI?l11"l.ltJ1tJ'Vl11'UG'1flB'U~flbbl?l'Ui"l.IB-:l OTA 3 ~-:ltJ'U 

~-:!~1l.J11t'lbbD~-:J61~~1U!bb1-:J~'U VL bU'U61~~1U!fl1~bb~ !,Jill 1~~-:l~l.Jf111 

(2.45) 
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J = gm3gml V 
out m (2046) 

g.,z 

2/BE.JKIKJ 
I,,,,,= V =g V 
~in mTtn 

(2047) 

... 
~€1 fl1e!t91~1~EJ1E.IV1~1tJ~freru~flLb~tJs&~tl~1-:j\lc;} EOTA i1f11~~il 

(2048) 

djarh K7 = .J K1 Kj2I 82 K2 1~mhvl'u~ H\.U'Wr111"l.:JvfhJ?t:Wm'jvi (2.48) ~.:J"il~b~'U 1~ 
-:hr1TeJ'm1•tw 1tJ'Vl'j1'U ~l"la'U ~1""1 bbl?l'W"il"Ua.:J'J.:J"il 'j'Vl 'j1'U ~ l"le:J'U ~ 1""1 bl?la1 ?11:W1'j t1'tJ-ru r111~~1 t~15'Vl1.:J 

~b~f1'Vl'jai1n~ 1~tJm'j'tJ-rum~bb?IL'\JeJ?t IBE 

2.6.4 1.:JliJ';i'VI';i1'U~fla'U~flb{;la{~a~1:wn'Unu1.:Jlil';i\Ji'uel'{;l';i1"l..u1u"l..a.:Jm::bb~ 

'N"iJ'j'Vl'j1'U~I"la'U~I"lbl?la1-d'aamb'U'\J 1~tJ [15] li~a-J1 1.:J"iJ'j"1JtJ1tJ 1m't.Jm'j-B''Wbb'U~'Vl'j1'U~ 
l"ltl'U~I"lbbl?l'U"ilbb'\J'Ubtl1~'Vil?l?l:W~~~'tJ-rur11"UtJ1tJL~~1tJ15~h~n'Vl'jeJ\jn~ (BOTA: a new CMOS-

' ' 
based balanced output operational transconductance amplifier) ~.:Jb.U'U'J.:J"'iJ'jviaamb'U'\J 
:W1b ~a 1 ~?11:W1'jt1'tJ-rurheJI?l'j1"1JtJ1tJ'Vl'j1'U~ l"le:J'U~I"l bbl?l'WB~~1~a~1.:J b ~.:J b~'U bb~ ~lj ~ 1'W n1'1.:J ~.:J bb?l~.:JI?l1:W .. 
.fl1'Vi'Vl 2031 

Fixed differential 
transconductance 

0 + 
l 

0 

Variable current gain cell 
........................... -- ........................................................................................ -.. 

' ' 
Current control 2 ' 

' 

r-~~·~--------~11 Ac 
r-~~~------_,12 ... ... 

' ' ' 
' ' 
' 

Current control 1 : 

·-- i • .... :-................................................................................................ ' 

.. 
.f11'Vi'VI 2.31 'Nli!-;i BOT A 

0 + 
l 
J:l 

i -
out 
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~1m·:Pi11~1l.l.fl1Yl~ 2.31 1\1~11.h:men.J~'H.J1\1~1Vl11'U'61fla'U~flb~a~~a~1l.lnu"J\1~1 
i.J -rL.J~heYm1"llf.J 1f.J"Ua\l~ t:y qJ1ru m~ bb?l bda-vi~11 ru1~ m~ bb?l bB1~'Vl~"Ua\11\l~ 1'\.J-ru ~heY~11"ll f.J1 f.J 

(2.49) 

(2.50) 

bria n ~a 1\1~111l.l 

Ac ~a er~11"llf.J1f.J"lla\l~f:Yf:Y1rum::!bb?I"UB\11\1~1i.J-rL.J~heY~11"llf.J1f.J"UeNm::!bb?l 

bb~~b~a II x 1 +II r 1 ~ 41 r ~\IJ'UeJ'm1"Uf.J1f.J"UB\I~f:Yf:Y1rum~bb?I"Ua\11\1~1i.J-rL.JeJ'm1"llf.J1f.J 
"Ua\ln1::!bb?l1~~\l?ll.Jfl11~ (2.51) 

(2.51) 

~1n?ll.Jfl11~ (2.50) 'V!1nfhVI'U~n1::!bb?l Ir fl\1~ ~~?11l.J11tWh1~m~bb?lbB1~'Vl~ lout 

"Ua\11\1~1'\.J -rL.J ~her~ 11"11 f.J1f.J~ f:Yf:Y 1ru?l1l.l11tli.J -rL.J r111~a~ 1\1 b ~\I b61'U ~1 f.J n 1~ bb?l1 L.JeJ'?I.n1 f.J'U an 1 x 

bb~~1\1~1ii-ii'mhn~ ~a Ac<max> ~ 2n b~a-Yi~11ru11'U~1'U"lle:J\11\1~1Vl11'U'61fla'U~flb~a~bbl.JL.J Fully 

1 'U.fl1Yl~ 2.22L~f.JV111'U~?Ib~a~bb L.JL.J~l.la?l"lla\11\1~1vl1\11'U 1 'W"Ii1\l~l.l\K1 rl1bb 1\I~'U~'\.JYl~"Ua\11\1~1 • 

(2.52) 

(2.53) 

(2.54) 



37 

• + -~2KJ nix V 
lout - B"- m 

2ly 
(2.55) 

'V!1f1flTVI'U~ 1 Vf g"'" fle:JATeJI'J'j1"l.JCJ1CJ'Vl'j1'U~f1e:J'U~f1 bbl'l'Us:d"l.le:J'I BOTA A1Bm1"l.JCJ1CJ 

'Vl'j1'U ~f1e:J'U~f1bbl'l'Us:d bb6'1~'1~'16'1l.J mTVi (2. 56) 

(2.56) 

:u1n6'1l.lf11'j~ (2.56) :u~ b ~'U 1~'"hA1Bm1"l.l m CJ'Vl'j1'U~f1el'U~f1 bbl'l'U61i6'11l.J1'jt1ti1''UA11~B~1'~ b ~.:~ b~'U 
~1CJn1~bb6'11'1JB6'1 fx 

2.6.5 1.:J~':i'Vl':i1'Utffle:J'U~flbb~'Utij[~u1iib'Vlflilflm':i~~1.:J~u.m1':itJnrh~.:J~e:J.:J 

fl1'jeJ eJ n bb '\.J'\.J1 .:~:u'j~1 CJ15-d' b .u'U fl1'j 1 -tl b 'VI r1ur1 b:d eJ 6'1-r1.:~~.:~ n-fi''U (J n rh~.:~6'1el'l1 Vfn'IJ6'1l.J fl1'j 

"l.le:J'I1 .:~:u'j~eJ~ b 'Vle:Jl.l"l.lel.:J'j1 nvl?~B.:~ [22] bb~1:u ~ 1~A1"l.l tn CJ'Vl'j1'U~ r1 B'UIKf1 bbl'l'U61i"l.JB'I1.:~:u'jvl b lJ'U b ~.:~ b~'U 
" bn~:fi''U b:rjeJ~IiJ1'jt1J 11-:J:U 'j 1 'U.fl1V'l~ 2.32 ~'11-:J:U'jtl'j~ fle:J'IJ~1 CJ1'1:U 'j"l.J CJ1 CJ61 tlHU 1t1.!~1'1 bb '\.J'\.J~l.JeJ6'1 ... ... 

Voo - --t- · -- -:r ·- --------- -- ------r ----- ----- r---
M~-rr~~--, M,'_T~:.--

! l]a i]a tl iol I ~ilb i]b l' iout 

~ M1, M,,~~, h M1b M>b 

I -. 1 
I 

:U1flfl1'jlbfl'j1~~1'1:U'j 1 'U.fl1V'l~ 2.32 :U~ 1~11m~bb6'1bmVi~'Vl i01 "l.Jel'I1'1:U'j"l.JCJ1CJ 

~ruru1rut:-J~~1.:~\KTVi 1 fiB ...... 

(2.57) 
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m~bb?l i
0

, "il~1'Vlfi~1'U~1~1'U'Vl1'U R ~ .. :rvh1~\n~bb~ .. :a>i''U{;lnfl~mJ R bb~.:wi''Ud"il~btl'U 
bb~\I~'UB'U'W'Vl"l.l'&:n\l"il~"l.l1t.J;;;'ruru1tul'h\1~1~ 2 ~\I,T'Um~bb?tbml9i''W{;l"il~1~11 

, CLI Ill/ q 

(2.58) 

(2.59) 

b~B\I"il1nl"heJ(;l~1"l.lt.l1t.J'Vl~1'U~fl8'U~flbb(;l'Uezl gm 1 = ~2K181 bbfl~ g"' 2 = ~2K182 
' 

... 0 1" "" ( ' ""' bl.Jan1'Vl'U~ 'Vl 1BI = 182 = 18 bbfl~ K, = K 2 = K "il1n?tl.ln1~'Vl 2.61) n1~bb?lbe:J1(;l~{;l"IJ8\11\I"il~"il~l.Jfl1 

~\l?ll.Jn1~~ (2.60) 

(2.60) 

tl11 ~ g"'7 fiaf11eJ(;l~1"l.lt.l1t.J'Vl~1'U~fla'U~flbb(;l'Uezl ~\I,T'U?tl.lm~m~ bb?l bm~~{;l"l.JB\1 
1\l"il~1'U?tl.lm~~ (2.60) ?tl.lm~am1"l.lt.J1t.J'Vl~1'U~fla'U~flbb(;l'Uezl"l.la\11\l"il~iif11bvhn'IJ 

(2.61) 

"il1n?tl.lm~~ (2.61) tl1aamb'IJ'U1~ K bbfl~ R btl'Uf'11fl\l~ "il~bi1'U1~11!"11"l.lt.11t.J 
'V1~1'U~flB'U ~ fl-bb(;l'Uszl"l.IB\11\1 "il ~'V1~1'U~ fl a'U ~fl b{;l a~ ?t1l.l1~1JtJ-ru 1"111~~1 t.J1~'V11\IB b~ n'Vl~aij n?t1~ t.J 

m~tJ1'um~bb?t1 'UeJ?t 18 ~\lvh 1 ~"1l1\lfl11l.l b U'Ub :a\lbG1'U"l.la\ll"11"l.l t.J1t.J'V1~1'U~fla'U~fl bb(;l'UszJn11\lbbfl~ 

hi~Jmhn~ 
'IJ 

2.1 1-:!lil'lflnth~.:~flv.:~lilruru1wm::btft ., ., 
1\l"il~t.Jnn1~\l?ta\IG1qJqJ1tum~bb?l (current squaring circuit) [23] bb?l~\l~\l.f11'W~ 2.33 tl1 

l.IB?I'V1~1'U~?t b{;l B~VJ n~1iifl11l.l?tl.l'W\I,;n'U (perfectly matched) bbfl~ n1'Vl'U~ 1 ~e) {;1~1?i1'U"l.IB\I 

w I L "l.la\J'Vl'j1'\J~f{ b{;l B~bb 'IJ'U61il.la?t bbl?i fl ~~1iif'11 b vhn'U bda 1 'IJ a?t1 ~ii n1~vl1\11'U 1 'U"li1\l~l.J~1"il~ 1~ 
m~bb?lb~~'U"l.IB\1 M1, M2 b'Vhn'IJ 

(2.62) 

(2.63) 



l'l.f;}1~trtltl.tn.~~1ll~LM:L~ (99"Z) ~~LUM:~n.tc-t! (L9"Z) ~~LUM:~UL~ "'I L~l'l.IA.m~p1 

(L9"Z) WI- tal= U/I 

rLULIA. 1L~M:~~C'lN~fl. 
f'b I I t=o' 

"'I ~M,n,~~11:::W~t:::~L~HULfufu~~~~Lru~L~~ ~~C'lC'Bfl.~Q-rLt~11:::WB~ 8
I ~~~1 

(99"Z) 
8 I8 

,( w I- IG I)+ 8 Il = /IIOI 

~M~LB1~11:::W~t :::~ (S"9"Z) ~~LUM:~n.tc-t! (t79"Z) :::t!11 (£9"Z) '(Z9"Z) ~~LUM:~l'l.IA.11 

(S"9"Z) 

(t79"Z) 

6£ 

w I + ta I = "'"I 

rLULIA. 1L~M: '""I ~~C'lC'Bfl.~MIA.LB~11:::W:::t!11 
Ill I I p;:7 , 

£S!jj + LS!A = f/,1 

f1.1JL!JI. 1L~0: 8
A ~Q-rLt l'l.~C'~ 11~~~1 

l:m::.WruLfufinn·B~N~LUUa~&t-t ££"Z IA.M.LU' 
n n o p 

wl=wft 

molt 

-----__,r -s~ 

L-+---o 
....__ wl 

w 
___..... 
WI 

'w 

vw 

aaA 

rLULIA.1L~M: 
fb I I lt7 

. .., 

.. 
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(2.68) 

.. 



,• 

• 

.. . 

d 
'U'VI'VI 3 

~1fl'Vl~'l'J~ bb~~1..:J~':i~b~cn.rra..:J~thm1i~w.Jt.n1'Wm':i~\91Vhi'Vlcnil~'W6 ~..:Jfl~11tl..:Jbb~11'W'U'Vl~ 2 

1 'W'U'Vl.Qb U'W m':i'l11 be:J1'Vl~'l'J~ 1'1 1\11 ~ b~cn.rra..:Jl.n1 i~..:J bfl':i1~..; bb~~ a an bb 'U'U1..:J~':i'Vl':i1'W61fl a'U ~fl bl?la{ 

bb uuij'li1..:JB'U~ 111 n1'1..:J bb~~G11:w 1-:im.J ~urhe1'm1"l.l t1 1 tJ'Vl':i1'U61 fl a'W ~ fl bbl'l'U6i!1~a ~1\l b :U..:J b~'U 1\91 tJij • 
~\9lt.J ':i~Gi ..:Jr'ivt"' nfia aamb'U'U1..:J~':i'Vl':i1'U61 fla'U~ flbl?la{ bb uuij'li1..:JB'U~ 111 nl'1..:J~ G11:W1':it:lt.J~urh5 m1 • • 
"l.ICJ1ti'Vl':i1'U 61 fla'U ~fl bb\11 'U6i!1~a ~1\l b :U ..:J b~'U ~1 t1 m~ bbG11 'U 5 G1 ~ 1 n.n 1 tJ'U an 111 ~ a\91 ~'U a an bb 'U'U 1 ~ij 

1fl ':i..:JG1~1..:J"l.la..:J1..:J~ ':i <;) a..:JijliJ1'U1'U'Vl ':i1'U "8G1 b\11 a111 a t1 hJiuia'U bb~ ~ G11:w1 ':it:lG1~1..:J b U'U 1\l ~ ':i':i1:W 1~ 

1t9lt1~1tl 

1 'U'U'Vldt.J ':i~ n au ~1 t1 vt"' n m ':i"l.la..:J1..:J~ ':i'Vl ':i1'W 61 fl a'U ~ fl b 111 a 1 bb 'U'U ij'li1 ..:J a'U ~ 111 nl'1..:J~G11:w1 ':i t:~t.J ~'U • 
rh 1~a~1..:Jb :U..:Jb~'U ~G11:W1':it:lfl1'Ufl:W~1tlfl':i~ bbG11 'UBG1.fl1tJ'Uan m':iaan bb 'U'U1..:J~':i 1t9ltJ 1 ib 'Vlfl1 'U 1~~ • 
Sli:waG1'Vl':i1'U"iiG1 b\11 a{ m':ii bfl':i1~..;G1:W':i':it:l'U~"l.la..:J1 ..:J~ ':i 111 ~ a\9l~'Uij fl1':i'Vl\91Gia'U mwh..:J1'U"l.la..:J1..:J~ ':i 1\91 t1 

1mt.J':ibbfl':i:W PSPICE 

I Q II 

v£11-:Jb"!Nitau 

~1 nvt"' n m ':i~'U ;j1'U"l.la ..:J1 ..:J ~ ':i'Vl ':i1'U61 fl a'U ~ fl b\11 a11 'U'U'Vl~ 2 ~..:1~1 nfl ru Gi:W'lfti"ll a..:J1..:J~ ':i'Vl':i1'U61 "" . 
fla'U ~fl bl?la{bb uuSli:waG1 ~ij.rralii'1n\91 fi a h1G11:!J1':it:lt.J~u rhB' 11l':i1"l.l tJ1 tJ'Vl':i1'U61fla'U~fl bbl'l'U6i!1~a~1..:~ 
b:U..:J b~'U~1 t~fl':i~ bbG1~Sli1 'UBG1~1n.n 1fl'U an bb~~ij'li1..:JB'U~ 111 bbfl'U ~..:Jt!'U 1 'U~1.rrad ~~ n~11tl..:Jfl1':i • 
a an bb 'U'U1..:J~':i'Vl ':i1'U 61 fla'U ~ fl b\11 a 1 bb 'U'U ij'li1..:JB'U~I'l fll1..:J bb~ ~ G11:!J1':it:lt.J ~'U ri1 B\11 ':i1"l.l t~1fl'Vl':i1'U 61 • 
fla'U~fl bbl'l'U6i!1~a~1..:J b:U..:J b~'U~1f1 m~bbG1~Sli1 'UBG1~1fl.fl1t~'Ua n bbGi\91\l~..:J.n 1~~ 3.1 1t9lt~1..:J~':i~~ 
t.J':i~fle:J'U~1f1Gie:J..:J?h'U 1~bbfl 1..:J~':i'Vl':i1'U61fla'U~flbl?la{ vt~a OTA bb~~1..:J~':it~flfh"'..:~G1a..:J"l.la..:J 

~t1Jt1J1t:Ufl':i~bbG11t9lt~~aamb 'U'U 1 ~~1'U"l.la..:Jm~bbG1~Sli1 'UBG1"l.la..:J~r:.J~I'i1..:~ a~1 'Wb'Vla:w"l.la..:~ I,/ t!'Ufia 

v 
m 

v 

Is current squarer 
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lil1flb~1..:16'1~1..:J"lla..:J1..:1"\11~l11b6'1'Ua~tljtlj1t:\Jn1~ bb6'1~~1 'UB6'1 In "\l~~fltlfln1~..:J6'1a..:J b~tld..:J"\11tlfl 
n1~..:16'1a..:J~tljtlj1t:\Jfl1~bb6'1"\1~1~11fl1~bbG'I Inn iirh~..:JG'f:Wfl11~ (3.1) 

I =!l_ 
nB SI 

A 

(3.1) 

(3.2) 

(3.3) 

"\11n6'1:wm1~ (3.3) -wu11m~bb6'1~~1ua6'1 I 8 bJ1~a~'1'Wb'Vla:wtJnn1~..:~6'1m b'iJ'W~·m1~rham1"llmtJ 
'Vl11'W~~a'U~~bLI'l'Wi 6'11:W11~tl-ru 1~a~1..:JL U'WL:a..:~L~'W ~1tJfl1~LL6'1~~ ua6'1 

~..:~tT'U 1 'U m1aa mL 'U'U1..:J"\11'Vl11'W~~a'U~~LI'la{~ii"li1..:JLb 1-.:J~'W B'W'WI'l n1'1..:~ LLfi~6'11:W11mHurh • 
e) 1'111"11 tJ 1 tJ'Vl11'W ~ ~ a'U ~ ~ LLI'l'W6il1~ a~ 1..:1 L :a..:~ L~'W tT'U 611'1..1 LL 1 n~vh n11a an LL u u ~ m11'W"ll a-.:~1-.:J"\11 
'Vl11'U ~ ~ €1'1..1 ~~ bl'l a11~ tJ 1 otl'VI~ fl fl11"ll a..:~ b 'Vl ~-u ~ fl11'U a'U fl ~'I.J bb 'I.J 'I.J fi'I.J 1 ~ nu ~ t:-.1 fi ~ 1..:1"11 €1..:11..:1'\1 1 

'U 

"' ' t{ CV tf dl I d 0 dl OCV CV 

'Vl11'U6'1 ~€1'1..1~~ bl'l€11 Lb 'I.J'I.J'W'U~1'U 6'11'U'Vl G'f a..:J'Vl1 fl11€J€J fl bb 'I.J'I.J ~ €JJ..:J'\11tl fl fl1fi ..:J6'1a..:J"'J €1..:16'1 t:\HUl rum~ bb6'1 
~ vv 

1~tJaa n LL uu 1 ~611'U"lla..:J m~ LL6'1aa'V'l L~111ii1J a tJ~G'f~ L ~a 1:w '1 ~iit:-.~flm~'Vlu~m..:~lil1~vi'1fl11€J an LL uu • 
LLfl~611'U6'1~vh tJ L U'W m1aan LL uu1..:Jiil1'Vl1l'W~~a'W~~ Ll'l a1~ii"li1..:~ Lb 1-.:J~'WB'W"WI'l n1'1..:~ LLfl~G'f1:Wl1~ • • 
tJ1'u~leJI?l1l"'J tJltJ'Vl1l'W~~a'U~~ LLI'l'W6ill~€J~l..:J L :a..:~ L~'W ~..:J1ltl1~L5 tJ~ m1aa n LL uuiJ~..:~~ a 1 tJd 

Ql dtt::ICI I Ql Cit. II 

3.1.1 1.:Jlil'a'VI'a1'Lifltl'Liflfl Ll'ltl'a'VI:W"lt1.:1U 'a.:Jfi'Liti'LI't'11'1fl'J1.:J 

1 'LI n11aa n LL 'I.J'I.J1..:J'\11'Vl1l'W~~a'U~~ Ll'la{~i1"1i1..:~ LL 1-.:J~'WB'W"WI'l n1'1-.:~tT'W Ldm 11~m~n • 
1~1..:Ji:l~l..:J"lla..:J1..:J'\11'Vl11'W~~a'U ~~ Ll'l a1LL uu~'W~l'L11 'W'I.J'Vl~ 2 -wu11~1 l:W~:w'W'WB"llm m~ LLi:l L€J1~"WI'l~ 

~ . 
LU'WoW..:~noff'W"'J€1-.:JLL 1-.:J~'Wt:-.~fi~l..:J"lla..:Jii'W"WI'li:ll:J.Jl1~ 1 ~"1!1-.:~LL 1..:J~'LI~'WB'W"WI111~LL~utl1:::mru ±0.21 1fi~ • • 
~..:~tT'W~..:~aa n LL uu1..:~ lil1'Vl1l'W ~ ~a'U ~~ Ll'lafi:~ tJ~1~1..:~ i:l~l..:J"ll a-.:~1..:J'\11'Vl1l'W ~ a'U ~ ~ Ll'l a{~iJ"Ii1..:~ LL 1-.:J~'LI 
B'LI'WI'l n1l..:JLLi:I~..:J~..:J.fl1'W~ 3. 3 ~..:~ 1 otl'VI~ fl m1aa mL 'I.J'I.J'Vl1l'W~~€J'U~~ Ll'l a{ LL 'I.J'I.Jfi~'Vla'U6ila{i:l (source • 
degeneration) ~..:I LU'UL 'Vl~-u~fl11Da'Wfl~'I.J LL 'I.J'I.Jfi'I.J (negative feedback) ~"li1tJ 1 ~fll1L tl~ tJ'ULL tlfi..:J 

LL 1-.:I~'ULU'Um:::LLi:llJ~'dl:W L U'UL :a..:~ L~'U:J.Jlfl~'U L ~a-.:1'\llfl LL 1..:1~'1..1~1'1 fl~~€J:W~11'i'l'U'Vl1'ULL 'I.J'I.J Lbe:J~Vi'V'l Rs 

('Vl11'U6lii:ILI'l€J{ M 9 Lbfi::: M, 0 ) lil:::vil1~bb1..:J~'U VGs lJfl11Ltl~tJ'ULLtlfl..:J1:::~'1.J~'Ufl..:J11atJfl..:J61..:Jt:-.~fl1~ 
m1 LL tlfi..:J LL 1-.:J~'WL U'U m::: LLi:li1m1:w L U'WL :a..:~ L~'W:Wl n~'W LLfl:::"li1..:~ LL 1..:J~'WB'W"W'Vl1~ n1'1..:~ • 
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L--------+------+--<> VI'S 

"il1n.fl1'W~ 3.2 'Vl';i1'U61i?tb~eJ~ M 9 bb(t::: M 10 ~eJ1u5?t~"ll1"1JeJ~?f"lleJ~'Vl';i1'U61i?tb~eJ~ 
M 11 bb(t::: M 12 ('V1';i1'U61i?tb~eJ~~e.J"'~1~) ;~btl'Wm';i~eJ1'W~m~ru:::m';iUeJ'Wn~ubb'U'U(t'U l~tJ~'Vl';i1'W61i?tb~eJ~ 
M 

9 
bb(t::: M 10 "il:::vJ1~1'W 1 'W•1h~ 1m LB~ b 'lJ~tJ'U b?lijeJ'W~1~1'W'V11'Wbb 'U'UbbBflVivl bdeJ~"il1';itu1m:::bb?f~ 

1vm~1'W1~"il';i~e.J"'~1~'Vl';i1'W61i?tb~eJ~ M9 ,M10 ,M11 bb(t::: M 12 1~tJ~'Vl';i1'W61i?tb~eJ~ M 11 bb(t::: M 12 ij 

fl11lJ?flJ'W~,_;il'U bb(t:::fhVJ'U~'Vl';i1'U61i?tb~€J~ M9 bb(t::: MIO iifl11lJ?flJ'W~,_;il'U l~tJ 1~eJ€Jnbb'U'U 1-HI"11 

er~';i1?i1'U"lleJ~ w; L ii1"11 b vh iluvrd~ bdeJ~"il1';itu1m::: bb?t~1 vm ~1'W1~"il';i~e.J"' ~1~'Vl';i1'U61i?tb~eJ~"il:::ii 
" I Q,.l Cildl 

fl1~~'Ufl€J 

(3.4) 

(3.5) 

(3.6) 
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(3.7) 

(3.8) 

(3.9) 

' ' 
\11mUJf11'j"Vi (3.8) lh IDI6 = 1Dl2 bb~::: /DIS =lml m:::bb61 !Dll =lo +1Dl2 \11fl61l.Jf11'j"Vi 

(3.9) bria61l.Jf11'j"n1:::bb61 188 =21011 +10 ~.:~J'Um:::bb61 1011 bb~::: 1m2 b~CJ'UhnJ1~bU'U 

J =JBB-]o 
Dll 2 

(3.10) 

I = IBB + 10 
Dl2 2 

(3.11) 

(3.12) 

(3.13) 



•• 

... 
• 

I = v;. 
0 2 

v 2 
l---=m __ 

8/nn 

v 2 

1-(~)2 
Inn 

I - _ ___::.:m __ 

8/nn 

\11fl?J:Wtl1'jVi (3.17) ~1"11eN 

I =V," C (W/)1 
0 2 J.l. ox / L Bn 

45 

(3.14) 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

\11fl?f:Wtl1'j.yj (3.18) Yfl.r;hLL 'j\J~'U~h.JVH~l"lJB\I'J\I\J'j'VJ'j1'U~f"IB'U~f"ILIPIB1LL'lJ'IJ61i:WBG'ILL 'IJ'Uii • 
"li'J\IB'U'Vl\Pifll1\I~G'f1:W1'jf:ltJ-r'Ufh 1~B~1-!JL~-!J LG1'U ~BBfl LL 'IJ'U boH~1eJIPJ'j1"1JCJ1CJ'VJ'j1'U~f"IB'U~f"l LLIPI'U~~ • 
th L?f'U B,f'UG'f1:W1'jf:lt1 B'U LL 'j -!l~'U B'U'Vl~P~1~ fll1-!l n11 L U'U?J B-!1 L vl1"11 B-!l'N\1 'j'VJ 'j1'U ~f"l B'U~f"l LIP! v1 LL 'IJ'IJ • 
61i:wv?J~ffif"l'j-!JG'f~1-!l L U'ULL 'IJ'IJ~'U~1'U 

"" 



.. 
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3.1.2 1..::1lil"Wnth~..::~av..::~~'Y'l!1Wm:ma 

1-:J"iJ';if.inn1"'-:Jli1eJ-:J61qJqJ1rum:m61 (current squaring circuit) ~m11bli1'U€Jfl~-:Jbb';in1t9w 
K. Bult bbft~ H. Wallinga [23] 1-:J"il';if.lnn1"'-:Jli1eJ-:J61'qjqJ1rum~bbli1th~neJU~1f.l ci1'U'lleJ-:J1-:J"il';i 

61~Vl€l'U m~ bbli11~ bbtl'Vl';i1'U~61 bl?leJ{ M 6 , M 7 , M 8 bbft~ci1'U'l!€l-:11-:l"il ';if./ nn1"'-:161€l-:J61't1!t1!1ru n1~bb6'1 

1~bbtl'Vl';i1'U~li1b~?JeJ{ M 1, M 2 ,M3 , M4,M5 , M6 ~-:Jb~bn-:~"il';if.lnn1"'-:Jli1eJ-:J61't1!t1!1rum~bbli1"il~lil"i1'lleJ-:J 21 A 

'U1neJcinu~-:~ ni'U f./ n n1"'-:J61 €l-:J61'ru ru1ru m~ bb61 b~€J'lJ11-:J"iJ';j f.lnn1"'-:J61€l-:J61' ruru1rum~ bb61 bb 'U'U b~b.Jl.n1-ff 
Ill OJ OJ OJ OJ 

1 'U n1';ieJeJn bb uu "il~lit:-~flvh 1 ~1-:J"il';i'Vl';i1'UfleJ'U~flbt'l€J{~mm bb uulil911 bb thb ~l.ll.l1n~'Uvh 1 ~1-:J"iJ';jbflt9l 
m:rwb~l?ll.l1n~'U ~-:~,!'U;s-:JeJBmb uu 1 'Uci1'U'lleJ-:J1-:J"il';iii1~Vi'B'Um~bbli1b ~l.lb~l.l 1 ~m~bbli1lil"i1bvhnu 21 A 

bt9lf.l€l€Jnbb'U'U1~'li'U1(9l'l!€J-:J'Vl';i1'U~61bl?l€l{ Mg 1~lil"i1 ( W/ L) bU'Ulifl1bU'U61€J-:Jb'Vh 'lleJ-:11-:J"iJ';j(;1~VJ€J'U 

m~bbli1 bVleJmftunu 21 A bfl';i-:Jli1~1-:J'lleJ-:J1-:J"il';ibbli1t91-:J~-:~m'Vl~ 3.3 

(perfectly matched) bbft~nTV!'U t911 ~BI?l';i1ci 1'U'll€l-:Jfl1 1l.lnl1-:J bbft~m 1l.l f.l11'l!eJ-:J"lieJ-:J'Vl1-:J b~'U m~ bbli1 

(W/L) 'll€l-:J'Vl';i1'U~61bl?l€l{bb'U'U~l.l€l61 MpMz,MJ,M4,Ms,M6 bbft~ M7 1~liA1bVhn'U ci1'U'll€l-:J 

~l.JeJ61'Vl';i1'U~li1bl?leJ{ M 8 1~lil"i1 c w; r) btJ'Ulil"i1bU'U61e:J-:~bvh b~e:J1uali11~'Vl';i1'U~li1bl?le:J{bbuu~l.le:J61 
vl1-:11'U1 'U"li1-:J~l.J\9l1"il~ 1~m~bb6'1bt9l';i'U'l!e:J-:I'Vl';i1'U~61bl?le:J{bb 'U'U~l.Je:J61 M 1 , M 5 bbft~ M 8 lifi1~-:161l.Jn1';i~ 

""' .. (3.19) {1-:){;1l.Jn1';i'Vl (3.21) 

(3.19) 

(3.20) 
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(3.21) 

(3.22) 

(3.23) 

bb'Vl'IRt:wm-a~ (3.19), (3.20), (3.21) bb~~ (3.22) ~\11'W61:Wfl1-a~ (3.23) lil~1~m~bb61 

( I I )z 
I = 2I + f)J - DS - 2I 

- A ~ A 
A 

(3.24) 

11'w~ IA ~e:Jm~LL61lueY61'UeJ\Il\llil"a 'Wiil1-aru1VI~\91 i1qjqj1ruL-ir11il~1~m~Lb61~'W'V~I'l 18 

'Ue:J\Il\llil"ai1fl1~\161:Wfl1'a~ (3.25) 

(3.25) 

(3.26) 

lil1 n61:wm-a~ (3.26) lil~ b ~'U 1~11 m~ bb61 b m~'WI'l'Ue:J\Il\llil-ai1fi1 b tJ'U rn~\161€1\I'Ue:J\1 m~ bb61 
' 

~'W~I'l~l:wn\.m-a~LL611ueY611\91CJm~LL611ueY61 I8 lil~~eJ'Ii1fi1ueJCJn1Tvl~mvhnu 4IA 

3.1.3 1~\l"a'VI"a1'Wiilfle:J'W~fl bl'le:JiLb uu~h.m~m uuihh~~'W~I'ln11~~a1:W1"Hltl~ufi11~a~1~ 
.Q II .c:i d 

b 'tl~ ba'U'VIa:W'IJ"aW 

l.:Jiil~'V1~1'U~fiB'U~flbl'lB{LL'U'USii:WB61Lb'U'Ui1-dl.:J~'U'WI'lni'1.:J~611:W1~()tJ1'ufi11~B~1.:Jb:a.:JL6V'U 
' 

~ B B nLL 'U'U1 ~rheJ' 1'1 ~1'11 CJ1 CJ'Vl ~1'W~ fiB'W ~ fl bbl'l'W Bif 611:W 1~m.J-ru rl1'U CJ 1 CJ 1~ B ~1-:J b :a .:J L6V'U ~l CJiB 

~L~n'Vl~aun~ LL61\9l.:J~.:J.fl1'W~ 3.4 1\91CJBBmLuu1~61l'W'UB.:Jm~LL61~mu561'UB.:J~~~~1.:J (differential pair) 

a~1 'W L 'Vl a :W'U eJ .:J I/ tY'W ~a~ a.:Je:nP! CJ f11"avl1.:J1'W'UB.:Jl.:Jiil~CJ nrh~.:J61e:J.:J'UB.:Ji1 qj qj 1ru m~bb61 (current 

squarer) bb~~tl1'ufi 1-d'J.:Jbb ~.:J~'W~'W~ 1'1 M ni'1\l 1\91CJBBmb 'U'U'Vl"a1'W~ fiB'W~ flbl'lB{ bb 'U'U~\9l'V1B'W811€l{61 (source 

degeneration) ~.:JbV'Wb'VlfiUflfl1'aDB'Wn~'Ubb'UtJ~'U (negative feedback) ~"lilCJ1 ~fl1~btl~ CJ'WbLtl~.:Jbb'a.:J~'W 
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btl'Um:m6'1iirr;mJbtl'Ub=a\lbli1''Ul11f1~'U b~eWil1mb 1\I~'U~I'lf1fl~al.l~1 ~huvnu bb uu bbafiVil"l Rs -;u~vh 1 Vi 
bb 1\I~'U vgs iim1b tl~tJ'Ubb tlrt\11~~u~'Urt\lil atJrt\1~\lc.Jrt 1 Vfm1bb tlrt\lbb 1\I~'Ub tl'Um~ bb6'1iifl11lJb tl'Ub :a'~ 
bii1'Umn~'U bbrt~"li1\lbb 1\I~'UB'U'WI'11~n11\l • 

"" II L'tt..:!Lfi'IJ 

1 'U~1.Ua~c.h'Um b tl'U m1i bfi11~~~1'Utl1~ n au"Ua\11 \1';()1'Vl11'U~ fla'U ~fl bl'l a{ bb uu~l.la6'1 bb uuii 

"li1\IB'U'w ~ ni'1\l~ 6'11l111~tl -ru fi11~ a~ 1\1 b ~'~ b~'U ~\11\1';(1 1tl 1~ n au ~1 tJ 1 'U?i1'U "lla\11 \I ';(I 1 tJ n n1~\16'1a\l • 
"Ua\liqJqJ1ru m~ bb6'1 bb~~1\1';()1'Vl11'U ~fla'U~ fl bl'l a{ bb uu~:ua6'1~ii"li1\l bb 1\I~'U B'U~~ n-1'1\1 1 'U~1.Ua-d 

' ' 0 .:::::.. tf Q.Jiol:::lo. c:!rl q 0 

"il~'Vl1f1111bfi11~Vlflt1.16'1:UtJI'l"lla\11\l"il1b'WaVl16'1l.J11~'U~"Ila\11\l"il1'Vl'U1b6'1'Ua • 
3.2.1 m':ivr1"l1"J..:~tl~u~..:~1'UB'U~~"lla..:~"J..:~"il'H tl~a'Litt ':i..:i~'Ut tl'Um:mfl 

• 1 .J "" /2 
"il1f16'1:Uf111f11~bb6'1'Vl1\lbe:J1'Vl~l'l"lla\11\l"il1 'U6'1lJf111'Vl (3.26) bl.la I HH = I,q = 8; bbrt~ 

A 

k = JLnCox (Vr) ~\1,1'U6'f:Uf111f11~bb6'f'Vl1\lbe:J1vJ~I'J"IJa\11\l"iJ1lJfl1~\16'f:Uf111~ (3.27) 

I = ~niB [ (3.27) 0 2 8I A 

"il1f16'1llf111~ (3.25) fl1bb1\I~'U~'U'W~"I!a\11\1';()1lJA1b'Vhnu -2 {I;;;~ v ~ 2 {!;; ~\1 · VT '" VT 
A1"1!a·m 1-:J~'U~'U'W~"Ua-:J1\1';()1'Vl11'U~fl a'U~fl b~'~ a{ bb uu~:ua6'1 bb uu ii"li1-:~~'U'WI'l n1'1-:~~6'11m1~tJ-ru fi1 • • 
1~a ~1-:Jb ~-:~bii1'U -;u~iifi1mnn-J1 taViba~b tl'U 1fi1-:J6'1~1\Ibb uu~1m U'U6'fa\lb vh bbrt~fi1m~bb6'1 ba111l'WI'l • 
6'1\16'1~"Ua\11\l"il1'Vl11'U~ flat~ Iii' fl b~ a { bb uu~lla6'1 bb uuii-d1\I~'U'WI'l n1'1-:~~6'11m1~tJ -ru fi11~ a~ 1-:1 b ~\I b~'U v • • 

-;u~iii"i1bvhfi'u6'1lJm1Vi (3.27) 
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I Ql Ql tf 

3.2.2 n1 ~VI1fl1el(JI~1"ll tl1 ti'Vl ~1'Uft el'U fl ft bb(JI'lJ'if"ll el-:11.:1~ ~ 

lil1 n ?l:w m~~ (3.27) 1"1 1 a \91 ~1"11 f.l1 f.IVl ~1u fle:J'U~ n bbl'l'Us6"1Je:J\11'11il~'V1~1'U~ fle:J'U~flbl'le:J1 bb'U'U 

Sli:we:J?Ibb'U'Uii"li1'1~'U~ l'lfl11\1~?11:W1~m.Jr'UI"i1 M e:J~1\Ib'li\lb~'U gm = 1JV;n ?11:W1~t:l'VI11"i 1B\91 ~1"11 f.l1f.l 

'V1~1'Ufle:J'U~flbb\9l'U"Il1~~\I?I:Wfl1~~ (3.28) 

(3.28) 

?l:w m~a\91~1"11 mf.I'VI~1'U fle:J'U~ fl bbl'ltJs6"1le:J\11\IIil ~ 1 tJ?I:um~~ (3.28) 'V'j'IJ11 m::: bb?l~m 'Ua?l 

18 1lJ1~e:J ~ 1 tJ b 'VIe:J:W"ll e:J\1~1 n~?le:J\1 ~'~,r'Urha m1"1l m f.I'VI~1'Ufle:J'U~flbbl'ltJs6"1le:J\11\IIil~~'~?l1:1..11~t:l'l.Jr'U!"i 1 

al'l~1"1lmf.I'V1~1'Ufle:J'U~flbb\9l'U"Il1~ e:1~ 1\lb tltJb'li\lb~'U 1V~f.lm~m'UI'J:w~1f.lm::: bb?l ~Sii1 'U a?~ 18 ~i!1 n.n1f.I'Ue:J n 

f1 c (w /)v z , , 
11 ' n ox / L m q .dl cv .:::. q • 11 ' bb~:::m'VI1flfl1"1le:J\I L o 1 1 'U?I:Wfl1~Vl (3.25) b:I.Jmb~\IV~'Ue:JtJ'V'jl'l:Wfi1'Ue:Jf.I:W1fl~ bb~:::fl1 

16/0 ' 

"lle:J\Im:::bb?IL 'UeJ?IiirhlJ1n'il::: b tl'Ut:-Jr;=t1oM?IlJm~i1 ri 111 m.J n11'VI~\I 6ii'lri 1a 1'1~1fl1~"1lm f.I'VI~1'Ufle:J'U~flbbl'l'Us6"1Je:J\I 
1\l'il~?l1lJ1~m~f.I'U 1 VllJ1~ b tltJ 

(3.29) 

ri1m 1lJ ~fi'V'j r;=t1fi"1Je:J\IeJ \9111"11 f.l1 E.JVl ~TU fl e:J'U ~fl bbl'l'Us6"1Je:J\11\I'il ~ (Transconductance 

error) i1ri1~\l?llJfl1~~ (3.30) 

Error= 
JinCox (o/r) ~n 2 

16!88 
(3.30) 

"' ~~Uu ~..:JG'11lJ1~f:lvr1rl1~eJ~f1~~,.a~r11fld1lJ~~rv~f11~~eJ-re1t91~1~tJ1tJV111LJfle:JtJ~flLLtJ1LJ~ 

..,; /2 1"'"' "" blJe:J 188 =-8- Vl\9N?IlJfl1~Vl (3.31) 
8/A 

%Error= (3.31) 
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3.2.3 n1';i'V11fl1bb ';i-3~\.1 1 'VI11~~11Jfl.:jfl~ .. . 
1 \JVl'dolJel'd"il~Vllf111i b~11~~V!1fl1bb 1-:Jv1\J 1 V!11~~1111~6'f-:J?f~ 1~1-!16'1~1-:J"lJ€1-!11-!I"il1~Vllf11';i 

• ,\1 '\ 

ib~11~~bb?f~-:Jv1'-:J.f11'1"fVi 3.5 bb?f~'lf111vl1-!11\J"ll€1-:Jfle.J(II']1-:J ~"il11UJ1'Vi"lJ1bn\9l"ll€1-:J'Vl11'W"1i?fb\91€1'hb'U'U~hJB?f 
" 

M 11 bb(l~ M 12 l'iBB~tl'Ubb1-:Jv1'WB'W~\91 (VcM: common-mode voltage) ~-!1 VcM = V011 = V012 1~~~ 
'Vl11'W"1i?fbWI€l{bb'IJ'IJ6S:WB?f M 11 bb(l~ M 12 ijm1:W?f:W'VN,;tl'W 1~~~m~bb6'11 'UeJ?f~e.J(II']1-:Jijfi1~~-:JV!~-:J 

"lJB-:Jm::m611ueJ'61 Im 1 =1D12 =188 /2 bb(l~bb1-:Jv1'W~"ll1"1lB161 V.s ijfi1bvhnu V.~ = v;'M -vg, -VgmR 

d dl Q.l ~ I I .dl V I QJI/ 

b:l.JeJ Vgs ~eJbb 1-:J~'\Jbn\91-61!€J16'f"1Je:J-:J~e.J(II'll-:J bb(l~ V gmR ~eJbb 1-:J\11'\J\9lnf'l1e:J:l.J(91')(911'\J'VJ1'\J 

bb'I.J'I.Jbbe:Jf'IViv-1 ('V111'U~6'fb\9le:J1Lb'I.J'I.J6S:ue:J61 M 9 bb~~ M ,0 ) L~e:JYl:U11ru1f'l11:W~:w~'Wthm~m~Lb611ueJ'61~ 
e.J(II'i1-:J bb~~bb1~~'Ubn\91-61!e:J161 "il~1~v1-:J6'f:Wm1~ (3.32) 

• (3.32) 

, I 2 , 

bije:J I = - 8
- ~1111tl6'f:Wf111Vi (3.32) 1VIll"il~1~ 

BB 8/ " 
A 

I/ _ 1 (W 1) 2 

161 
-2_J1nCox /L (Vgs+r---;h) 

A 

(3.33) 

b~Bb'Vle:J:W"lle:J~bb1~~'U overdrive voltage (Vryv) ijfi1bVhnu V0 v = ~s + ~h bb~~ Kn = JlnCac 

~1111tl611Jf111~ (3.32) 1 Vllilil~ 1~ 
" 
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_!{_ _ I_K (W l)v 2 
16I - 2 n /L OV 

A 

(3.34) 

~U1m'f:Wfl11Vi (3.34) bb 1\llii''U overdrive voltage iJfi1fie:J 

(3.35) 

' d •!:t. Q.l .ell I ~ ~ q 

~V1fl'J\llil1.fl1~Vl 3.5 ~lil11fl.l1bb1\l~'UVJI'lnl'11e:J~Vl11'UB116'fbl'le:J1bb'U'UB1!~e:J6'1 M 13 bb~~ M 15 
0 0 

'ii'lbU'U1\llil16'f~Vfe:J'Ui1qJqJ1rum~bb6'1 bb~~bb 1\llii''UVil'lnl'l~e:J~Vl11'U61i6'fbt'le:J{bb 'U'U'ii~e:J?f M 9 bb~~ M 10 

b ~e:JV'I1~1 bb 1\l~'U~ b~1'U'lle:J\l'VI11'U61i6'1 bt'le:J{fit:.~~~1\l lil\l6'f~fl11~ (3 .36) 
'II 

I 2 I 2 

V = V = V --8-g --8-g /JII Dl2 ,DD 16I mcm 16I mR 
A A 

(3.36) 

I 2 I 2 

V =V +V --8-g --8-g 
CMmax th /JD 16I mcm 16I mR 

A A 

(3.37) 

(3.38) 

(3.39) 

3.3 n1'a1bl'l'a1~cMVI1"ti'J..:Jf'l11~~tJ~U~-31'U"lle:J-31-3lil'a'VI'a1'Uf'le:J\.!~f'lb\11e:Ji 
1 'U-H1"1i'e:Jdb 11lil~ m11 bl'111~v;vmh\lm1~~\Jlj'U1i \l1'U'lle:J\l1\l':il1Vl11'UI'le:J'Uiill'l bl'l e:J{ 1~v~ e:J~'U~I'l 

~ b tl'U i1qJ qJ 1 ru 6111 m1 (sinusoidal) 'VI~e:Jb~t! w.h b U'U n11l bl'111~v;1 'U 1~ b~'U 1'111~~ (frequency 

domain) b~e:Jn11'VI1"1i1'll'll1~~tllju~\l1'U'lle:J\l1\llil1Vl11'UI'le:J'Uiill'lbt'le:J{,!'U-:u~vhm1Ue:J'U~11'111~~ 
'lle:J\l i1 qJ qJ 1 ru ~ 'U~ 1'11 'U"Ii1 \li'111~~'VI~ \l mht11t:.~~l'le:J'U 6'f'Ue:J\l'lle:J\l1\llil11 'U"Ii1'11'111~~J 'U~1vh m1i bl'111~v; 
~\lbU'Un1'~1 bl'111~v;i1 ru ru 1 ru 'll'U 1~ b~ n 1~ t1 -:u ~ ~ 1U\l ~\l ~ 11'111~ -:u bb~ \lb 'U ~1Vl ';i1'1J61i6'1 bl'l e:J{ b"li'U 

v v ' 

cgs, cds, cgd b tl'U~'U 1~tJ1\l':il1Vl11'UI'le:J'Uiill'lbl'le:J{ b ~e:J'VI1"1i1'11'111~~tllj'U1i'l1'Ubb6'1~\l~'l.n1~~ 3.8 
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li!1f11\llil~1'U.n1'W~ 3.6 Yllil1~ru1-d1\1Fl11:W~'lli)u~\11'U (frequency response) 1\llil~"lJCJ1CJ 
~~;wh\l~iJh'l~~bU'U1\Ilil~~~Vfa'U61qJqJ1tl.lm~bb~ ('V1~1'U61i~b~B~ M 13 ,M,4 ,M15 bb~~ M, 6 ) "lJB\1 

1\lli!~'Vl~1'UFla'Uiii'Flb~a~ ii~1bn'U'll~~~~aa~~1'U1'U 4 ~1 ~am 'U~B'Ui1~"llv\11\llil~~~Vi'a'U61'tlJtlJ1ru 
m~bb~ L~CJ Cm fia~~~1:W"lJB\1~1brl'U'll~~~"lJB\11\Ilil~~~Vfa'U61qJqJ1rum~bb~~1'U~B'U'V~~"lJB\11\Ilil~ 
~~Vi'a'U~tlJqJ1rum~bb~ cdiff fia~~~1:w"lla\1~1bnu'll~~~"lJB\11\Ilil~"lJCJ1CJ~~~1\I bb~~ RL fiaF111:u 

~1'U'Vl1'U.ffi 'U~bv1\9li1~ ~~~1:W"lJeJ\1~1Fl11:W~"lJB\11\Ilil~~~VleJ'U~qjqj1tl.lm~ bb~ C m ~1:w1~flb ~CJ'U hi 
lil\I~:Wf11~~ (3.40) 

(3.40) 

(3.41) 

(3.42) 

(3.43) 
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(3.44) 

(3.45) 

m1fhu1ru'V!1rh-d1\lr111:w~'\J i]u~\11'W"U€J\11\1~1~·t11 bG'i'Wa 1~(;'1~ br;=t ~f'i1"U€J\I c gd b -Q a\1~1niirh 

bvhn\J~'U~ ~\l,r'Wbria'W~11ru11\1~11 wnw~ 3.8 1 'U~fllt1J1rum~bbG'ib~':i'U"Ua\I'Vl11'W"IiG'ibl?la{ M ,2 

iif'i1b'Vhn'U gm(Vm 12) 1VJr;=tt.h'U~'Vl11'W"IiG'ibl?l€J{ M15 ~~eJb-&'\11'Ubb'U'U1~1eJ~ bbr;=t~v'h1~m~bbG'11vm 
~1'\J II gmi5 bbr;'l~ cm2 ~~eJ"IJ'U1'Utl'Ub~~r;'l~br;'l~r111:W~1'U'Vl1'U roi2 and roi5 b'V'I11~iif'i1UeJ~n'll 
II gmis :w1n ~\IG'11:W11t;)Vnf'i1bb1\I~'W'm'W~ vgl 1~~\ld 

(3.46) 

(3.47) 

bb'Vl'Wfl1bb1\I~'W vg, ~1nG'1:wm1~ (3.46) r;=t\lb'WG'i:Wn11~ (3.47) m~bbG'ib~':i'W"I.IeJ\I'Vl11'W"IiG'ibl?leJ{ 

Mt6 id16 1~G'1:Wn11n':i~bbG'ib'Vll.J~\IG'i:Wn11~ (3.48) 

(3.48) 

(3.49) 
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1.1 odil • • 0 ..::::. t( 

"inm~"il1~::'Vla'Um::bb~b1lam:m~ zd14 =zd17 =zd1s m::bb~bl'l1'U"lle:J~'V111'U'Il~bl?la1 M 18 (idl8) vn 

1~~~d 

., 
~~u'U ~11l11~Vl11"hm::bb~'V11~bm~'Y'II?I'lla~-N"il1b~"il1m.Jm11l"lla~n1~bb~bl'l1'U"lle:J~ • 
Q. t( Q.l Q t( 

'V111'U'Il~bl?le:J1 M 16 m.Jm~bb~bl'l1'U"lle:J~'V111'U'Il~bl?le:J1 M 18 

0 1 
VO = /011/ -~,.---

-+R R ,, 
0 

(3.50) 

(3.51) 

(3.52) 

(3.53) 

(3.54) 

"il1fl~1Jfl11~ (3.54) fl1fl'J11J~'lJ8~ Cm ~~'U~I?I"lJ8~'J~"il1~~Vl8'1.J61qJqJ1fl.lf11~bb~V'h1~bfll'lfld11J~ 
L'Y'I~ J;, ~a 
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(3.55) 

(3.56) 

3.4 U'VIa1'll 
1 'U'U'Vl-d't~ n~ 11fi\lfll ru6UJU~~'U~1'U"1Ja\11\11i:J'j"'Vl'j"1'1.J~fila'U~ fi1 b\91 a{bb uuihh:~~'U'V'l \91 n11\l bb~~ . ~ . 

6111.11 'j"t:J'IJ -ru rh e) \91 'j"1"1J tJ 1 CJ'Vl 'j"1'U ~ fi1 a'U v1 fi1 bb\91 'U 111!1~ a ci 1\1 b ~ \1 b61'U 1\91 tJ 1 \11il 'j"1i:J ~'IJ 'j" ~ n au ~1 tJ1\11il 'j" 

'Vl'j"1'U~ flla'U~filb\9la{~ihh'lbb 'j"\Jvl'U B'U'V'l\91 n11\l 1\91 tJf11'j"aan bb uu 1 ~'Vl'j"1'1.J~fila'U~filb\9la1bb uu~\9l'Vla'U • 
111!a{61 (source degeneration) sfi\lbV'Ub'Vlflli1fllf11'j"Ua'Uf1~'\Jbb'U'U~'U (negative feedback) ~'1hv1~ 
f11'j"b '1.1~ CJ'Ubb 'IJ~\1 bb 'j"\Jvl'U b iJ'Um~ bb61i"ifl1111.1 b iJ'U b ~\lb61'U1.11f1~'U b ~ a\11i:J1 n bb 'j"\J~'U~ (9lf1fil~a1.1~1 toi1'U'V11'U 

bb'U'UbbafllViV'J Rs ~\lvh1~bb'j"\J~'U VGs iif11'j"b'IJ~tJ'Ubb'IJ~\J'j"~~'U~'U~\IUaCJ~\I 61\Jt:..m1~f11'j"bbU~\I 
bb 'j"\Jvl'Ub iJ'Um~ bb61iifl1111.1 b iJ'U b ~'~ b61'U1.11 n~'U bb~~'li'J\1 bb 'j" \I~'U~'U'V'l \911~ ni1\l bb~~1\11il 'j" vmh~\161a\1"1Ja\l • 
r.rqJqJ1rum~bb611\9ltJaamb uu1 ~611'U"1la\lm~ bb61~61!1 ueJ'61"1Ja\l~r:.J~~1\Ia~1 'Ub'Vla1.1"1Ja\ln1~\161a\l 18 

2 

1il1f1t1'Ub V'U f11'j"1 bfll'j"1~Vi bb~~aa n bb 'IJ'U1\11i:J'j"'Vl'j"1'U~fila'U v'lfll b\91 a{~'l11 b61'U asfi\11~a5u1tJ f11'j"vJ1\11'U"1la\l 

1\J1i:J'j" bb~~ f11'j"1 bfil'j"1~Vl611J'j"'j"f;)J~"1Ja\11\11i:J'j"bM mnu'li1\IU{j'U~\11'U~'U'V~\91"1Jtl\11\11i:J'j"b 'IJ~ tl'Ubb 'j"\J~'Ub V'Um~bb61 
f11'j"'Vf1rheJ'\9l'j"1"1J tJ1 tJ'Vl'j"1'Uflla'U~ n bb\9l'U~"1la\11\11il 'j" f11'j"'Vf1rl 1 b 'IJ~ tJ'U bb 'IJ~\1 bb 'j" \lvl'U ~'U'V'l\9161\161\9lf11'j"'Vf1rl1 . " . 
bb 'j" \I~'U ~'U~ \91 a aV'J b ~\91"11 a\11\11il 'j" bb~ ~ f11'j"1 bfil'j"1~Vl'Vl1'1i1\lfi1111.1~'1Ji)u~\11'U"1Jtl\11\11i:J'j"'Vl'j"1'Ufila'Uvlfilb\91a{ 
sfi\11'U'U'Vl~ 5 1il~1~'l11b61'Ua611J'j"'j"f;)J~"1Ja\11\11i:J'j"1(91CJf11'j"~1~a\lf11'j"vl1\11'U 



.. 
d 

'U'VI'VI 4 

n1''citl"ii~EJn~1i-:~1cu • 

lil1n'U'Vl~~.hu:~n1~mh"J5.:Jm'jaan LL 'U'U1\lliJ'j~tJ1L~t.m 1 'Ui'Vl~nuvru6 ~\l~'UL ~m U'Ufi1'j~'Ufl'U 
5.:Jfi1'jtJ11 LJ1 -if'IJ 'j:;: 1f.l'lltJ"ll a\l1\llil 'j'VJ'j1'tJG'Ifla'U ~fl LL\?l'U61J LL 'U'U~h.Ja~ LL 'U'Uihh.:JB'UV'l\?1 n11'l~~1~1'jfl • 
LJ-r'U fl11~a~1\l L ~\l L~'U ~1~aa n LL 'U'U 11 ~\l"lla mh15\l~1 a~1\l fi1'jtJ1 LB11\lliJ'j'VJ'j1'tJG'Ifla'U~fl LL\?l'U61J 

LL uu'li~a ~ LL uuihh \l B'U V'l \?1 n1'1 \l~ ~1m 'jfl'IJ-rufi 11~ a~ 1\lL~ \lL~'U 1 '\.J'IJ'j:::f.l n\?11 -if \l1'U 1 'U'U1\l1\lliJ'j 1~ LLn • • ' ' ... o..:::.Q./ d' aJ d !Vdvc:ll 

1\lliJ'jn1L'U(;l~t1jt1J111!6!11f.I'U 1\lliJ'j~f1l~t1J~1ru LL~:::1\lliJ'jma\lfl11~fl'Vl~1f.I'Vl'U1'Vl(;l\l'U 

4.1 1~~1rl1L il.,flruru1ru'lf1~tl ...... 
~1'Vl-r'U1 \llil 'jfl1 L ti(;l~ ru t:U1t;U'j'\.J6i11 f.JtJ LL 'U'Ufl1 a(;l'j1 L lila{ ~~ ruru1tuLB1~V'l\?llil:::i1 L 'VJ~~1\l tl'U 90° 

V CLI \,1 CL1 CL1 'I 

~\l~1~1'jfl'IJ 'j:;: f.l n~1 -if \l1'U L~ f.l1 tl'U selective voltmeters 1 'U 'j:;:'IJ 'U Lfl~a\l:U a1 (;) Lfl ~a\lfl1 L'll (;) • 
~~~1tuLL'U'U simple sideband LL~:::fi1'jt:-J~~~~~111!LL'U'Umam1Liila{ LU'U~'U [26-28] 1(;lf.I:W 

1fl'j\J~~1\l"lla\l1\llil'j'\.J'j:::na'U~1f.l 1\lliJ'jB'Ui1Lm'VlL\?la{ 1\lliJ'j"lJf.l1f.l~~~1ru LL~:::1\lliJ'j'IJ1fi~'U~~~1ru ~\l 

LL~(;l.:J1 'U.fl1V'l~ 4.1 

,-----
1 
I + 
I 

- I 
I 

,-----------
I 
I 1 

-

I Adder/subtra 

l~, 

ctor I I sa 

~c.!!'~!!. - - - + I I Integrator -- __ .J I ___________ 

1------------ ~ 

I k I 

I I 
I I 

I Amplifier circuit : 
I ______ ---- __ ..... 

------ ---
Vo1 

Vo2 -1 
-
sb 

circuit ---------

lil1fi'U~a n 1(;la::: LLn1~"1Ja\l1\lliJ'jfhLti(;l~~ ~ 111! \?11~.fl1V'l~ 4.1 vh fi1'jaa n LL 'U'U 1(;lf.l1 -if1\lliJ'j 

'VJ'j1'UG1 flel'U ~fl LL\?l'U61J LL 'U'U6/i~ a~ LL 'U 'U:i1~1\l~'UV'l \?1 n11'l~ ~1~ 1'jfl'IJ -ru fl 11~ B ~ 1\l L ~ \l L61'U ~\l1\llil 'j • 
'IJ':i:::na'U~1 fJ 1\lliJ'j'VJ'j1'tJG'I fla'U~ fl LL\?l'Us& LL 'U'U&Ii~a~ LL'U'Ui1~1\l~ 'UV'l \?1 n11'l~ ~1~1':ifl'IJ-rufi11~ a~ 1\l L ~ \l L61'U • 

0 Q.l Q.l W: cJ I f' 0 CV Q.l t/ d I f' 0 QJ 

lil1'U1'U 3 \?11 mLn'U'IJ':i:::lil'Vl\?la~\lm11(;llil1'U1'U 2 \?11 m\?11'U'V11'U'Vl\?la~.:Jm11(;llil1'U1'U 1 m LL~::: • 
1\llil':i'U1n~u~ruru1ru 1fl'j\l~~1\l"lla\l1\llil'jfl1L'll(;l~ruru1ruLL~(;l\l~\l.fl1V'l~ 4.2 

ClJ Ill/ QJ Ql 
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Joa 
~ 

Vo1 

let Ic, 

lil1n1fl1~?f~1~"ll8~1~1il'Hl1liJ~~tyty1tu~ll?f~~1'U.n1V'I~ 4.2 88nbl'U'Ub~ OTAa llfl~~1ltl'U 
'th~~ C1 ~8fl~m11~ dJ'U1~1il1B'U-vilm'Vlll918i a ~1'\.J arAb llfl~~1lnuth~~ C2 ~8fl~m11~ 

88nbl'U'Ub~lU'U1~1il1B'U-vilm'Vlll918i b llfl~ orAc llfl~ R 88mluu1~lU'U1~1il1"llm~~ruru1ru 1~~ 
"'"' ' ' Q.J ~ 1.::1 ~ cv ~ ld 

?ftyty1filla1\9l'Vj\9l"ll8~1~1il18~'Vl~~la1\9l'Vj\91 Vo 2 "118~ OTAa llfl~?ftyty1filla1\9l'Vj\9l"ll8~1~1il18~'Vl~~ 

l81vl'Vj\91 V:, 1 "118~ or A b ;~ll1~~'Ula1vl'Vj\91 V:, 1 llfl~ll1~~'Ula1vl'Vj\91 V:, 2 lildkv.J?t~1~tl'U 90 8~PI1 

lil1nmV'I~ 4.2 'Wiil11tu1?t:wm1ll1~~'Um 'U~ va lil~ 1~ 

V- Vaz 
gma a- l/S 

CI 

V = g.,aVa 
02 s 

Cl 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 



,. 

... . 

v = _ g.,bvoz 
01 s 

C2 

I = V"" 
oc R 

Voc = g.,cr--:,zR 

gmagmbVa 

SCISC2 
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(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

(4.13) 

(4.14) 

'iil1m'I:Ufl11~ ( 4.14) b~eJ'u 1 "ll"lleJ~fl11fl1b i1~61''\J(\j1ru bbfl~fl11fl1 b i1~61''\! (\!1rufl11:U~ bbG'I~~~~ 
d d 

G1:Ufl11Vl (4.15) bbfl~G1:Ufl11'Vl (4.16) 

(4.15) 

(4.16) 
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d d v 
"i11fl~l.tn1';i'Vl (4.15) bbG'l:::~l.lfl1';i'Vl (4.16) m 

gm = I 8
" fi b~-e:ruhi"I.IB\Ifl1';itl1biJl11i1qJruWJ bbG'l:::fl1';itl1bi'il11i1ruru1rufld1l.l~ ~1l.l1';iflb~E.J't.!lvtlJ1~ 

< 2 v8I; v ., v 

~\l~l.Jfl1';j~ (4.17) bbG'l:::~l.Jfl1';j~ (4.18) 

(4.17) 

OJos,· = (4.18) 

"i11n~l.lfl1';i~ (4.18) n1vt'Ul111~ I 8" = I 8 b = I 8 ~1l.l1';im~E.J'U~l.ln1';in1Li'il11i1qJqJ1ruf111l.lmvtlJ 
1~~\1 ~l.Jfl1';j~ (4.19) 

(4.19) 

"ii1 n~l.lm'W1 ( 4.19) b~e:J'U 1 "l.l"l.le:J\Ifl1';in1b i'i111i1ru ru1rufl11l.l~~1l.l1';if.1~1"1.1B\Ifl1';in1 Lil111i1ruru1ru 
~ u u v 

f111l.l~1~mh\l b ~'~ LG1u~1 E.Jm::: Lb~~m ·treJ'~ I B LLG'l::: L~Bu 1 "I.I"I.IB\Ifl1';j n1 L iJ111i1qJqJ1ru 1~B ~1\1 L ~'~ LG1u~1 E.J 

m:::Lb~~~lua~ I sc ~\IV'l'trJ1b~Bu 1 "I.I"I.IB\Ifl1';in1Li'il11i!1qJqJ1ru1 u~l.lfl11~ (4.17) bbG'l:::b~eJ'U 1"1.l"I.IB\Ifl1';i 

n1Li1111i1 ruru1rur111l.l~1 'U~l.lfl11~ (4.19) ~1m1m.H'u b~e:J'U 1 "l.l"l.le:J\Ifl11n 1bill11i1 ruru1ru bb6'l:::fl1';irl1bil 111 
v u u u 

i!1'tyty1rufl11l.l~1~~~1:::"i11nnu 1111£J~fl11l.li1l.l~'U6"1.le:J\I bb 1\I~'U b€11~Yjl11 ~~ bbii'l::: bb 1\I~'Ub€11~Yjl11 ~2 
bb~!11\l~\l~l.Jfl1';j~ (4.20) 

(4.20) 

"i11fl~l.Jfl1'j"Vi (4.20) fl11l.Ji!1l.J~'U6"1Je:J\Ibb1\I~'Ub€11~Yjl11 v;,l bbG'l:::bb 1\I~'Ub€11~Yjl11 vo2 "I.Jru:::i1qjqj1ru 

Bli1£J'l1B£J "lu~.n11:::fl\1~1~\16'll.lm1~ ( 4.21) 
"U 

(4.21) 

d I QJ QJ ~ Q.J Q.J f( .::ll 

"i11fl~l.Jfl11'Vl (4.21) V'IU11~qjqj1t\Jbb1\1!11'Ub€11111Yjl11 Vu 1 bb6'l:::~qjqj1tubb1\1!11'Ub€11111Yjl11 Voz "iJ:::l.J 

b~~~1\ltl'U 90 e:J\IP11 'Ue:Jfl"ii1n-d'V'Iu11b~B'U1"1.l"I.IB\Ifl11n1bi'il11i1ruru1ru1u~l.ln1';i~ (4.17) bb6'l:::fl1';i 
" " 

n1LiJl11i1'lJ'lJ1rufld1l.Jmu~l.lfl11~ (4.19) ~1l.J1';it~tl~ur111~B~1\Ib~\ILG1u b~B\I"ii1n11m:::bb~1ua~ 
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hJ1~mJ'l 'W~~tHJ'W'llB~~1 n~ ~ B~ bbft~~1l.l1~rll.J -r'Ufi1 b1B'W 1 'lJ'llB~m~ti'1 b 'UVJ~ru unru bbft~ m~n1 b 'W V1 
" "'"' 

G1~ ~ 1ru fl11l.l ~ 1~~~~~ 'i\11 n n'W~~~1l.l1~rll.J -r'U b1B'W 1 'll'll B~m~ti' 1 b 'WV! i1~ ~ 1ru ~1 ~fi 1'llB~~1 
~1'W'VI1'W bbft~'t.l-r'Ufl1'lJB~n1~bb~1'tJe)~ 18, G'i1'Ub1B'W 1 'lln1~tl1 b 'WV1~~~1rlJfl11lJ~~1lJ1~rlU-r'Ufi11~ 

~1~ /Ba = /Bb = /B LVJ~e.Jftn1~"iJ1ftB~'iil~1~'111b~'WB1'W'U'VI~BhJ 

4.2 1-:llil'lflwaruru1rum:ab~ " ., ., 
1~'iil~flru~ruru1rum~bb~bb 'U'U bbB'W~~Bn [29] b U'W1~'iil~~ijLJ~~ L~'ll'l1~1l.l1~rl'l111 'tJ~~~nl'l1 i~1'W 

'U (lJ cv , 

1~Bci1~f1'J1~'ll11~ b"IJ'W 1 'W~~'U'U L 'VI~fllJ'W1fllJ bfl~B~ijB1V1 bbft~n1~U~~lJ1fte.Jft~~~1ru'VI1~B'W1~Bf1 
dJ'W~'W LV!m~'iil~flrum~bb~~ruru1rubb'U'UB'W1~Bn~~1~'iil1f11~'iil~'VI~1'W~flB'W~flbl'lB1 (OTA) "il1'W1'W 

" "' "' 
3 IPi'1Lfl~~~~1~'lJB~1~'iil~~ru~~~1rubb'U'UB'W1ftBf1bb~V!~~~.f11'V'l~ 4.3 

'iil1f11~'iil~.f11'V'l~ 4.3 bb6'1V!~ Lfl~~~~1~'llB~1~'iil~flrui1ruru1rum~bb~bb'U'UbbB'W~~Bn m:Jmb'U'tJ LV!~ 
" "'"' 

1~'iil~~l.IB~ 1BVibB bb 'tJ'tJij-d1~~'W'V'll'l n11~~~1lJ1~m.l-r'tJfi11~B ci1~ b ~~ br;1'W LV!~ fi1eYm1m~'ll m~'VI~1'W~ 
' 

flB'W~flbbl'l'W~'lJB~1~'iil~ijfi1bVhn'U gm = / 8 fi ~1lJ1~rlU-r'tJfl1'll~1~1~Bci1~b~~br;1''W~1~15 
2 v81..: 

~b~f1'VI~Biin~~1~m~bb~ 18 LV1~1~'iil~BBf1bb'tJ'tJ1'1Xi1'tyty1ruf11~bb~ Iinl tJB'WboU1~~'W~I'l ~/ 'lJB~ 
or AI ~~n~m11'U'llm1~'iil~IPi'1~1'W'VI1'W~Bft~m11~~fl1'tJfllJ~1~m~ bb~ 1VJ~ b tJ'Ubb ~~~'W~'W'V'll'l1 '!Xn'tJ 

' ' 
OTA2 bbft~ OTA3 bbft~~~~1rlJf11~bb~ l;n2 tJB'W~1lJtl'tJf11~bb~1'tJB~ / 82 'lJB~ OTA2 'i\11f11~'iil~ 

.f11'V'lVi 4.13 fi'iil1~U!1f11~bb~bB11'i'~l'l /"2 'lJB~ OTA2 

(4.22) 



. . 

61 

(4.23) 

(4.24) 

(4.25) 

"il1m'll.Jfl11~ (4.23) bbG'l~i:ll.lfl11~ (4.25) rhvt'U~1~m~bbi:I1'UBi:l I82 = I83 = I8 m~bbi:lbe:n~~~n 
"Ue:J~1~"il1'Vl11~"il1n 

(4.26) 

I = I +I = {I B2 + iin2} • _ I B3 · = iinl(n2 
out o2 o3 I 1

ml I 1
inl I 

81 81 Bl 

(4.27) 
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"il1n?I&Jn1'~~ (4.27) m~LLG'!Lm~~l>1'lla.:J1.:J"il1~rum:mG'I'lleN'll&:Jii1qJqJ1rum~LLG'I iini i1qJqJ1ru 

m~LLG'I iinz LLfl~li1qjqJ1rum~LLG'I I 81 dJ'Uli1qjqj1t1J~'U~\>1 

d II d 
4.3 1.:J\I'm"av.:Jfl113Jtlbb 'I.J'I.J'VIfl1ti'VI'U1'VI 

1-:J"il 1 n 1a .:~ f1 113.1 ~ b'U 'U 1-:J"il 1 ~ L~ n'Vl 1e:ru mh.:~ "il 1Vl~ .:~~ 'U ti:JJ 'tJ 11 LJ1 i .:J1'U a ci 1.:1 n1'1.:~'1J1 1.:1 

~1aci1.:~L"1i'U 1~tJtJ~aG'I11 1~tJtJLfl~a.:~ria1~ LLf1~1~tJtJ'lJ1~&.nflt:..~flii1qJqJ1ru LiJ'U~'U 1~t~~1.:J"il1ma.:~ 
f1113.1~ LL tltl'Vlf11tl Vl'Lh~ [30] liflruG'I:JJU~~~ n111.:J"il1ma.:~m 13.1~~1 1 'lJ fia 1-:!"il 1G'I13.11'HW'hwu1~1~ • 
~1tl nmL~tl1n'U 1~t~1:U~a.:~ L'lJ~ ti'U 1m.:~?~~1.:~'lla.:~1.:~"il1 1~t~1.:J"il1ma.:~f111&J~aan LL tJtJ~1 t~1.:J"il1 
'Vl11'U&1fla'U~fl LLI>1'UszJLL tJtJ~&J a?~ LL tJtJ1i"1i1.:~~'U'Vl 1>1 n1'1.:~~ G'l13.111t;)'lJ -rtJ fi11~a ci1.:~ L ~.:~ LG1'U ~.:J1.:J"il1i1 • 
f1 ru G'I&JU~ fi a 1 .:J"il 1G'I13.111t;)'lJ -rtJ fl1fl f1 a~~ LL v.J n L\>1 a 11~ t1 ~?I 1~"il 1 n fl1f1113J ~1 Vlfl ~1 t~15'Vl1.:J • 
~L~n'V11aun&1 LLfl~1.:J"il1G'I13.111t;lvl1.:!1'U1~ 5 oW.:Jrl-iJ'U'Vl~a&Jn'U~1Vl-rtJG'I~1.:Jn111>1atJG'I'Ua.:JLLtltlfld13J~ 

' ' ' 
1'11~1'U (low-pass filter) LLtltlf1113J~~.:J~1'U (high-pass filter) LLtJtJLLt;ltlf1113.1~~1'U (band-pass 

filter) LLtltJLWtJf1113J~Vl~~ (band-reject filter) LLfi~LLtltlVJnf1113.1~~1'U (all-pass filter) 1~t1 
1:iJ~a.:JLD~ti'U1f11.:JG'I~1.:J"lJa.:J1.:J"il1 LL6'f~.:J~.:J1.:J"il1.fl1Yl~ 4.4 

cl 
V;ni0--~1~--~---------------------------------, 

t----.---o Vo 

"il1n 1f11.:J6'1~1-:J"VeJ.:J1\I"il1fWeJ\Im1&J~bbtJtJ'Vlmt~Vl.U1mwn'Vl~ 4.4 1~t~~m~bb?~ I Bl bU'Um~bbG'l 
1tJeJ'G'I OTAl bbf!~m~bb?l I 82 bU'Um~bb?~1 tJeJG'I or A2 bi1eJ~"il11tLJ1filtLJG'13JtJ~'lla.:J1\I"il1"il~ 1~bb 1-:J~'U 

V = V;.Is
2
CIC2 + V;.zsCzGI + V;.Jgmlgmz 

o szCICz + sCzGI + g.,Igmz 
(4.28) 

bne:J G1 = 1/ ~ bbfl~ g"' = 
1
; ~ 8~A 1~t~~f111&Jffi'Vlfl LLfl~flfla~~bb'V'Iml'm1?~13.111t;l'Vl1fi11~~'~ 

G'I3Jn11 

. ' 
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(4.29) 

(4.30) 

:U1n?tl.Jn1)~ (4.29) bb~~?f:Wn1)~ (4.30) bdeJ gml = !...tn._ II bb~~ gm 2 = 182 II ?t:Wn1) 
2 ~81; 2 ~81; 

'llel\lfl'J1:Wffi vm bb~~fl~el~~bb 'V'Jm~eJ{?t1:W1)~'VI1 1m 'V!~~\I?f:Wn1) 

-RIB) kC, 
Qo- 1 2 81 C 

A 2 

(4.31) 

(4.32) 

:u1n?t:wm'j~ ( 4.28) ?t1:!J1)~ b~eJmb )\I~'U~'U'V'I~ 1 'U~ m~ru~m'jfldLJfl:W~lV~~~eJ~ 1~~1:Wm)1\l 
' ' 

~ 4.1 b ~eJ 1m~~~~ eJLJ ?t'U eJ\I'll eJ\11\I:U )fl'J1:W~~ 1~LJ?feJ\Im:Wm)1\l~ 4.1 'V'ILJ';h?t1:!J1)~vl1\11'U 1~ 
5 Vl'lni'U'V'I~eJ:wn'U fieJ bbLJLJfl'J1:W~~1~1'U (LP: low-pass filter) bbLJLJm1:w~~\1~1'U (HP: high

pass filter) bbLJLJbb~LJfld1:W~~1'U (BP: band-pass filter) bbLJLJbb~LJfl'J1:W~'V!~~ (BR: band-reject filter) 

bb~~bbLJUVJnfl'J1:W5~1'U (AP: all-pass filter) 

Filter Responses Inputs 

Vo Vinl Vin2 Vin3 

BP 0 1 0 

HP 1 0 0 

LP 0 0 1 

BR 1 0 1 

AP 1 -1 1 

:u1 m\I:U)meJ\1 m 1:w~ bb LJLJ'V!~1 V'V!1J 1~ ~ eJeJ mb LJLJ 1~ v 1 i1 \!Iii 'j'VJ)1'U~ fleJ'U ~fl bb~'U'Iibb LJLJ~:w eJ?t 

bbLJLJihh\I~'U'V'I~n11\l~?f1:W1)~'\J-rLJ~11~eJ~1\Ib~\lb61''U~il1b?f'UeJ 1 'U1'V1VTU'V'I'U5d~1'Ul'U 2 ~l ~l • 
~1'U'V11'U 1 ~d ~eJ~l:wn'UnLJ~'JbnLJtJ'j~:u~1'U'J'U 2 ~d ~\I'J\I:u)d1~i1m)il1b?t'UeJ~1:wbeJn?t1)eJ1\I~\I~ • 
[30] ~\ll\llil1eJeJnbb LJLJ 1~v 1 otll\I:U1'V111'U~fleJ'U~fl bb~'W'Iibb LJUU b:UVi ~\I~~ n11~1~eJ\In11vl1\11'U'V'ILJ11 
'J\IIil 1'V111'U ~ fl el'U~ fl bb~ 'W'Ii bb LJLJ~:W eJ ?{ bb LJLJi1'1il \I~'U 'V'I ~ nl1\l~ ?{ 1:W11~tJ .YLJ ~ 11~ eJ ~ 1\1 b ~ ·m1''U nLJ 

' 
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"N'i\l~'V1~1'W~fle:J'W#i'fl bbl'l'W'Iibb '\J'\Jij b'i\lVi ~'\JlT'J\I'i\l~ma\lm1:w~ bb '\J'\JV!m~Vlih~~aa n bb 'IJ'\J hw1\l'i\l ~ 
'V1~1'W ~fl e:J'W #1 fl bbl'l 'W'Ii bb 'IJ 'IJ ij b'i\l Vi ~1:w 1~t1'\.J -r'\J fi 1fl1 a~~ bb 'l'l n bl'l a 11~B ~~~ 'i\l 1 n fl11:W ~1 m'l bb~ 
hl~1:W1~tl'\.J-r'Ufi11~a ~1\1 b;a\lb~'W b -d e:J\I'i\l1nm~ 1 'IJB~a~1 'W~'Ini'W"l.le:J\1~1n~ ~a \I ?i1'W1\I'i\l~ma\l 

" 
fl11:W ~ bb '\J'\JV!G'I1 ~Vl'IJ 1~~a an bb '\J'\J 1~ m\l'i\l ~'VI ~1'W ~fle:J'W #i'Fl bbl'l'W'Ii bb 'IJ'IJ61i:wa ~ bb 'IJ'I.Jij"li1\IB'W~ ~'~ n1'1\l~ • 
~1:w1~tl'\.J -r'I.Jfi11~a ~1\lb ;a \I b~'W n~1:1.J1~tl'\.J-r'Ufi1fl1e:J~ ~bb 'l'l n bl'l a11~B~~~'i\l1nfl11:w~1 ~G'I bbG'I ~ 
~1:W1~tJ'\.J-r'Ufi11~a~1\lb ;a\lb~'Wbtla'l'i\l1nm~ 1 'I.Ja~hJ1~a ~'1 'W~'Ini'W"l.le:J\1~1n~~a\l 1~~t:.JG1 m~lii'1G1e:J\I 

" 
'i()~ 1~thb~'We:J1'W'IJ'Vl~e:J 1'\.J 

4.4 '\J'Vl~'a'\.J • 
1 'W'\J'Vld1~nci 115\1 m~'\.J ~~ ~ nl'l1 -tl \11'W"l.le:J\11\I'i\l ~'Vl'l1'W~fle:J'W ~fl bl'le:J 1 bb 'IJ'IJ61i:wa~ bb 'IJ'I.Jij-d1\IB'W~ ~'~ • • 

n11\1~~1:W1~tl'\.J -r'\J fi11~a ~ 1\1 b ;a \I b~'W ~a a mL '\J'\J 1 ~fi1 am1"1.1 ~1 ~'V1~1'W~ fle:J'W ~ fl bbl'l'W'Ii~1:W1~tl'\.J -r'\J 

fi1"1.1m~ 1~a ~1\1 b ;a \I b~'W~1 ~16B b~ n'Vl~a'W n~ 1~ bbri 1\l'i\l~n1 b -u~~'l! qJ1 ruazl1 ~'l11\l'i\l~~ru~ '1!'1J1U.t 

m~bb~ bbG1~1\I'i\l~ma\lfl11:W~Vlm~Vl'IJ1~ ~\I~'\Jl11\l'i\l~n1bU~~'1!'1!1u.t'1n~'l1 ~1:W1~tl'\.J-r'Ufi1 
b~e:J'W1"l.l"l.le:J\Im~n1bU~~'1!'1!1UJ bbG'I~m~n1bU~~'1!'1J1u.tm1:w~1~a~1\lb;a\lb~'W btle:J\I'i\l1n11m~bb~ 
1 'IJB~hJ1~a~'1 'W~'Ini'W"l.le:J\1~1n~~a\l bbG'I ~~1:w1~t1'\.J-r'U fi1 b~e:J'W 1 "l.l"l.le:J\Im~n1 b'W~~ru ru1ru bbG'I~m~ 

" "'"' 
n1b'W~~ruru1rum1:w~ 1~B~~~'i\l1nn'U ?i1'W1\I'i\l~flru~ruru1rum~bb~,!'W1\I'i\l~~aanbb'\J'\J~1:W1~tlflru 

.., .., \1 v 1l.l \1 

~ru ru1ru m~ bb~1~ bb '\J'\J ~me:~ bb~'W'Il bbG'I ~1\l'i\l~n1e:J\Ifl11:W~V!G11~V!'IJ 1~ ~'\Jl11\l'i\l~~1:W1~tl'\.J-r'U 
"' "' 

rl1ma~~bb 'l'lnLI'la{ bbG'I~f111:um ~G11~a~1\IL~\Ib~'W btle:J\I'i\l1nm~ 1 'I.Ja~hJ1~a~"l 'W~\Ini'W"l.le:J\1~1n~ 
" 

~f) \I bbG'I ~~1:W1~tl'\.J -r'\J rl1fl1 f)~ ~bb 'l'l n bl'l f) 11~€i~~~'i\l1 nm1:wm ~ G1 ci"J'Ut:.JG'I n 1'~1ii'1G1e:J\In1~vl1\11'U"l.le:J\I 
1\l'i\l~~'l11b~'We:J bbG'I~t:.JG'I"l.le:J\11\I'i\l~~aamb'IJ'IJ611Vl-r'U'\.J~~~nl'l1 otl\11'W'i\l~ 1~'l11 b~'We:J 1 'W'\J'Vl~e:J 1 '\.J • 



.· 
cl 

'U'VI'VI 5 

t:.~ ft n1-a1~ £J bbft~n1'a'VI \91g'te:J'lJ 

f11';j-:ij~v'hiV1 EJ1i1V'I'U6l 'Url~ .:~d ij-JI'J f:l'l.h~?!-:1\"l L ~ eJ eJ eJ n LL 'l.J'l.J'Wil ';iV1';i1'U ~ rl e:J'U ~rl Ll'l e:J1 LL 'l.J'l.J~~e:J 6'1 
' 

LL'l.J'l.Jij-d1\I~'UV'II'l n11-:J~6'11m';if:1U-r'l.Jrh 1~e:J~1\I L ~\I LG1'U ~e:Je:J n LL 'l.J'l.J 1 Vlfl1Bm1"ll EJ1EJV1-;i1'U~fle:J'U~rl-
' 

LLI'l'UBi!6'11~1';if:lU-r'l.Jf11"1JEJ 1EJ 1~e:J~1.:1 L ~.:JLG1'U~1 EJi5~ L~ nVJ';ie:Jij n~ L ~e:J L 'lJ'U n1-;i~'UEJ'U?I~';i';if:l'U~"lle:J.:I 
1-:llil';i~1~e:Je:Jn LL 'l.J'l.J 1 lb 'UiVl EJ1i1V'I'UfidvY.:~Vl~~ ~\11~vhf11';iVl~~eJ\11\IIil';i~1~vhm';i~\l Lrl';i1~~~'U lil1n 

0 0 0 0 OC!t.CV ff 

f11';iliJ1~eJ\I f11';iV11.:11'U"lle:J\11\IIil';i LL~ ~ t:.J~ f11';ilil1 ~ e:J-:1 f11';iV11.:11'U"lleJ.:J 1\llil';i n1 L 'U ~6'1 ruru1 tu6!11 EJ'U 1-:Jiil ';i ., ., 

fltu~ruru1ru LL~~1-:IIi!';in';ie:l.:lrl11~~Vlm EJ'Vl1J1~ 1~ EJ L 'lJ'Uf11';ilil1~ eJ.:If11';iVh-:!1'U"lleJ-:11\IIil';i~1 EJ 1 U';i LLm~ 'U ., ., 

PSPICE ~1Vl-r'l.JV1';i1'U~6'1 Ll'l e:J1LL 'l.J'l.J~~e:J?I ffi m 'U f11';ilil1~e:J\I n1';ivl1.:11'U"ll e:J-:11-:!Iil -;i 1m iV'11';i1lJLI'leJ1 
. ' 

"lle:J.:!Vl';i1'U686'1LI'le:J1 TSMC 0.35 IJm level 3 1'!1';i1-:!Vi 5.1 LL6'1~-:I"ll'U1~"lle:J\1Vl';i1'U686'1LI'le:J1LL'l.J'l.J~~e:J6'1 

1-:!lil';ivl1.:11'U~LL -;i.:J~'U 1 vh~EJ-:1 ± 1.5V 1~EJ 1~vl1f11';iV1~6'1eJ'l.Jt:.~~"lleJ.:J-:!1'Ui-:ijEJ~\I';i1EJ~~LBEJ~I9ieJ 1 ud 

.... ~ "" 
'V1 ':i 1 'U &ll ~Ml eJ ''Hb 'l.J 'l.J &ll3.1 eJ ~ "'J'U1~ W(J.Jm) I LCJ.Jm) 

Mt-M7, Mu-Mta 1.75/0.35 

Ma 3.5/0.35 

M9,M10 0.35/0.35 

.c:.. d Q.IQ qo 

5.1 ~~m':i'Vl~av'l.Jbb~::m':i1bfl':i1::'VIflru~uJ'l.JI'l"lleJ\11\Ilil':i'Vl'U1ba'Uv • 
.Q d Q,IQI/ Q,l Q 

5.1.1 ~~m':i'Vlflav'l.Jbb~::m':i1bfl':i1::'VIflrua3Jul'lfi1'Ubb ':i\lfi'UeJ'LI~~'~"lleJ\11\Ilil':i ' . 
n1';i'V1~6'1e:J'l.Jn1';ivl1\11'U"lle:J\11-:!Ii!';i~1~e:Je:Jn LL 'l.J'l.J ~\11-:Jiil-;iU-;i~ ne:J'l.J~1 EJ1 'U~1'U"lle:J\11-:IIil';i 

0 QJ QJ 6' CV ff .:::!1 d..:i I CV Q tJ' 

EJ nn1~\16'1e:J.:J"ll e:J\16'1 qjtlj1f:l.l m~ LL?I LL~ ~1-:llil';iVl';i1'U6'1 rle:J'U~rl Ll'l e:J';i LL 'l.J'l.J6!l~e:J6'1'Vl~"ll1.:1 LL ';i .:1 ~'Ue:J'U~ 1'1 n11.:1 

1~EJf11-;j'lJe:J'ULL ';j.:J~'U~'UV'II'l v LLc;l1tJ-rmi1LL ';i\I~'Ue:J~';i~Vll1.:1 -IV ~.:I IV u-ruf11m~LL6'11 'l.JB?I I A 
, In 'tl 

ijf11Lvhn'l.J 2oo,uA u-r'l.Jf11m~LL6'11 'l.JB?I I R lil1'U1'U 3 1"11 ~e:~ soo,uA 1oo,uA LL~~f11 soo,uA 1~EJ 

fl1LL ';i\I~'U~'UV'II'lijf11fl11~n11-:Je:J~1-:JL'lJ'UL ~.:JLG1'U"lle:J-:11-:IIil';i~-:16'1~f11';i~ (5.1) • 

(5.1) 

d d <CI> ff 

liJ1n6'1~f11';iV1 (5.1) L~e:J K = f1nCox W j2L = 4.635xl 0-4 A I V2 t:.l~f11';i'V1~6'1e:J'l.Jf11';i1Lrl';i1~Vl 

fltu6'1UU1i"lle:J.:ILL';i.:I~'U~'UV'II'ILU~EJ'ULLU~.:JL'lJ'Um~LL6'1Vl1.:1Le:J1vlV'II'l"lle:J\11-:IIil';iLL6'1~\I~.:J.fl1V'I~ (5.1) 
' ' ' 
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-180r--f-----1'----+--+---+---+---+---t---+----4 

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 
Yin (V) 

"il1fl.f11V'I~ (5.1) b~a'IJ-r'UFhm~bb61hJ'561 1 B ~fi1bvhn'U soo11A fl1bb -a~~'WB'W~\9l"llB~ 
1~"il-ab'IJ~CJ'Ubb'IJ"~btl'Wm~bb61'Vl1~bm~TI\9la~-a~vd1~ -o.sv ~~ o.sv bdau-r'UFhm~bb611'Ua61 / 8 ~ 

' 'IJ 

fiwvhn'U 700 nA fl1 bb 1~~'UB'UV'I\9l"lJB~1~"il1b 'IJ~CJ'Ubb U!;l~b U'Ufl'J~ bb61'Vl1~bB1~V'I\9lB~1~Vr:h~ -0.97V 
r • " \.1 

~~ 0.97Vbb!;l~'IJ-r'Ufl1fl1~bb611'Ua61 ! 8 ~fl1bvhn'U 800J1A fl1bb1~~'WB'U~\9l"llB~1~"il1b'IJ~CJ'Ubb'IJ!;l~ 
bU'Wm~bb61'Vl1~bB1~V'I\9lB~1~Vr;h~ -l.OlV ~~ 1.01V mllci'1~'UB~1~bU'Ub~~b~'U "il1fle.J!;lfl11'Vll1l!;lB~i1 

' 'IJ ' ' ' 
fl111Jfl!;l1\1lbfl~B'U\9111J611Jfl11Vi (5.1) B~Vi-a~~'U~BCJ!;l~ 2.5 

'IJ 

5.1.2 fl1"a'V11fl1bb "a.:J~'U 1 'VIll\11~1ll~.:J~\11 
'II • 

fl111 bfl11~~fl1 bb 1~~'U 1 VI1J\11~11J61~611111~vl1 fl111 bfl11~VI1l bb~1b 'U'U'Vl~ 3 V'I'Ul1fl1 
'IJ ' 

bU~CJ'Ubb'IJ(;l~rl1bb1~~'W1 'Vf1J\11~11J~~~\1l"lJB~1~"il1 (VCM max) i1rl1~~611Jfl11~ (5.2) 

I 2 I 2 

V - V +V --8 -g --8-g 
CMmax- th D/J 16I mcm 16I mR 

A A 

(5.2) 

(5.3) 

(5.4) 
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d 
b:Wtl K = f.lnCox w /2L = 4.635x10-4 A I V 2

, w I L = 5, I A = 200pA, IB = 500pA 

gmcm = 4.08x1 0-4 VI A, gR = 4.08x1 0-4 VI A, Vth = 1.26xl 0-4 V, V0 v = 0.12xl o-6 V 'V'I'U'J1A1b'I.J~t:J'Ubb'\Jfi.:J 
bb';i.:J~'UB'U'W~ 1~~.:J~~~"!.Ie:J.:J1.:J"il';iijfi1bVhtl'u I.sv bbm:i"i1b '\J~ t:J'Ubbtlf!.:Jbb ';j.:J~'UB'U'W~~1~~~"!.1e:J.:J1.:!"il';iij 

1\ '\1 " q q 

fl1bvhnu -1.49V ~-:!,!'U fi1 b '\J~t:J'Ubb 'I.Jf!-:J bb ';j-:J~'UB'U'W~ 1~~-:J~~~ bbfl~~1~~~"!.1e:J-:!1-:!"il';iijfi1b vhnu 
, 'U " , 

-1.49V ~ VCM ~ 1.5V 

5.1.3 fi1bb ';j.:J~'Ue:Je>'W b~~"llv.:J1.:11il';i 

fn';jl bfl ';i1~'V1fi1 bb ';j -:J~'U e:J e:J~ b~~"!.le:J-:J'J-:J"i!';i~tJ1 b~'U e:J 1~ t:J'I.J -ru fi1 m~ bb~1 ua~ 
bvhnu 700pA '\J-rufi1bb';i-:J~'UB'U'W~e:J~';i~VrJ1-:J -smv ~-:J smv vhm';il~bb';i-:J~'Ubm~Pi''W~"!.Ie:J-:J 

• 'U • 

1-:!"il';i 'W'IJ';hfi1~b~"il1nfl1';i"il1fle:J-:Jfl1';ivl1-:!1'U"!.Ie:J-:Jbb';i-:J~'Ue:Je:J~b~~"!.lm1-:J"il';iijf)1b'Vhnu I Vas 1 = 0.24m v 

bb~~-:J~-:J.fl1'W~ (5.2) 611-:Jb~m Vit:Junu bb ';j-:J~'Ue:Jv~b~~ 1 'Ue:J~:Wfl~ "il~b ~'U 1~·;hfi1bb ';j.:J~'Ue:Je:J~ b~~ 1 'Ue>~:w • • 
fl~l'i'e:J-:Jijfi1 b vhnuM'U~ bbl'i fi1"1le:J-:J bb ';j-:J ~'U e:Je>~ b~~"lle:J-:J'J-:J:U';i~tJ1 b~'U e:Jijfi 1:w1n n11 b ~e:J-:J:U1 nfl11:w 

'U 

G1:W'W-:J~"!.Ie:J-:J'Yl':i1'U~G1b~e:J1 ~-:J,!'U1 'Ufn':i 1 otl-:J1'U"!.Ie:J-:Jl-:J:U':i~111 bG1'Ue:J 19i'e:J-:Jvl1 fl1-;jtJ-rufi1bb ';j -:J~'Ue:Je:J~ b ~~ 
rle:J'U 1 off-:J1'U 

2~--------------~----------------~ 

. . . 
1 ····································~·-.-----------+ 

~ ~ 
. ........ ......... ........ ................ ------- ....................... -- .................................................................... ... 

. 

-1 ................... ············· ····································· 

-2:~-------------r------------~ 
-5m 0 5m 

Vin (V) 

5.1.4 ~~nT':i'VI~~e>u bb~::m':i1 bfll':i1::~fi1eJ~':i1"llt11ti'VI':i1'U~flv'U~fll bb~'U~"llv.:J1.:11il':i 
~ ~IQ.I 4' QJ ~41Q.I 

fn';i'Yl~~ e:J'IJ bbfl ~ n 1';il bfl ';i1~Vtm e:J~ ';i1"!.1 tJ 1 t:J'Yl';i1'U~ fl e:J'U~ fl bb~'U"Il b:Wv m e:J~ ';i1"!.1 tJ 1 tJ 

'Yl';i1'U61'fllv'U~ fl bb~'U'Iiijfi 1 b vh tl'IJ gmT = I; ~ Kj I A t:Jfl "1.1 e:J-:J fl1 e)~ ';i1"!J tJ 1 t:J'VI';i1'U61flle:J'U~fll bb~'U'Ii 
' 1 "' d G11:W1':ifi'Vl1b~~1:W~:Wfl1';i t:Jn~le:J~1-:Jb-d'U De:J'Ubb';i-:J~'UB'U'1~Vifi1 IOOmV t1-rufi1m~bb~ 'Ue:J~ I A 'VI 

,q 1 1 Q.1 ff CV ff.c:l I 

fi1 200,uA t1-rufi1m~ bbG11 uaG1 I 
8 

'Ylfl1 soo,uA t:Jfl"!.le:J-:Jme:Jm1"!.1 mt:J'Yl';i1'U~fle:J'U~fl bb~'U"IJ:Wm 

bvhnu g =3.8xi0-4 Atv 
mr 
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140~r--4~-4---T---r--~--~--+---r---~~~ 

-1.1-1. -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 
Yin (V) 

.n1'V-l~ 5.3 eJ(;I~1'tiEJ1EJ'VI~1'UfA"fla'U~flbb(;I'U~'tla.:J1-:J"'il~ 

li!1nm1vlmV'1~ 5.3 bb6't~\lfll1:W~ii'Vi'UB'j"~Vrh~rhel'm1'1lmCJ'VI'j"1'Ucl'l"'a'U~I"'bb\9l'U~ gmr 

n\Jrl1bb 'j"\I~'UB'UV'I\91'1Jtl\11\lli!'j"b U~CJ'UbbU~\IeJ~'j"~'VrJ1\I -I. IV t;i\1 I. IV bdau-r'Url1f11~bb6'tb 'Uel?t In 
' " 

~1'U1'U 3 rl1 fiafi1 500J1A 700nA bb~~fi1 800J1A 1~CJ~bb'j"\I~'UB'UV'I\>liJrl1eJ~1'U'Ii1\l -0.7V t;i\1 
r ' " 

0.7V -0.8V (i\1 0.8V bb~~ -0.6V (i\1 -0.6V m:wci'1~'1J lil1fH.J~n1'j"Vl~~'El\lbb6't~\11~b'J:1'U-J1fi1 

e) \91 'j"1'1J CJ1 CJVl'j"1'Ucl'l"' a'U ~ ~"~ bb \91 'U ~'lleJ\11 \IIi! 'j"?l1:W THl'IJ -ru ri 11~ a~ 1\1 b ~ \1 bG1'U bb~ ~il ri 1 n 1 'j" b tJ ~ CJ'U bb tJ~ \1 

bb'j"\I~'U1~n11\l ilm1:wl"'m~bl"'~a'Ua~~'j"~~'IJ~aCJ~~ 3 
" 

500ur-----~------------.-~-------------------, 

400u 

~ 300u 
> <: 
'-' 

~ 
200 

IOOu 

_ gm Simulated 

0.1 0.2 0.3 0.4 0.5 0.6 0. 7 0.8 0.9 I 1.1 1.2 1.3 1.4 1.5 

18 (rnA) 
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"il1flfl11vl.f11V'l~ 5.4 bbi.'l\91\lfld1:U£l:U~'Uth~vrh:~fheJ19111"UEJ1EJ'VI11'U~i'le:J'U~i'lbb\91'U61l gm, 

tl'Ufl1fl1~bbi.'l~~1 'UeJi.'l I 8 b\91EJUe:J'Ubb 1\I~'UB'U'Vl\91~fl1 1 OOmV LJ-r'Ufl1fl1~bbi.'IL 'UeJi.'l I A iifi1b'Vhtl'U 

200,uA bb(;1~LJ-r'Ufl1fl1~bbi.'I~~L'UeJi.'l I 8 e:J~b'U'li1\l~\lbbl9i InA f:i\1 1.5mA vl1fl11l\91fl1eJ\9111"UEJ1EJ'VI 

11'\.J~ 1'1 e:J'U ~ i'l-bb191'U611V'l'Ul1fl1eJ\91 11"11 EJ1 EJ'VI11'U ~ l'le:J'U ~ 1'1 bb\91 'Uii.'l1:w1 1ttLJ-r'U 1~ e:J ch \1 b :a \1 bii1'U e:JEJ '1 'U'1i1'1 
... . " 
~\lbb\91 1nA t:i\1 l.lmA ;\lfl1fld1:U~\91V'lm\91"Ue:J\IeJ\9111"UEJ1EJ'VI11'U~i'le:J'U~i'lbb\91'U61lvn1~"il1fli.'I:Ufl11 

%Error= 

.. 
b:Ue:J Vin = 100mV,IB = 500,uA,IA = 200,uA, ,uC'ox/ 2 = 92.7 x 10-6 A I V2

, ~ = 5 

%Error= 
92.7 X 10-6 ( 5){ 100x 10-3 r 
1----____;_-.,...-

2 
_.:.___ X 100% 

2 ( 500 X 10-6) 

{200x 10-6) 

(5.5) 

%Error= 
4 ·63 x 10~

6 

x100 =.fl.85x10-3 x100 =0.043x100 =4.3% V'l'U11rheJ\9111 
2.5x1o-

"UEJ1EJ'VI11'U~i'le:J'U~i'lbb\91'U61li.'11:U11ttLJ~'U 1~e:J~1\Ib :a\lb~'Ue:JEJ '1 'U'll1\l~\lbbl9i 1nA t:i\1 l.lmA fi11'111:ul'lm\91 
" . . . 

b~e:J'U"Ue:J\IeJ\9111"UEJ1EJ'VI11'U~i'le:J'U~i'lbb\91'U61liirhm1:ul'l(;'l1\91bi'l~e:J'Ue:J~vh~~'U-re:JEJ(;1~ 4.3 
" 

5.1.5 m11bf'l11::'l1V11·!h-:~f'l'J1:u~'lliiu~'I1'U'tle:J-:i'N~,. 
'1i1 'I i'l'J 1:w ~LJ li 'U~ \11'\.J "U e:J 'I'J \l"il 1 b tl'U ~ ru 61:uu~ ~ 1 VIii 'l~'li \1 'U v n t:i \I ti-s~ ~'VI5 .n 1V'l"U e:J \I'J \1 "il'S 

1t91EJ~'J 1 LJ"iJ~e:Je:Jflbb'U'U1\I"il1 1 ~ii"li1\ILJnu~\11'U~~'~ 1 b~m iJ'Un111e:J\I~'U~m1:w~~\l 1 bb(;'l~ 1 'Um-s 

1 bi'l11::~'1i'J\Ii'l'J1:U~tllillii\11'U611:U1'H1vl11~t91 EJ 1 atlbb 'U'U "iJ1(;1e:J\I~ qjqj1tl.I"U'U1\91 b~ fl~'liifl'J1:W~ 1 vJ~1 bb~\1 
~ Lfl\91~'\.J'S::vd 1\1 Lfl\91 bL(;'I::"lle:Jii.'I"U e:J\I'VI11'U~S861 L\91 e:J1"il1 n fl11e:Je:J n bb 'U'U'J'I"il1~:Ue:J61be:JVl be:J Lb 'U'Uii"li'J'I 

a'U'Vl\9ln11'1~611:w1-sttLJ~'U fi11~e:1 ~ 1\1 b :a \I b~'U G11V1~'U m11 bm1::~VI1fl1"Ue:J\I"li'J\Im1:u~LJliu~\11'U 
(frequency response) hi'v11m-s1Lm1::'Vl11LL~11'U'U'VI~ 3 ~\IV'l'U11fi1m1:u~"Ue:J\I em ~B'U'Vl\91 
"Ue:J\11\I"il1i.'I::Vle:J'U~qjqj1f.1Jfl1~bbi.'lvl11 ~bfl\911'111:Wffi V'l(;'l fp ~e:J 

(5.6) 

LL(;'I::fl11'111:U~"Ue:J\I cditr "Ue:J\11\I"il1"UEJ1EJ~(;'I\911\Ivl11~biit91~1ci"Ue:J\Im1:w~ fz iifi1~\l 
cl 

61:Ufl11'VI (5. 7) 
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(5.7) 

d 
Ll.Je:l gmcm = 3.8xi0-4V I A, gR = I.7xi0-4V I A, gdiff = 3.8xi0-4 V I A 

Cm = l.Slxl0-15 F, Cd,11 = 3.8lxl0-15 F 

'V'I'U11fl1"1Je:l~rl11l.l~l'V'I~ fp ljfi1L'Vlltl'U 8.35G!-lz bb~~fl1~lci"lle:J~fl11l.J~ f. ljf11 

80.88G!-lz 

-4 

~ 
'-' 

·~ 
Cl 

-8 

-12 +-------'------'-------i..j..___;__..j.._ __ _..;_ _ __;_---1. 

1 10 100 lK lOK lOOK 1M 10M lOOM lG lOG lOOG IT 
Frequency (Hz) 

~1f1Jl1'V'I~ 5.5 b~mJm.!Lb'a~~'UB'U~\91 V:n = lmV tJ-r'U~1f11~LL?fb'Uel?f !A ij~1L'Vhtl'U 
200,uA LL~~tJ-r'U~1f11~bL?f~~b'Uel?f / 8 a~1'U'1h~~~LL~ SOO,uA 'V'I'U11'1h~m1l.l~tJ~'\J~~1'U"Ile:l~ 

0 0 

1.:!~1~~1Lvhnu 8.31GHz ~1m1l.ll"l~1~LI"l~a'U"l!a~·~h~m1l.l~tJ~'\J~~1'U"Ile:J~1~~1~~1tJ1~l.l1ru 
... 
)e:JtJ~~ 5 

5.1.6 L~~£l'l.!l1'W"'Iti~'N~'l 

f111i Lfl11~~L?f~ tJ 1Jl1'V'I"Ile:l~1~~1l~tJtJ f1 ~ bL~11~~ 1"1ltl1tl~~ 1 off~1'Utl'U f111De:l'U n6l'U LL 'U'U 

~'U b ~e:J~~~ 1 ~B\9111f111"1l tJ1tJij L?f~ tJ1Jl1'V'1[24-25] bb~~ij'li1~ bb 'U'Uili~Vi~n1'1~ ~~~'U 1 'Uvhoffad~ ~ 
iLI"l11~VI1'Uf111VI1L?f5mm'V'I"Ile:l~1~~1l~tJVl~11!1!1 

5.1.6.1 el\9111m{~'U (gain maroin) ~tlrl11l.lbb\9lf1~1~"1Je:J~"IJ'U1~~'\.Jbf1'U~ OdB tl'U~'\.J 
::> " " 

Lf1'U~fl11l.l~l.ll.l L vh n'U -180° 6li~r11m~~~ b tl'UVIt.h m~~b 'UmL~~'UeJ nfi~ L?f~tJ1m'V'I"Ilm1~~1 • 
5.1.6.2 LV'l?fl.l1{~'U (phase margin)~at:J~~1~1~VI11~~l.lb V'l?ltl'Ufl11l.l~~e)\9111"1ltl1tl 

1~1e:l'UL'Vhtl'U 1 n'U 180° 6/i~m1ibfl11~~L?f~tl1Jl1'V'I"Ile:l~1~'U'Uffi'V'I~L~tl11~~1~~ljb?f~tl1Jl1'V'IL?fl.Je:l 
ri1VI-r'U1~'U'UVI~e:l1~~1"1Jtl1tl~ijl.J1f1f111VI~~ l 'V'Im~~1e:l1~ Lfl~f111e:le:l?f~~ b~\9lb~6/i~~fl11l.J~~11 b V'l?l 

~~hldi~m1L~a'ULb~~fl11l.J~~~~'UL V'l?t~~L tJ~tJ'ULLtJ~~ ~mV'l?t~~L~a'U1 tJL~atJ 1 ~1Ln'U 180° ~~ 
Lfi~f111e:le:l?f~~L~\9l~'U 6/i~fl1LV'l?fl.l1{~'U~~~~1L'Vhn'U 60° ~~?!~ • 



.· 

200.-~i~-,--~--~--~--~--~--~--~~--~--~ 

-----1--1---ftttlllfF 
-200 '---------'------'------'--------'----'------"----...L_--J..__----''------l.--___l. __ _j 

400°.---.--,--~--~--~--~--~--~--~-,--~---, 

:0:~ -1--l----1- 1 i +-- r --~--~~, -- ~ 
1Hz lOHz lOOHz I KHz lOKHz lOOKHz IMHz IOMHziOOMHz IGHz IOGHz IOOGHz ITHz 

Frequency (Hz) 
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"il1fl.fl1V'I~ 5.6 bb61~-:leJ~'j1~1~~'U bb(;'l:::b'V'l61:w1~~'U'1Jel-:l'N"iJ'j ~-:!V'I'U';h 1 V'l(;l~bii~<ff'U'1Jel-:l 
1-:J"iJ'j~'l11 b61'U eJ 1 'W1'Vltni1V'I'U~di1~1'U1'U 1 1 V'l(;'l ~-:l,r'U1-:J"iJ'j:S-:Ji1 b61~EJ 'j.fl1V'I 1~ EJ~eJ~'j1~1~~'U'1Jel-:l 
1-:J"il'ji1!0i1b vhn'U -9 5.22dB bb61~-:! 1 ~ b ~'U111-:J"iJ'j'VJ'j1'UG1fleJ'U~fl b~el~ bb 'U'U6i1~eJ61~'l11b61'UeJ i161m'U::: 

m1~i1b61~EJ'j.fl1V'I~~'lJ'jru bb(;'l:::b'V'l61~1~~'U'1Jel-:!1-:J"il'ji1!011b'Vhn'U 9o.o9° ~-:Ji1!011~1n11 180° bb61~-:J1 ~ 
'U 

b ~'U111-:J"iJ'ji161m'U:::f111~i1 b61~ EJ'j.fl1V'I~~'lJ'jru 1~ bn~fl1'jeJeJ616/J(;l b(;l ~<ff'U bdeJ'l111-:J"iJ'j 1 tl1 i-:J1'U 
'U 

5.2 e.~~m~lii'1~e:J·:m1~Vhn'W"l..e:J.:Jn1~'lh::un~1 ii-:~1'U1-!I"il~~u1 b~'Ue:J • 
L ~e:~L .fJ'W fl1'j~'UiJ'U~-:Jm'j'l111 tJ1 -lith::: 1tJ'1JtJ'1Je:J-:!1-:J"iJ'j611~eJ611eJVi Le:J bb 'U'Ui1"1i1-:!B'UV'I~ nl'1-:!~611~1'jt1 • 

'\.J-r'U~11~e:J~1-:Jb ~-:Jb~'U ~1~-eJeJflbb'U'U H :S-:J'1JeJflci11~-:J\911eJ~1-:Jfl1'j'l11Ltl1 1-:J"il'j61i~eJ611eJVibmL 'U'U~"Ii1-:J 
B'UV'I~fll1-:!~611~1'jt1\J-r'U~1 h1eJ ~1-:J L ~-:! L~'W 1 \J\J'j :::EJ n~1 oU-:!1'U 1 'W'U 1-:!1-:J"il'j 1~ bbn 1-:J"iJ'jfl1 L i1~ • • ' ' " v tf v ~ i.ldvd 

61UJUJ1ClJ'111EJ'U 1-:l"iJ'jfltlJ61UJUJ1ClJ bb(;'I:::1-:J"iJ'jfl'jtJ-:Jfl11~Clilf(;llEJVf'U1'Vl~-:l'U 
""' \.1 Ill Q.J 

0 Q u ~ 

5.2.1 1-!l"il~n1b 'U~~'l:J'l:J1W6l11ti'U 

6'11ill-r'U1.:J"iJ'jfl1 b i1~~ruru1 ClJ'jU'I!1 m1bb 'U'U me:~m1 b "il eJ~~119i'eJeJ fl bb 'U'U 1~ EJ(;l::; b~EJ~"l..eJ.:J 
"'"' 'U 

1-:J"iJ'j 1191nci1111 bb~11 'U'U'Vl~ 4 ~.:~flru61~U~'1JeJ-:J1-:J"il'jrl1b i1~~ruru1ru'j\J'1!1EJtJ bb 'U'Uf11e:J~'j1 b"ileJ~"il:::i1 
.. QJ cu '\.1 

~t1Jqj1Cl.Jbtl1~~~ V
01 

bb(;'l:::~qjt1)1Cl.Jbb'j-:J~'Ubtl1Vi~~ V02 "il:::i1b'V'lMh-:Jn'U 90 el-:!~11~EJ61~fl1'jfl1bi1~ 

"'ruru1rubtJ'U 1 \J~1~b~e:J'U 1 '1J~1~61~fl1'j~ (5.8) 
"' "' 

(5.8) 
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OJOSC = (5.9) 

d( )0 .,., ., 0...... d 
"iJ1fl?i1Jn11'VJ 5.9 n1Vf'IJ~bVf / 80 = / 86 = / 8 G'i11J11m"lJ~'IJG'i1Jn11n1b'IJ~G'iqjqj1t;l.Jfi111Jf:\ 

~Vl111~~-:j ?11Jn11~ (5.10) 

k 
(5.10) 

fi111161'1JTI'Ui5"l!e:J-:lbb1-:l~'Ub81~Vll'l Vol bb~~bb1-:l~'Ub81~Vll'l vo2 "llru~61qjqj1t;l.J'Il1~'11e:J~L'U 

G'!Jl11~Pl-:!~1~-:!G'I1Jn11~ (5.11) 1~~61qjqj1t;Ub81~Vll'l V
01 

bb~~61qJqJ1t;Ubb1-:l~'Ub81~i"ll'l V
02 

"il~i1b'Y'JG'I 
~1-:ltl'U 90 tl-:!~1 

(5.11) 

"il1 flfl11e:Je:J flbb uu bb~~ m11 bf'l11~\.h-:J"i11rl1b'W~61 ruunru b~e:J'Vl1't.h~~'Vl~Jl1'V'I"llm1-:J"il1~ v v 

e:Je:Jflbb'U'U~-:! 1~vl1fl11'Vl~?le:J'U~1~ hhbbfl111 PSPICE 1~~fl11rl1Vl'U~ 1 ~~1bfl'U'lh~"ilvY-:!?Ie:J-:Jffi m 'U1-:!"il1i1fl1 , 

gm, =3.8xi0-4 AIV tJ-rum~bb?l1ueY6'1 OTAc i1f11bvhnu 697,uAbb~~~119i'1'U'V11'UbVhnu 5.2kn 

!'111lb~e:J'U 1 "ll"lle:J-:J 6'111 n11~ (5.8) fl111l~e:Je:J?I6B~ bm!'le:J{i1f11 b vh nu 600kHz 1~~61ruru1rubm~'V'II'l"lle:J-:J 
v v ' 

~ 1.1 V d ..:::: 1.1 IQ.I Q.l d 
1-:l"il1"llt;l.J~G'!Jl11~b11JI'l'Ubb6'1~-:l~-:!Jl1'V'I'Vl 5. 7 bb~~6'1Jl11~b11JI'l'Utl~l'l1bb6'1~-:J~-:JJl1'V'I'Vl 5.8 

,-.., 

> s 
'-' 
C'l 
0 
> 
...... 

~ 

" 

400 

0 

-800L---~--------------------------~--~ 
.7 .75 .8 .85 .9 .95 11.051.11.15 1.21.251.31.351.41.45 1.5 

Time (ms) 
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750 

400 
,-..., 

> 
8 
'-" 
N 

0 0 
> -0 
> 

-400 

-777~--~----~------~--~----~------~ 
1.262 1.264 1.266 1.268 1.270 1.272 1.274 1.276 1.278 

Time (ms) 

1 'U~-dbb~';h 1 'U'Vl1-:I'Vl~'t'J~1-:J~~?f1111'Hl'lh~yj~~~1 b tl'U1-:J~~n1 b ij~!i1qJqJ1UJ ~.:l~fl"lle:J.:J 
rn~"il1fla.:~n1~vh~1'U"lla-:~1-:~~~n1b'W~ii1ruru1ru bb?t~-:~1ufi1'V'j~ 5.7 bbfl~.fi1'V'j~ 5.8 btlu!i1ruru1ru1u 

QJ QJ QJ 1ll 

?f.fl11~b~l.I~'U bbfl~ 1'U?t.fl11~€1~~1\111l.J(;\'1~'\J ~~b~'U1~11ii1t1)t1)1tu~~iifl1111~1-:!b'V'l?f 90 e:J-:JP11 iifl1111 

~~b~~'U"lle:J.:Jii1t1)t1)1tue:J~~~mm~ 0.39 bbfi~1.:1~~1-ffyj".:J.:J1'U (power consumption) iifi1bvhn'U 37.7mW 
' ' ' 

fl1?fb'tJfll'l-rl.l"lle:J.:J!i1ruru1ruVifl1111~ 600kHz bb?t~.:~~.:~m'V'jVi 5.9 
" " 

100 
0 Vol 

················•·················•·················•················•·················•······ o Vo2 

THD=0.39% ,-..., 

> 
8 
'-' 
N 
0 10 > -0 
> 

0.1 

0 0.5 1.5 2 2.5 3 3.5 4 
Frequency (MHz) 

.fi1W~ 5.9 f!btlnl'l-r11'tla.:Jaruru1ru~fl1111~ 600kHz ...... 

b ~e:J~'UEJ'U?fl.l~~t:l'U"lle:J.:Ifl1~n1 b'W~ii1t1)t1)1UJfl11l.l~"lle:J.:J1.:1~~1'1111?fl.lfl1~~ (5.11) vhrn~ 
'Vl~?fe:J'Ub~~1-ffrh~1bfl'UU~~~ 5nF 50pF bbfl~ 500pF bbf!~'IJ-r'Um~bb?t1'1JB?f I 8 ~.:Jbb~fl1 300,uA 5.:~ 

' 
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900 JlA ~~'J~"il1G11ll11t:l't.J~'U fl1b~eJ'U 1 'll'lle:J~ n11rl1b iJ~~ '1j'1j1t:1Jfl'J1ll ffi~e:1~1~ b ~~ bc;;\JG1e:J~fl~e:J~n'\.J~ 
r~1~m1ru11\911ll'Vl(]~~~~.fl1~~ 5.1 o 

¥ ,. 
>: 
g 5 
!!! .,. 
I!! ! 

"- I 

~ 

4' 

! 

2'-----
300 350 

~r 

7001 

~~ 

f 500
1 .,. ' 

~ i 

400L 

400 450 500 

zoot - _ _l_ 

300 350 400 450 500 

550 600 650 
IB(uA) 

]_ __ _ 

550 ~ 650 
IB(uA) 

700 

j 
! ~Sunulated, C ~ 5nF ] . 
····0,, Theoretical; C ~ 5nF I 

750 800 850 900 

...... 1 

I 

~Simulated; C; 50 pF -.1 
... ~ ... Theoretical; C; 50 pF ~ ! 

__ L I 

700 750 ~ 850 
i 

900 



.. 

so~- - - - -- - - . ~ -- - - - - -~ - ·- - -

i 

l 
7of-

j 

601 
I 

I I 

1 I I J ----------1 -o- Simulated; C ~ 500pF l j 

"·<>··· Theoretical; C ~ 500pF I 
-- - -- -- -- --- - --- - I I 

-- _j - --- --~--- - __l _l - -- L_ --- _j 
~ a ~ ~ ~ ~ ~ ~ ~ D ~ ~ 

IB(uA) 
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fl1'W~ 5.13 LL6Wl~n1''j'Vl\9161eJtJ1\91mtJ~tJtJLVitJtJfh\91-wltJLh~~ 3 fl1~e:J 5nF 50pF LL~~ 
soopF LL~~tJ-!tJm~LL6'11 tJaG'l 18 ~~LLI9ifi1 300,uA ii~ 900,uA ~~'Wu-l1'Wil16'11m1t~tJ-!tJfi1L~a'U1"ll 
"lle:J~n11fl1 L \1\9161qJqJ1t;Ufld1~~1vi'a ~1~ L ~~L61'U LL~~1~"il16'11~11fl'Vh~1'U 1vi'6'l e:J\91fl~ mntJ~fl1\91n11tu11 
l'n~'Vltl't~5LL6'l\91~~~fl1'WVi 5.13 

: 

~~ sim~la~~c~ ropf' 1 
: -<1- Simulated; C : 500pF i 
-1>- Simulated; C : 5nF 

···<>"· Theoretical; C : 50pF , 

"'-¢-'" Theoretical; C : 500pF I 
.... J:. ... Theoretical; C : 5nF i 

- ,-------,-- -" ............... 

10°'-
D B a ~ 500 ~ 500 ~ ~ ~ 500 ~ 500 

IB(uA) 
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5.2.2 1~1il';ifiW~ruru1wm::m;t ... "'"' 
'J'l"ii~~ rum~ bb?l~t1J t1J1n.lbb 'U'U bbe:J'U~~ a nvlaa n bb 'U'U hm 1-ti'J'l"i1~61ll.la?t1aViba bb uu:ihi1-:~ 

B'UY.Wl n1'1-:~vl?t1l.l1~tt'\.J~'U fh 1~a ~1-:~ b ~-:~ b~'Uvl'l11 b?l'U a 1-:!"ii~'\.J~~ nau~1 EJ'J'l"i1~61ll.la?t1 a Vi ba bb uu:i1"1i1-:~ • 
B'UV'I9ln1'1-:~vl?t1l-11~tt'\.J~ufh1~a~1'lb~'lb~'U ~1'U'J'U 3 ~1 ~'l'J'l"i!~hJ:i1?i'J'U'\.J~~nau"lla-:~a'\.JmruV'I1?1 • • 
61l'V'1 bi'!E.Jt;1~bBEJI'l"lle:J'l'J'l"ii~1~mh'J ti'bb~'J 1 'U'U'Vlvl 4 'J'l"ii~aamb'U'U 1 '!X~qJqJ1rum~bb?l I;"' Ue:J'UboU1vl 

B'UV'I91 vn+ "lle:J'l OTAl ~-:~nfia?i'J'U"lle:J'l'J'l"ii~~'J~1'U'Vl1'UI'iat;1'!n11111ivlm'Ufll.lvl'Jf.Jn1~bb?lbl'lmtl'U 
• I • 

bb~-:~~'UB'U~911'!Xnu oTA2 bbt;1~ oTA3 bbt;1~~t1Jt1J1rum~bb?t IinZ ua'U~1l.lnum~bb?t1ua?t I82 "lla-:~ 
"" ~ ~ 

OTA2 V'l"i11~ru1n~~bb?lb8191~91 I 02 "lle:J'l OTA2 bbt;1~n~~bb?lb8191~91 I 03 "lle:J'l OTA3 n~~bb?l 

b819i'V'19l"lla-:~1-:~"ii~Vn 1~~-:!?tl.lm~ • 

I = iiliin2 
oul fBI 

(5.12) 

"ii1nm~aamb 'U'U bbt;1~m~i bf!i1~~1'l"ii~flru~ruunrum~bb?lbb 'U'Ue:J'U1~an nTvt'UI'l1 'IX 
'U ...... 

n~~bb?t1'Ua?l IBz=I83=I8=450,uA,iini=O.lsin(2n1000t)mA, imz=0.1sin(2n3000t)mA bbt;1~ 

I 8 , = 450,uA ~t1Jt1J1rubm9i~9lbb?ll'l'l~'lmV'IVi 5.14 

SOu 0 iout 

-100u~--~--------~~----------------~=---~ 
0 0.2m 0.4m 0.6m 0.8m l.Om 1.2m 1.4m 1.6m 1.8m 2.0m 

Time (sec) 

d v.. v ~ v 
.n1V'I'Vl 5 15 bb?ll'l'lflru?tl.l'U91"1le:J'l?truru1ru m~ bb?lb8191V'191"1l a-:~'J'l"ii~flru?t ruru1rum~ bb?l 

• q QJ Ill q 'U QJ" 

bb'U'Ubbe:l'U~~an bi"'E.Jm~'\.J~'U~1n1~bb?l ("1 ~'lbbl'i -500J1A 5-:~ 500J1A bbt;1~'\.J~'U~1n1~bb?l i;nz :i1~1 
-200J1A -100J1A OJ.LA 100J1A bbt;1:: 200J1A 911l-1~1~'U n1~bb?t1'Ua?l fBI :i1~1bVhn'U 450J1A 



. . 

300u--r;:============::=:;;---;----------~ 

200u 

~ 

- gm Simulated 

gm Theoretical 
iin2 = 200uA ... 

~ 01+------------~~~~-----~U-~~ 
·-"' 

/.. - . - :~~ ~ -~,- :', -~ ::~ >~ 
-/ I , 
-300u +------------+------------1 

-500u 0 500u 

i;n/ (A) 

d II d 
5.2.3 1-3lil':in':iel-3fl1111tlbb 'U'U'VIfil1EJVI'IJ1'VI 
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1-:1~1ma-:~f11111~aa n bb 'U'U~1 EJ1-:~~ 1~:ua?t laVi bel bb 'U'Ui1-d1-:~~uV'I~ n11-:~~?t1:U11rt'\.J~'Url1 
' 

1~a ~1-:~ b <a-:~ b~'IJ 611-:~1-:~~1i1!"1 ru?t:u~~ a 1-:1~ 1?11:U11fiU~'\J rl1fl~a~ ~bb V'J n b~ aft~EJ ~?11~~1 flrl1fi11:U~ 
l V'l~ ~1 EJ15VJ1-:~~ b~ nVJ1au n61 bb~~1-:~~ 1?11:U11rtv'i1-:~1u 1~ 5 ~.:.~ n-a'tJV'I~a:u ntJG11vt~'U?t~1-:~m1 

~el'U?f'Uel-:lbb'U'Ufld1:U~~1~1'W (Low-pass filter) bb'U'\Jfi11:U~~-:J~1'W (high-pass filter) bb'U'Ubbfi'U 

fi11:U~~1'W (band-pass filter) bb'U'Ubbfi'Ufi11:U~Vl~~ (band-reject filter) bb~~bb'U'U'VJflfi11:U~~1'1J 
(all-pass filter) l~EJ hl~a-:Jb'\.J~ EJ'W Lf11-:J?f~1-:J"llel-:11-:1~1 ~~ bBEJ~"lleJ-:Jfl11elelflbb 'U'U1-:1~11~nci1111 bbG\'1 

1 .,J 'i ... .,J ... .,J 'i .,J gll 1 "' 
'U'UVlVl 4 ~1flbf11-:J?f11-:J"llel-:J1-:1~1ma-:~fi11:Umb'\J'UV!mEJvt'W1Vl b~EJVln':i~bb?l / 81 bu'Wn':i~bb?l 'UeJG1 

OTA1 bb~~m~bb?l /
82 

bU'IJn':i~bb?t1'UBG1 OTA2 bija~~11fl.!1!"lfl.!?f:UD~"lla-:J1-:J~1~~1~bb1-:J~'Wbel1~'\1~ 

V = V:n1s
2
C1C2 + V:nzSCzGI + V:n3gmlgm2 

o szCICz +sCzGI + gmlgmz 
(5.13) 

b~el G
1 
= 1/ R

1 
bb~~ gm =I; [sf L~EJ~fi11:U~LV'I~ bb~~fl~el~~bbV'lm~a1?t1:U11fiVI1 

rl11~~-:J?f:Ufl11 

(5.14) 



"i11fl6'1:Wfl1';i~ (5.14) bb"'~6'1:Wfl11~ (5.15) Li1B g I=~ fi 
m 2 '/81,; 

6'1:wfl11"UeJ~fl-n:wffi Yl"' bb"'~fl"'eJ~~bb vJm\•m{6'11:W11"'vt11m vtl1~~6'1:wm1 

Q =R ~J kC1 

O I 2 8/ C 
A 2 
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(5.15) 

(5.16) 

(5.17) 

6'11:W11m~BflbL1~~'U~'UYli'11'U~fl~ru~m1m'Ufl:W~1tJ~~I'lB"'1~1'11:Wm11~~ 5.2 L~B1~ 
' ' 

1~e.mi'1B'U6'1'UB~"UB~1~"i11m1:w~~1~'U6'1B~ Yl'U116'11:W11m11~1'U1~ 5 ~~n-ti'U'Yl~B:wn'I.J. fiB LL'U'U 
I I I 1 

fl11:W~~1e.i1'U (LP: low-pass filter) bb'U'Ufl11:W~~~e.i1'U (HP: high-pass filter) bb'U'Ubb"''Ufl11:W~ 

e.i1'U (BP: band-pass filter) bb'U'Ubb"''Ufl11:W~vttl~ (BR: band-reJ·ect filter) bb"'~bb'U'U'Vlflfl11:W~e.h'U 
' ' 

(AP: all-pass filter) 

Filter Responses Inputs 

Vo Vinl Vin2 Vin3 

BP 0 1 0 

HP 1 0 0 

LP 0 0 1 

BR 1 0 1 

AP 1 -1 1 

~ 6' QJ' w:: .d 
"i11 fl fl11eJeJ flbb 'U'U bb"'~ fl111 bfl11~VI1~"ii 1flt\J6'1 t;lHU1 t\.1 fl1~ bb6'1 bb 'U'U bb eJ'U~G'leJ fl b YleJVI1 'IJ ., ., 

'lJ1~~'VlTI.fl1Yl"UB~1~"ii1~eJBflbb 'U'IJ~~1~vhm1'Vl~6'1B'U~1tl 1 \J1 Lbm:w PSPICE simulation L~tlfl11 
o 1"' 1 ... ... a .I ... "' 
n1V!'U~ Vlfl1~Lb6'1 'UeJG'I / 81 = /82 = 18 = 500,uA 1'11bfl'Uu1~~ C1 = C2 = IOOpF LbG'l~I'111'11'U'Vl1'U 

R1 = tokn t:-~"'m11ii1"'B~m1vh~1'U 5 ~~n-ti'U 1~Lbn bb'U'Ubb"''Ufl11:w~e.J1'U bLG'I~~~~m'Yl~ 5.16 LL'U'U 
I I I I I I 

fl11:W~6'1~e.J1'U bL6'1~~~~.fl1YlVi 5.17 Lb'U'Ufl11:W~~1e.J1'U bb6'1~~~~.fl1YlVi 5.18 bb'U'UbL"''Ufl11:W~VItl~ 
\1 I I I q 

LLG'I~~~~m'YlVi 5.19 LL"'~LL'IJ'U'Vlflfl11:W~e.i1'U LL?I~~~~m'YlVi 5.20 
' 
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Frequency(Hz) 

50 180 0 

<~ 
0 

~ 0 / 

135 

-5 

/v \ / 0 

/I/ i~,~ 
0 : : 

45 

-10 0 
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-0 100" ---, , __ 

50" 
\!\ 

,-._ -20 
a:l 
~ <J.) 

"' 1::: "" 0 ·a ..c: 
0 

0.. 

-40 

I "" ... ,,"'-., __ 

----.. 
" 

' -----~~--~ 
-50" 

\ 
-60 -100" 

l.OK 3.0K !OK 30K lOOK 300K l.OM 3.0M tOM 
Frequency(Hz) 

-100" 

i 
'-' ~ 
r::: ~ ·ta 0 0: -200"l---+---..;.._.__..;.._ ___ 4---o.---+---------l 
0 

-1. -300" -·· 

-2. --400" ~--+---..,......---t--------t---+---t----1 
l.OK 3.0K lOK 30K lOOK 300K l.OM 3.0M 10M 

Frequency(Hz) 

6'11'U~G'ln11~1G'lel\lb'Uf11'V'l~ 1~tJn11btl~tJ'U~1fl1~bb61lUB61 181 = 182 = ]8 bU'U 

200pA 300pA bbG'l::i 400pA byjel~'Un11n11tl-r'U~1el!Jl11"1JtJ1tJ1~e:J~1\Ib~\lb~'Ubb61~\l~\l.fl1'V'l~ 5.21 
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-60~---L----~--~----~---L----~--~----~ 

l.OK 3.0K lOK 30K lOOK 300K l.OM 3.0M 10M 

Frequency(Hz) 

5.3 'U'Vlt'l~tl 

1 'W'\J'Vlffi~ n~ 11~~f1 ru6n.ru~h~lil~'Vl~1'W~ f1 "El'Wvlf1 L~"El { bb '\J'U~h.m?t bb 'IJ'Uihh:~~'W'V'I~ n·h:~vl?t1l.l1~tl • • 
u-r'Ufh 1~"El ~1~ b :u~ b?i''U vl"EJ"El f1bb '\J'\J 1 ~fi1-eJ'~~1"11 m~'Vl~1'W~ f1"EJ'Wvl f1 bb~'Wi?t1l.l1~tltJ 'Y'IJ fl1"1lm~ 1~"El ~ 1~ 
b :u~ L?i''W~1~1~~ L~n'Vl~"EJtin~ 1~w1~~i~~tJ~::: f1"EJ'\J~1 ~?t"El~~'J'W 1~ Lbri 1~1il~'Vl~1'W~f1"EJ'W~f1 b~"EJ{Lb 'IJ'\J 

~l.I"El?t bb6'1:::1~1il~ ~ mh~~?t"El~"ll"El~~ ruru1ru m::: Lb?t 1~wvl "EJ"El mL 'IJ'\J 1 ~~'J'W"ll"El~m::: bb?t~~1 'U-eJ'?t"tJ"EJ~fi 
"'"' 'U 

e-J6'1~1~ "El~L 'Wb 'Vl"Ell.l"ll"El~ I/ 'W"Elf11il1ndi!~ 1~Lb?t~~e-J6'1m~"il16'1"El~m~vh~1'W"ll"El~1~1il~'Vl~1'W~f1"El'Wvlf1-
b~ "EJ{bb 'U'IJ~l.I"El?t bb 'IJ'Uihh~ a'W~~ n11~vl?t1l.l1~tltJ-r'Ufi11~"El ~1~ b :u~b?i''U •th~m1l.l~tJ{i'l1~~1'W"ll"El~ 
'J~Ii)";j fi1er~~1l.I11~'W"1JB~'J~Iil~ fl1b'V'l?tl.I11~'W"ll"El~'J~Iil1i1 fi1~1w.h 180° bb?t~~t~b~'W'Jl'J~Iil~n 
?tm'U~f111l.li1 b?t~~";j .n1'V'I~l.l'IJ1ru hl Ln~ m~"El"El?t~" b6'1 ~~'Wb~ m!11~1il ~ 1 tl1-tl'~1'W fi1 b u~ ~'Wbb u"~ 

'U 

Lb ~~vi''W a'W'V'I~ 1~?t~vl?t~ bb6'1:::~1vl?t~"ll "EJ~1~1il~ fi1 Lb ~~vi''Wa'W'V'I~ "El"Elvl L~~"ll "EJ~1~1il ~ Lb6'1:::tJ~::: ~ n ~1 i~1'Wvl 
" '\1 , " , , 

B "El f1 bb '\J'\J 1~~1 ~~ ~'Vl11'W61"f1 "EJ'Wvl f1 b~ B~ bb '\J'U~l.lB?t bb 'U'UiJ"li1 ~B'W'V'I~ n1'1~.yj ?11l.l1 ~tlti'!'IJ fl11~ "El ~1~ b :U ~ • 
b?i''U ~'J'W f11~'\.J1::: ~ f1~Lotl~1'W"lJB~'J~Iil~.yjU1 b?I'W "El 'V'I'Ul11~1il~ n1b ti~~ ruru1 tuB~l1mJ ?11l.l1~tltJ-r'Ufl1 . "'"' 

b~B'W 1 "ll"lJB~ f11~ f1'1 b -Q~~ru ru1ru bb6'1::: m~n1b ti~~ ruru1tuf111l.l~1~"El ci1~ b :U~ b?f'W b ll "El~lil1 fYhm::: bb?t 
QJ Ill tJ QJ 

1 'Uel'?thi1~"El~1 'W.W~o-ti'W"ll"El~~1 nvl?t"El~ Lb6'1:::?t1l.l1~t1tJ-r'Ufi1 L~"El'W 1 "ll"ll"EJ~m~n1L u~~ ruru1ru LL6'1::: m~ 
'U "'"' 

n1bti~~ruru1tuf111l.l~ 1~a?t~:::lil~f1fl'W ~'J'W'J~Iil~f1ru~ruru1rum:::bb?t,r'W'J~Ii)";jvl"EJ"Elf1bb'U'U?I1l.l1~tlf1tu 
QJ QJ 'U v QJ 'U 

~ ru ru 1 rum::: LL?t1~ bb 'IJ'\J ~ m "EJ bb~'Wi Lb6'1 :::'J~Iil ~ n ~"El~f111l.l ~VIm ~'Vlihvl 'V'I'Ul11 'llil~?t1l.l1~tltJ -r'\J 

fi1~~"El~~bb Ylm~"El~ bb6'1:::m1l.lm 'V'I6'1 1~"El ~1~b :u~b?i''U b li"EJ~Iil1nm::: 1 'U-eJ'?thJ1~"EJ~'1 'W<W~ooti'W"tJ"El~~1nvl 
'U 

?t"El~ bb6'1:::?t1l.l1~tlu-r'Ufi1m"El~~bb Yln b~"El ~~a?t~:::lil1nm1l.lm 'V'I6'1 
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d 
'U'VI'VI 6 

'U'VI~'itl bb~~..uv b~'IJB bb u~ 
~ 

1Vl milvn.r5ffi~vh n11~ n~1 ~'Ufl'J1 bb~~aa n bb 'IJ'\J'\J1-!llil1Vl11'U ~ fla'U ~fl b\11 ai bb 'IJ'IJGii:wm'l bb 'IJ'Uii 

"li1.:JB'U'V'I\11 n1'1.:J~ r.'f1:W11{ltl -r'\J Fi11~a ~1-!l b ~.:J b61'U 11'1 tJii b i1 TVl:W 1tl~lil ~ b uw:hu'Vl~.:J"lla.:Ja.:Jflf111:W~ . ~ 

V 4 ~ 1V d' 0 QJ CIICII I .c:t. II 

Vl1.:JI'11'U m1P1 n~1 bb~ ~a an bb '\J'\J1.:Jiil11.:Jiil1Vl11'Ur.'ffl a'UI'l f1 b\11 a1 r.'f1'Vl1'\J1.:Jiil1Vl:W"1!1.:Ja'U'V'I \11 m1.:J bb~ ~ • 
r.'f1:W11{ltl-r'IJFi1a\1111"ll tJ1 tJV111'U~fla'U~ f1 bb\1l'U"Il1~a ~1-!l b ~.:Jb61'U ~1 tJi5B b~ nV11ai1 n~ "i\'1~ a.:Jm1 

vl1-!l1'U"lla.:J1-!llil1~1tl hhbbf11:W PSPICE ~1'Vl-r'IJV111'U6lir.'fb\1la{bb 'IJ'IJGii:war.'f ~1m 'U m1"ii'1~a.:Jm1 
vl1-!l1'U"lla.:J1-!llil11~-tl''V'I111ilb\1lai"lla.:JV111'U6lir.'fb\1la{ TSMC 0.35 um Level 3 1-!llil1vl1-!l1'U~ 
bb 1-!l~'U 1 'V'l b~ ().:) ~ 1 'IJ~1.n f1 n 1;;r.:) 1 'V'l vh~ 1 r.'f 1:W 11{ltl 1~ () n ~1 i .:J1'U ~1'\ll-r'\.J f111 a an bb '\J'\J 1-!llil1 • 
Bb~ nV11ailmhL '\J'U bba'U~~an 61f.:Jiil1f1f111aamb 'IJ'\J'IJ1.:Jiil1 r.'f1:W11{lr.'f1U(:.J~ m1vi'1 Lil'U.:J1'U uru'Vl1bb~~ . ~ 

otltlbr.'f'Utlbb'U~ 1~~-:).cr 

Q..l G G Cl.l tf d dl ~ 1J' d 

6.1.1 n11r.'f.:Jbf111~'Vlbb~~aamb'\J'\J1.:Jiil1Vl11'Ur.'ffla'UI'lm\11a1bb'U'U"I!:War.'fbb'U'U:W"lf1.:Ja'U'V'I\11m1.:J Vl • 
r.'f1:W11{1U -r'\J F111~a ~1-!lb ~.:J b61'U 11'1tJaa n bb 'IJ'\JVl11'U~fla'U~fl L\1lai bb 'IJ'\J~I'lVJa'U"Ilair.'f ~.:J b U'Ub Vlflilfl 

m1i1 a'U n;;r'\J bb 'IJ'\J~'\J bb~~aa mb 'IJ'\J 1 ~ci1'U"lla.:J m~bbr.'f~6ii1 '\J Br.'f"lla.:Jfi(:.J~~1.:J1 ~atJ1 'Ub Vl a:w"lla.:J / 8
2 

~ ~ 

~'U~a~a.:Jml"i'tJm1v11.:J1'U"lla.:J1.:Jiil1tJnn1;;r.:Jr.'fa.:J"lJa.:J61qJqJ1rum~Lbr.'f 11'1tJii11tJ~~b~tJI'l~.:Jd 
6.1.1.1 Fl1bb1.:J~'UB'U~\1laa'V'lb~\1l"lla.:J1.:Jiil1iifi1b'Vhn'IJ I Vas I = 2.48 p v 
6.1.1.2 Fi1 L tJ ~ tJ'U bb tJ ~.:J bb 1-!l~'U ~'U 'V'I \111~ r.'f .:J~ r.'fl'l bb~ ~ ~ 1~ r.'f l'l"ll a .:J'J.:Jii11iifi1 Lvh n'IJ 

q '\J q ' 

-1.49V ~ VCM ~ 1.5V 

6.1.1.3 Fi1Lb 1.:J~'UB'U'V'I\1l"lla.:J1.:Jiil1btJ~ tJ'ULb tJ~.:Jb U'Um~ bbr.'IV11.:Jbm~'V'I\1la~1.:JbU'Ub~.:JL61'U • • 
a~1~'Vll1-!l -0.97V ~.:J 0.97V 

~ 

6.1.1.4 1.:Jiil1Vl11'U~fla'U~fl bl'laibb 'IJ'IJGii:war.'f bb 'IJ'Uii"li1.:JB'U~~'~n11.:J~r.'f1:w11{1'\.J-r'Ufi11~ 
a~1-!lb~.:Jb~'UatJ1 'U-d'J.:J~.:Jbb~ 1 nA ~.:J 1.1 mA Fl1f111:Wf1~11'1b~a'U"lJa.:Jam1"lltl1tJV111'U~fla'U~flbb\1l'Us& 

~ ' ' 

iifi1m1:wf1~11'1bfl~a'Ua~vh~~'IJ~atJ~~ 4.3 
~ 

6.1.1.5 ii"li1.:Jf111:w~tJl)D'~.:J1'U"lla.:J1.:Jiil1iifi1LVhn'IJ 8.31GHz Fi1f111:Wflml'lbfl~a'U 

"lJa.:J-d1.:Jf111:W5tJl)~.:J1'U"lla.:J1.:Jiil1iifi1tJ1~:W1ru~atJ~~ 5 

6.1.1.6 Fl1bn'U:w1i~'U"lla-!l1-!llil1iifi1bvhn'U -95.22dB 

6.1.1. 7 b'V'lr.'fmi~'U"lla.:J1.:Jiil1iifi1Lvhn'U 90.09° 

6.1.2 m161.:J bf111~~Lb~ ~ m1tJ1~ ~ nl'l1 i.:J1'U1.:Jiil1Vl11'Ur;1 fla'U~fl bl'laiLL 'IJ'IJGii:war.'f bb 'U'Uii-d1.:J 

~'U'V'II'lf1l1.:J ~r.'f1:1J11{1'\.J-r'Ufi11~a~1.:Jb"8.:Jb~'U 11'1tJ1 otl1.:Jiil1~aamb 'U'Ub U'U'Q'\.Jmru'Vl;;rn 1~bbn 1.:Jiil1 

n1L U!'161ruru1ru"l!1tltJ1.:Jiil1fltu61ruru1ru m~ Lbr.'f bb~~1.:Jiil1f11a.:Jm1:w5'Vl~1 tJ'VloU 1~ 11'1tJii~rur.'f:wD~ 
Ill 1111 cu v Q,l 

" ... "" 1'1-!l'U 
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6.1.2.1 1'1"il1rl1 b ill'li1'1J qJ1ru"1l1CJ1.1 1'1"il1'lh::: na'IJ~1CJ 1'1"il1'Vl11'UG1'fta'U~fl b~a{bb 'IJ'IJ 

'ill-la6'fbb'IJ'Uij'1i1'1~'U'V'I~fll1'1.yj6'f1lJ11tiU-r'Urh1~a~1'1b.:S'!b~'U lii'1'U'J'U 3 ~1 ~'Jbtl'IJU1:::"ilvi~BGNfl111~ • • 
lii'1'U'J'U 2 ~1 ~1tX1'U'Vl1'UVi~m=t-:~m11~1ii'1'U1'U 1 ~1 bb~:::'J'I"il1'\J'Jfl~'Ui1ruunru "ill'lb~'U"lla-:J'J'I"il1fia .... .... . 
b~a'U 1 "ll"lla-:~ fl11 n1 b ill'li1 f1J qJ1 rufi'J1lJ~6'f1lJ11fll"i1"lla-:~ m1n1 b ill'li1 '!J'!J1 ru fl11lJ ~1~a ~ 1-:1 b .:S-:~ b~'U bb~::: 
b~a'U 1 "lJ"lJa'lfl11rl1b ill'li1qJ qj1rufi'J1lJ~ 6'f1lJ11fiU-r'IJ b~a'U 1 "ll"lla'lfl11 rl1b ill'li1qjqj1rubb~:::fl11rl1 b ill'l 

i1qJqJ1t;l.Jfi'J1lJm~~"'1:::"iJ1fltl'U 
6.1.2.2 1'1"il1flru~ruru1ru m:::bb?f 1'1"il1'\.J1:::fla'U~'J CJ 'J'I"il1'Vl11'UG1'fta'U~fl b~a{bb 'IJ'U 

'IJ ........ 

'ill-la?fbb'U'Uij-ci'J'I~'U'V'I~n11-:~vi?f1m1fl't.J-r'IJI"i11~a~1'1b.:S-:~b~'U lii'1'U1'U 3 ~1 bl'lCJ 1~a'\.Jmru'V'I16'f'il'V'I~a • • 
~1lJ "ill'lb~'U"lltl'I'J'I"il1fia 1'1"il16'f1lJ11flflruaruru1rum:::bb?fbtl'U 1 '\.JmlJ?flJfl11b1a'U 1 "lJ 

1 \J IIV Ill 

6.1.2.3 1'1"il1ma-:~m1lJ~'VlmCJ'VlU1vi 'J'I"il1U1:::na'IJ~'J CJ 'J'I"il1'Vl11'UG1'fla'U~fl b~a{ 
bb'IJ'U'illJa?fbb'U'Uij'li'J-:~~'U'V'I~ni'1-:~vi6'f1m1fl't.J-r'IJI"i11~a~1-:~b.:S-:~b~'U lii'1'U'J'U 2 ~1 "ill'lb~'U"lla'I'J'I"il1fia • • 

6.2 ii'e:mn.Jenb 'U::: 

"il1 fl1'1"il1'Vl11'UG1' fta'U ~ fl b~a{bb 'IJ'U'illJa?f bb 'IJ'Uij-ci1'1~'U'V'I~ ni'1-:~vi 6'f1lJ11tiU-r'IJI"i1e1' ~ 11"/J CJ1 CJ • 
'Vl11'UG1' fla'U~fl bb~'U"1l1~a~1'1 b .:S-:~ b~'U vi'111 b?f'U a 1 'U1'Vl mil'V'I'Utl 'V'I'Ul1'Vl1 naamb 'U'IJ'J'I"il1b ~lJ vh 1 ~ 
6'f1lJ 11t1Yr I'll 'U 11-:J"il 1'Vl11'U G1 fl a'U ~fl b~ a { bb 'IJ 'IJ 'ill-l a?f bb 'IJ 'Uij'1i1-:~ ~'U 'V'I ~ ni'1-:~vi 6'f1lJ 11fl '\.J -r'IJ 1"11 • 
eYm1"lJ CJ1 CJ'V111'U G1fla'U~fl bb~'U"1l1~a ~1-:~ b .:S-:~ b~'Ud vr\Jll'U 11 ~b tl'U'J'I"il1a au bbalJu1~'Vl~ 1 CJ bb 'IJ'IJ b '1i'U 

aa'\.J bbalJU bb 'IJ'IJ.fl1fl b&i CJ'J (single stage op-amp) aa'\.J bbalJU bb 'IJ'IJ 6'ftl'l.fl1fl (two stage op-amp) 

'Vl~a aaUbbeJlJUbb'IJ'IJ1~lj'IJy.Jb'V'Ia{ (un-buffer op-amp) btl'UtX'U 'Uafl"il1fld'Vl1fl1off'V'1111i1b~a1"lla'l 
'Vl11'U~6'fb~afl ~ij"lJ'U11'1 b~ fl~'l n?f1lJ11flviaaflbb 'IJ'IJ'J'I"il1'Vl11'U G1fla'U~fl b~ a{ bb 'IJ'U'I!lJa?fvit off bb 1-:J~'U 1 'V'I 

b~El'~~1 'IJ~1.nfln1~-:~1 'V'I~1~11~an 
~~CJ'Vli''lb tl'Ua~1'1 ~'1111'Vl mil'V'I'Utl\l'\J'IJ'Ud"il::: b tl'U'\.J 1::: bEJ"ll'tJbb~:::6'f1lJ11fl1 off b tl'Ubb 'U'J'V11'1611'Vl-r'IJ 
'IJ 

~.yjijfl'l1lJ?f'U 11i1 b~EJ'l n'IJ'J'IIi11'V111'W~ fleJ'W~fl b~a{bb 'IJ'IJ'I!lJa?f bb 'IJ'Uij-ci'J'I ~'W'V'I~ n11'1vi?f1lJ11t:l't.J-r'Uf11 
'IJ • 

e1'~11"lJEJ1EJ'V111'W~fla'W~fl bb~'W"1l1~a ~1-:~ b .:S'Ib~'W 11lJii'I.Vm?f'L!mb 'U:::vi~~ CJ 1~ ~.Vm?f'Wmb 'U::: 11 
'IJ 
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fi1'W1'a13Jtto~v'a"llv.:ltv'Lillvlil'Vl'a1'UIIllliltV!eJ'a TSMC 0.35j.Jm level 3 (www.mosls.com) 

> .MODEL CMOSN NMOS ( LEVEL = 3 . 
+VERSION = 3.1 TNOM = 27 TOX = 7.8E-9 

+XJ = 1E-7 NCH = 2.2E17 VTHO = 0.4730643 

+K1 = 0.6129988 K2 = 7.542666E-4 K3 = 100 

+K3B = -10 wo = 3.02827E-5 NLX = 4.058176E-7 

+DVTOW =0 DVT1W =0 DVT2W =0 

+DVTO = 0.4689888 DVT1 = 0.2917777 DVT2 = -0.3 

+UO = 355.1321831 UA = -8.40947E-10 UB = 2.261637E-18 

+UC = 2.996492E-11 VSAT = 1.875162E5 AO = 0.8883904 

+AGS = 0.1167968 BO = 1.155842E-6 81 = 5E-6 

+KETA = 3.56905E-3 A1 =0 A2 = 0.3740786 

+RDSW = 1.131183E3 PRWG = -0.1100856 PRWB = -0.2 

+WR = 1 WI NT = 1.481909E-7 LINT = 3.346531E-10 

+XL = -5E-8 xw = 1.5E-7 DWG = -4.274339E-9 

+DWB = 5.243879E-9 VOFF = -0.0876189 NFACTOR = 2.0725615 

+CIT =0 CDSC = 2.4E-4 CDSCD =0 

+CDSCB =0 ETAO = 1 ETAB = -0.0732914 

+DSUB = 0.7823743 PCLM = 1.676784 PDIBLC1 = 1.543456E-4 

+PDIBLC2 = 4.733841E-3 PDIBLCB = 0.1 DR OUT = 3.345392E-4 

+PSCBE1 = 7.163825E8 PSCBE2 = 1E-3 PVAG = 3.072725E-3 

+DELTA = 0.01 RSH = 78.2 MOBMOD = 1 

+PRT =0 UTE =-1.5 KT1 = -0.11 

+KT1L =0 KT2 = 0.022 UA1 = 4.31E-9 

+UB1 = -7.61E-18 UC1 = -5.6E-11 AT = 3.3E4 

+WL =0 WLN = 1 ww =0 

+WWN = 1 WWL =0 LL =0 

+LLN = 1 LW =0 LWN = 1 

+LWL =0 CAPMOD = 2 XPART = 0.5 

+CGDO = 2.69E-10 CGSO = 2.69E-10 CGBO = 1E-12 

+CJ = 9.015359E-4 PB = 0.8 MJ = 0.3608969 

•• +CJSW = 2.782744E-10 PBSW = 0.8 MJSW = 0.1801287 

+CJSWG = 1.82E-10 PBSWG = 0.8 MJSWG = 0.1824357 

+CF =0 PVTHO = -0.05 PRDSW = -121.7614848 

+PK2 = 4.477143E-5 WKETA = -1.015121E-3 LKETA = -0.0120304 ) 
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fl1V'l1~1:WL!Pltl~"llti.:IV'l:Wti~'VI~1'LI'lf~L!Pltl~ TSMC 0.351Jm level 3 

.MODEL CMOSP PMOS ( LEVEL =3 

+VERSION = 3.1 TNOM = 27 TOX = 7.8E-9 

+XJ = 1E-7 NCH = 8.52E16 VTHO = -0.6954453 

+K1 = 0.4304724 K2 = -0.0112912 K3 = 86.4300172 

+K3B = -5 wo = 6.598922E-6 NLX = 2.06513E-7 

+DVTOW =0 DVT1W =0 DVT2W =0 

+DVTO = 0.3128439 DVT1 = 0.8240817 DVT2 = -0.2517458 

+UO = 150.785921 UA = 1E-10 UB = 1.789607E-18 

+UC = -1.8798E-11 VSAT = 1.999188E5 AO = 1.1641922 

+AGS = 0.3099053 BO = 2.120097E-6 B1 = 5E-6 

+KETA = -4.16221E-3 A1 = 4.218536E-3 A2 = 1 

+RDSW = 3.913702E3 PRWG = -0.1079321 PRWB = -4.46657E-3 

+WR = 1 WI NT = 1.500604E-7 LINT =0 

+XL = -5E-8 xw = 1.5E-7 DWG = -1.858462E-8 

+DWB = 1.143752E-8 VOFF = -0.140743 NFACTOR = 2 

+CIT =0 CDSC = 2.4E-4 CDSCD =0 

+CDSCB =0 ETAO = 0.032156 ETAB = 5.85316E-3 

+DSUB = 0.2940371 PCLM = 4.7751455 PDIBLC1 = 2.143338E-3 

+PDIBLC2 = -2.300289E-6 PDIBLCB = -6.805486E-4 DROUT = 2.413411E-4 

+PSCBE1 = 7.927378E10 PSCBE2 = 5.007084E-10 PVAG = 15 

+DELTA = 0.01 RSH = 150.7 MOBMOD = 1 

+PRT =0 UTE = -1.5 KT1 = -0.11 

+KT1L =0 KT2 = 0.022 UA1 = 4.31E-9 

+UB1 = -7.61E-18 UC1 = -5.6E-11 AT = 3.3E4 

+WL =0 WLN = 1 ww =0 

+WWN = 1 WWL =0 LL =0 

+LLN = 1 LW =0 LWN = 1 

+LWL =0 CAPMOD = 2 X PART = 0.5 

+CGDO = 2.05E-10 CGSO = 2.05E-10 CGBO = 1E-12 

+CJ = 1.397158E-3 PB = 0.99 MJ = 0.5773462 

+CJSW = 3.176388E-10 PBSW = 0.99 MJSW = 0.3570517 .. 
+CJSWG = 4.42E-11 PBSWG = 0.99 MJSWG = 0.3570517 

+CF =0 PVTHO = 0.0253723 PRDSW = -76.9871264 

+PK2 = 2.04063E-3 WKETA = 4.61596E-3 LKETA = -8.540344E-3 ) 
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In th1s paper, we present the design technique of the CMOS OT A with wide input voltage range and 
its transconductance gain can be linear b.mable. The realization method is design by the use of 
current squarer circuit to achieved the linear transcooductance with the bias current 18 and improved 
the linear input voltage range by the source degeneration technique. The OTA transconductance gain 
can be linearly tuned from InA to l.lmA with the error of less than 4.3% and the linear input 
voltage range of about l.OlVp with less than 2.5% nonlinearity is obtained. The performance of the 
circuit is discussed and confirmed through PSPICE snnulation results in TSMC 0.35 11m CMOS 
technology with power supply of ±1.5V. Moreover, the linear tunable quadrature oscillator is 
presented and simulated to confirm the usability of the proposed CMOS OT A 

KEywords: CMOS OTA; Transconductance; Linear tunable; Wide input voltage range; Oscillator. 

1. Introduction 

The operational transconductance amplifier (OTA) or voltage-to-ctuTent converter circuit 
are fundamental building blocks of analog circuits. It is an important part in signal 
processing system and very useful in many applications such as communication and 
instrumentation systems. Furthermore, the transconductors or voltage-to-current 
converter circuit is widely used in various analog electronic circuits, such as, automatic 
gain contro11

, analog multiplier2
, sinusoidal oscillator34

, active fllter5 and square-rooters6
• 

In many applications, a linearly tunable transconductance controllably by ctuTent or 

• For the title, try not to use more than three lines. Typeset the title in 10 pt Times Roman, bold with the first 
letter of important words capitalized . 
1Typeset names in 8 pt Times Roman. Use the footnote to indicate the present or permanent address of the 
authcr_ 
'State completely without abbreviations, the affiliation and mailing address, including country. Typeset in 8 pt 
Times Italic. 
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voltage is preferred and most of these designs are constructed from bi-polar transistors in 
which more complicate and expensive to fabricate than CMOS technology7

• However, 
there are some significant drawbacks in CMOS technology, the operation of CMOS can 
be expressed as the approximation of squarer function rather than a linear function. 
Moreover, the disadvantages of CMOS transconductors~-9 are their linear controllable 
voltage ranges are quite limited and not suitable for low voltage circuitry due to their 
weak inversion operating mode. 

ln the past, many linear CMOS transconductors have been presented 10
"

12
• Since their 

transconductance gain were controlled by the DC voltage that provided the controllable 
range were limit by the supply voltage, therefore the tunable range was narrow. In recent 
approach, the current controlled transconductor have been proposed13

"
18

, where their gm 
can be linearly tuned for a wide range, however, its structure is quite complicated. 

Therefore, in this paper, we propose a new technique design for the wide input range 
CMOS OT A that its transconductance gain can be linearly tuned by the DC bias current. 
The circuit is designed based on the balanced differential pair with improving their input 
range by using active resistances at the source of balanced differential pair in order to 
reduce the source degeneration and the current squarer circuit for the linear tunable 
characteristic. Thus, the more current linearity can be archived due to the fact that voltage 
potential at Vus of the balanced differential pair is less subject to t1uctuation and wider 
input range. The squarer term of the DC bias current of the current squarer circuit yields 
the de bias is not function as square root function so we can linearly tune the 
transconductance of the proposed circuit. Noting that, the first introduce ofthis technique 
has been presented in our previous work 19

• However, in this paper the extended of the 
circuit analysis and the frequency response analysis are presented. Moreover, a new 
linear tunable quadrature oscillator has been proposed in this paper. This proposed 
CMOS OTA is verified through the PSPICE simulation based on parameters of the 
TSMC 0.35 !1111 and an application example of CMOS OT A as the tunable sinusoidal 
quadrature oscillator is examined and discussed. 

2. Circuit Descriptions 

2.1 The design concept of a linear tunable wide input range CMOS OTA 

Fig. I shows the block dia~o,rram of the proposed linear tunable wide input range 
CMOS OT A. The block diagram comprises of the balanced differential an1plifier and the 
current squarer circuit. 

v 

v 
"' 

v 

Fig. I. Block diagram of a linear tunable wide input rang CMOS OTA 
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From the structtrre of the proposed circuit, the input DC bias current (I 8) will be squared 
by the current squarer and the 188 is the output current that will be the bias current of the 
OTAas 

(1) 

where K is the constant value of the squarer circuit. 

r:;;:;--19 
Since the transconductance gain of the balanced OT A is equal to "\/ ,uy 88 where k is the 

transconductance parameter ( k = pC0xW I 2L ), ,u is the mobility of the carrier, C0x is 
the gate-oxide capacitance per unit area, W is the effective channel width, Lis the 
effective channel length and I 8 is the DC bias current. From Eq.(l) the transconductance 

(gmr) of the proposed linear tunable wide input rang CMOS OTA can be expressed as 

(2) 

or 

(3) 

From Eq(3), it can be found that the 8mrcan be linearly tuned by the DC bias current h 

2.2 A current squarer circuit 

Fig.2. The rurrent squarer circuit 

95 



•. 

4 D. Duangmalai and K Kaewdang 

According from above mention, the squarer is used in the bias state, so in this section 
we will discuss about squarer circuit. Fig.2 shows a squarer circuit, where the transistor 
11(,, M7 and :Ma act as current mirror that provide the bias current for M3, ~ and M5. 

From routine circuit analysis, the output current of the squaring circuit (I sq) can be 

expressed as 

(4) 

By Eq.(4),ifwe set the W!L oftransistorMs as follows (WI L)u = 2(W I L)M 
1 

, then 
g 6 .A 7 

the current of I Dais will be 2h Subsequently, the Eq. ( 4) can be rewritten to be 

(5) 

where IA is the bias current of the squarer circuit and I 8 is the input signal current of the 

squarer circuit 

2.3 A balanced wide input range CMOS OTA 

......_ _____ .,._ _____ ~1>--.. v S'S 

Fig.3. Schematic diagram a balanced wide input range CMOS OT A 

The proposed balanced wide input range CMOS OTA is shown in Fig.3 which is 
consisted of the current mirrors, the differential pair (M11 and M12) that perfectly matched 
with source degeneration which construct by the active resistors (M9 and M10) where as 
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Iss is the DC biasing of the balanced differential pair. The input voltage of the circuit is 
determined as 

V = (V -V ). 
IJI + - (6) 

. . . . - - 1 (W /) 2 d From the circuit analysis m Fig.3, smce I DIJ -I D 9 - 2 ftnCox /L (V as11 + Vth) an 

I Dl2 =I DJO = ~ ftnCox ('lL) (V GSJ2 + vth )2
, therefore VGS9, v OSlO, v GSJJ and v;;SJ2 are as 

follows V as9 = 2IDJJ -'-V V -c W/L ' th9 ' GSJ 1 -
ftn ox 

2IDJJ +V V = c W/L thl 1 ' GSJO 
ftn OX 

2ID12 +V 
c WjL thlO 

ftn ox 

2ID12 . h KVL f th . . . . th . and V0 s12 = / + Vth 12 . Byusmg t e o e crrcmt m Fig.3, e mput 
ftnCox W L 

voltage V, becomes 

(7) 

Substituting V as9 , V0 s 1o, V as11 and V0 s12 to Eq.(7), therefore Y;, can be rewritten as 

(8) 

Using the KCL at output node (IJ, the output current/a can be defined as 

10 = ID16 -ID18 (9) 

and at node I 99 

(10) 

From Eq.(9) if ID 16 =ID 12 and Im 8 =ID11 , the drain current ID 11 =I
0

+ID12 , then 

substitutes these to Eq.( I 0), it yields I 99 = 2I Dll + Io . So, the currents I Dll and I D12 can 

be expressed as 

(11) 

and 

(12) 

Substituting Eq.(ll) and(12) into Eq.(8), it yield<> 
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(13) 

From Eq.(13), it can be expressed in the filllction of /a as 

(14) 

The transconductance gain gm of the balanced wide input range CMOS OTA in Fig. 3 
can be expressed as 

(15) 

From Eq.(l5) it is foillld that the transconductance gain gm of the CMOS OT A can be 
varied by the bias current I 88 , however it in the square root filllction that cannot linearly 

tillled. 

2. 4 The proposed linear tunable wide input range CMOS OT A 
A linear tilllable wide input range CMOS OT A, which is consisted of a balanced 

differential pair CMOS OT A cell and current squarer cell is shown in Fig.4. The output 
current of the current squarer (/.g) is given to be the DC bias current (I 88) of the proposed 
CMOSOTA. 

Fig.4. Complete ciraJit diagram ofthe proposed linear tunable wide input rang CMOS OTA 

Therefore, from routine circuit analysis in Fig.4, the output current of the proposed 
CMOS OT A can be expressed as 
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I = ¥:n1s finCa,(W/L) 
out 2 8/ A 

(16) 

From Eq.(16) the transconductance gaingmTof the proposed circuit can be expressed as 

(17) 

If we let K = fi. Cox W /2L , the transconductance gain gmT becomes 

(18) 

From Eq.(18), if /A is fixed, the output current I a can be linearly controlled by the external 
DC currents Is. 

It should be noted that the transconductance gain (gmr) of this proposed CMOS OTA 
will provide low harmonic distortion if the input voltage is limited in the range of 

(19) 

2.5 Frequency response of a linear tunable wide input range C.UOS OTA 

Consider the frequency response of the current-mirror-load balanced differential pair 
CMOS OTA. The balanced differential pair CMOS OTA is shown in Fig.5 with four 
capacitances indicated, Cm is the total capacitance of current-mirror at the input node of 

the current mirrors (M13-M14 and MwM16), C"'ff is the total capacitance of differential 

pair and RL is the total resistor at the output node. The total capacitance of current

mirror c m can be expressed as 

where Cm 1 and Cm2 are defined as 

(20) 

(21) 

(22) 
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= 
Fig.5. Frequency response analysis of the circuit in Fig.4 

The capacitance Cdiff is the total capacitance of differential pair can be expressed as 

where cd@and cdiff2 are defined as 

(23) 

(24) 

(25) 

As indicated in Fig.5, the transistor M12 will conduct a drain current signal of 
gm (V,n 12) , which flows through the diode connected transistor of M15, and thus through 

the parallel combination of 1/ gm15 and cm2 where we have neglected the resistances ':,12 

and t;, 15 which are larger than 1/ gm15 , the voltage Vg 1 can be expressed as 

(26) 

The drain current of the M 16can be defined as 

(27) 

substituting Vg 1 from Eq.(26) to Eq.(27), the drain current id 16 can be rewritten as 
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and the voltage Vg 2 is written as 

Since the drain currenti,iJ4 = id 17 = id 18 , where id1ais defined as 

Substituting Vg 2 from Eq.(29) to Eq.(30) the drain current id 18 can be expressed as 

Now, at the output node the total current is 

which flows though the parallel combination of Ra = t;,16 II t;,18 and RL thus 

v-. 1 
o - 1out 1 

-+R R L 
0 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

Substituting iout from Eq.(32) to Eq.(33) where gm 9 = gm1o = gmR, gm13 = gm 15 = gm and 
'"' 

gm11 = gm12 = gmdJ!J the voltage transfer gain is written as 

101 



. . 
10 D. Duangmalai and K Kaewdang 

v _o_= 
1 sCm +--

gm,. 

(34) 

From Eq.(34) indicates that the capacitance Cm at the input of the current mirror give rise 

to a pole with frequency JP , 

(35) 

and a zero with frequency f. 

(36) 

From (36) indicates that the capacitance CdJ.ff at the differential pair give rise to a zero 

with frequency f. . 

2. 6 A linear tunable sinusoidal quadrature oscillator 

The quadrature oscillator is a typical of sinusoidal oscillator which it provides two 
sinusoids outputs with 90° phase shift. They are found useful in selective voltmeters in 
measurement system, simple sideband generators and quadrature mixers, vector 
generators and selective voltmeters20

"
22

. 

In order to demonstrate the usefulness of the proposed tunable CMOS OTA, the 
quadrature oscillator based on the proposed CMOS OT A which its oscillation frequency 
can be linearly controlled is presented. The circuit structure consists of 3 tunable CMOS 
OTAs, 2 grounded capacitors, and only resistor.Figure6 shows the block diagram of the 
quadrature oscillator compose of an integrator circuit, an amplifier circuit and 
adder/subtractor circuit. 
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Fig.6. Block diagram of the quadrature oscillator 

Fig.7. Schematic diagram of the quadrature oscillator 

The schematic diagram of the circuit is show11 in Fig.7, where the OTA0 and C1form 
as the integrator a, the OT Ab andC 2form as the integrator b and the amplifier circuit 
consist of OT Ac and R. The characteristic equation of the circuit can be obtained a-; 

(37) 

From Eq.(37), the condition of oscillation and the frequency of oscillation are written a<; 

(38) 

(39) 

103 



12 D. Duangmalai and K Kaewdang 

Is /I Is II Is II 
From Eq.(38) and Eq.(39), if g,. = 2 VSZ:' g,., = 2. v~ and gm, = 2' v~' it 

yields 

RIB,~ k :::::1. 
2 8JA 

IBa]Bbk 

321ACp2 

If Isa=Is6=Is, therefore Eq.( 41) can be reduced to 

k 
w =1 

ooc B 32I C C 
A 1 2 

(40) 

(41) 

(42) 

From Eq. (39) the frequency of oscillation can be linearly tuned by I 
0 

while the 

condition of oscillation can be adjusted by I Be . From Eq.( 40) and Eq.( 42), it is obviously 

found that the condition of oscillation and frequency of oscillation can be adjusted 
independently. The relationship of output voltage between Vq and V:,

2 
can be expressed 

in the voltage transfer function as 

vo,(s) -gm. 
--=--
Vq (s) sC2 

The voltage of sinusoidal steady state can be rewritten as 

Vo, (jw) - gm• - J90' ----=--- = --e 
Va, (jw) wC2 . 

(43) 

(44) 

It is found from Eq.( 44) that the quadrature output voltage between Vq and V:,
2 

is phase 

difference 90°. 

3. Simulation Results 

We perform the simulations by using PSPICE for verification and demonstrate the 
performance of the proposed CMOS OTA and its application. All MOS transistor use the 
TSMC 0.35 Jlm process parameters. The dimensions of transistors are illustrated in 
Table 1. The power supplies were set to Vnn = -Vss = 1.5 V. 

Table 1. The dimensions of the CMOS transistors 

CMOS 

M1-M7, MwM1s 

Ms 

M9.M1o 

W()lm) I L()lm) 

1.75/0.35 

3.5/0.35 

0.35/0.35 
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The DC transfer characteristic of the proposed circuit in Fig.4 was shown in Fig.8. The 
plots of the output current lout varying the input voltage(Vm) is clearly shown that, in the 
case of the DC bias current(1 8) of 500).1A, 700).1A and 800).1A, the circuit can be linearly 
convert the input voltage into output signal current with nonlinearity of less than 2.5% for 
the input voltage(V;n) in the range of -0.8 to 0.8V, -0.97 to 0.97V and -1.01 to 1.01 V, 
respectively. 

These results were agreed with the Eq.(l8). For example, in the case of the input 
voltage V.n=IOOmv, the DC bias current IA=200).1A, the DC bias current I8=500).1A and 
the transconductance gain g"'T = 3. 8 x 10-4 A IV . 

ISO 

100 

::? . .=, 0 

= .s 

-100 

-180 

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 

Vin(V) 

Fig.8. DC transfer characteristics of the proposed CMOS OTA 

The plot of the relation between the transconductance gain gmr and varying input voltage 

in the ranges of -1.1 to l.lV in Fig.9. It is shown that, in the case of/8 = 500).1A,700).1A 
and 800).1A the circuit can be linearly convert the input voltage into signal 
transconductance g"'T for the input voltage U'm) in the ranges of -0.7 to 0.7V, -0.8 to 0.8V 

and -0.6 to 0.6V, respectively, for the transconductance's nonlinearity of less than 3%. 
From this result, we found that the higher bias current will provide wider linear range of 
the transconductance. 

240 

~ 
1! 
Iii 200 
ij 

.a 

I 
~ 160 

140 

L 
/._ 

~ 
,;a-

y 

~ r-

-1.1 -1. -0.8 -0.6 -0.4 -0.2 0 
Vin (V) 

0.2 0.4 

Fig.9. Transconductances of the conventional transconductor 

:s;f I8 - 80<l uA 

" 
B I 8 = 700ui\ 

~ 18 = 500 uA 

~ 

~ ~ 

............ 
~ 

0.6 0.8 
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:- 300u ·· 
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~lOOt*-+---+--~~~--+ - -·!---+-·+--·······: .... __ j ... 4---~----i--1 

o:1 02 oJ oA o.s o.6 o.1 o.s o.9 1.1 1.2 1.3 lA 1.5 
lu(mA) 

Fig. I 0. Linear transconductance tunable range 

Fig. I 0 showns the plot of relation between the transconductance gain gm, and the DC 

bias current 18 • It is measured by given V;n=lmV, IA=200jlA and varies I 8 H·om lnA to 
1.2mA. This result shows that the g,, can be linearly tuned by the bias current I 8 over the 

current range of InA to 1.1 rnA, where the simulated conversion error is less than 4.3%. 
The frequency response of the proposed circuit is shown in Fig.12. in the case of the 

AC input voltage V;11=1mV, the DC bias current Io==500jlA, the transconductance gain 
g"'·''" =3.8x 1 0-4V/A, g"'" =l.7x 1 0'

4
V/A, grn,., =3.8x 10'

4
V/A, ern =1.81 X 10'15F and cdi[f 

=3.8xto· 15F, the -3dn bandwidth of about 8.35 GHz is achieved. From this result we 
found that, the fTequency response of the proposed circuit is according to the calculation 
in Eq.(33) with the error of about 5% . 

o.r-:===================================::;::==========:=~ 

·12 L---------~--------------------------------~--------------~ 
1.0 10 100 I.OK lOK lOOK UJM 10M lOOM 1.00 I OG I 000 lOT 

Freqwncy (Jlz) 

Fig.ll.Frequency respond ofthe OTA 

The performances of the proposed linear tunable quadrature oscillator in Fig. 7, are 
also verified through the PSPICE simulation results. For the design example of the 
frequency of oscillation (f~sc) is 600kHz, we set the bias current of the OT Aa and the 
OT Ab are 500 pA ( I 8 = I 11 = I 11 = 500 pA) and the bias current of the OT Ac is 697 f.l A 

,, ' 
( I

0
• = 697 pA) and C1 = C~ = 50pF, then from the condition of Eq.(40) the resistor (R) 

will be equal to 5 .2k0. Fig.l2 and Fig.13 show the output waveform at the initial and 
output wavefonn at the steady state tor V"1 and Vo.?· Fig.l4 shows the output spectrum 
where the simulated oscillation frequency was obtained at 600 kHz and total harmonic 
distortion (THD) is about 0.39 %. The power consumption is about 37.7 mW. 
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Fig. IS depicts the plots of the simulated and theoretical oscillation frequencies versus the 
bias currents /8 at C1 and C: \Vith identical values, are 5nF, SOOpF and 50pF. It is seen 
that the simulation results are in accordance with the theoretical analysis shown in 
Eq. (40). 

·800 

> 
,§ 

0.70 

750 

400 

~ 0 
> 
....: 
~-400 

0.75 0.80 0.85 O.<Xi (J.l/5 1.0(1 1.05 1.10 1.15 1.20 1.25 1.30 us 1.40 U5 1.50 

Time (ms) 

Fig.12. Output waveform at the initial state 

¢ Vol 

-777'-L--------------------------------~--------------------------------~ 
1.262 1.264 1.266 1.268 1.270 

Timc(ms) 

1.272 

Fig.13. Output wavelonn at the steady state 

1.274 

> 100 .............................. 600kHz J ........................................................... .. 

1.276 1.278 

<> Vol 

Cl Vo2 

THD=0.39% ~ 10 ---- c= ______ ----- --- ----- ---
> ............ ~ .A l '---,.--~I 
'-' ,...... .A A ~ > 0.1 ................................................................................. - ...... .,. ... . 

0 0.5 1.5 2 2.5 3 3.5 4 
Frequency (MHz) 

Fig.l4. Output spectrum of the quadrature oscillator 
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Fig.15. Output frequency versus lB currents. 

4. Conclusion 

A realization technique of the linear tunable and wide input range CMOS OT A has been 
presented in this work. The circuit structure is composed of the improved balanced differential 
pairand the current squarer circuit. Its transconductance gain can be linearly controlled by 
electronic method by the external DC bias ctnTent with the nonlinear transconductance of less 
than 4.3%. The PSPICE simulation results can be demonstrated the performance of the 
proposed circuit. The frequency respond of the proposed CMOSOTA is about 8. 35 G Hz, with 
power consumptions about 3.05 mW. In addition, the tunable quadrature oscillator based on 
the proposed CMOS OTA which its oscillation frequency can be linearly controlled is 
presented. 
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Abstract--A new technique to realize the linear tunable and 
wide in1•ut range CMOS OTA is proposed. The realization 
method is achie\<-ed by squaring the long tail current (1 8 ) of the 
differential pair and improved the linear input range by source 
degeneration technique. The OT A transconductance gain can be 
linearly tuned from tOn A to I rnA and the linear input-voltage 
range of about 1 V p with less than 3% nonlinearity is obtained. 
The performance of the circuit is discussed and confirmed 
through PSPICE-simulation results in TSMC 0.35 11m CMOS 
technology with power supply of±1.5 V. 

Keywords- linear CMOS OTA: current S<(uarer; current 
tunable: transconductance: 

l. INTRODUCTION 

The operational transconductance amplitier (OTA) is the 
favorable active bui I ding block of analog circuits and systems. 
Its duty is voltage to current converting circuit. Apart from 
that. the output gain of OTA can he ele~1ronically controlled. 
Furthermore, it has high input and output impedances. Thus. it 
is widely employed in analog circuit designs such as 
amplifiers [I]. sinusoidal oscillators 12]!3]. square-rooters [4]. 
multipliers [5] andactive titters (6]. It is well accepted that the 
transconductance at output port (g,.) of OTA based on BJT 

technology can be linearly adju~ted by current bias. However. 
theg .. depend on temperature more than OTA based on CMOS 
technology. As a result of g,.~f/2V, where V1 is the thcnnal 
voltage.Moreover, the CMOS technology is a good choice for 
analog circuit design in the past two decades [7]. There are 
many advantages, such as. low cost technology. small size and 
low power consumption. 

Fromliterature review. the linear CMOS transconductor 
circuits have been presented for example in [8-1 0]. ll1eir 
linear input voltage range has been improved and its 
transconductrance gain can be controllable. However, the most 
tunable transconductace are controlled by voltage and 
nonlinear[9)[ I ].Recently, an Electronically Tunable 
Opemtional Transconductance Amplifier (LOlA). where its 
g.., can be linearly tuned for a 3-decade range, has been 
proposed[ II]. However. its structure is quite complicated due 
to the use of 3 CMOS OT As. A balanced output operational 
transconductanceamplifierOTA (BOTA), where its g,. can be 
linearly tuned a fully ditferential transconductor and a variable 

Khanittha Kacwdang 
Faculty of Engineering 

UbonRatchathani Universitv 
UbonRatchathani, 34190. Thailand 

khanittha.k@ubu.ac.th 

current gain cell that is modi tied from a current-mode 
trans linear circuit. has been proposed [12]. 

Therefore, the main o~jective of this paper is to propose a 
new circuit d~-sign technique for the synthesis of a linear 
elcctronicallytunable CMOS OT A with the wider input range. 
This OT A is achieved by squaring the bias current In of 
CMOS OT A for the linear transconductance controllable by 
the external DC bias current. Moreover the circuit 
perfonnancehas heen improved for wide linear input dynamic 
range. 

II. CIRCUIT DESCRIPTIONS 

A. Basic Conceptof01~l 

The operational transconductance amplitier or OTA is 
voltage-to-current converter circuit[ 12. 13]. The output 
current of an OTA is given by 

(I) 

where/0 is the output current, g,. is the transconductance of 
OTA. and V111 =(V+ -V_) is the different input voltage. For a 

CMOS OTA, the transconductance b'llin is equalJJ]J; where 

the transconductance parameter k = p(., lfh L , p is the 

mobility of the carrier,C,, is the capacitance per unit area, W is 
the effective channel width, L is the cflective channel length. 
The symbol of the CMOS OTA is illustrated in Fig. I. 

l'ig 1. S)lnbol oflhc OTA. 
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B. Current Squarer Circuit 
Assmning as all MOS transistor are operated m saruration 

region Based on the square law characteristic of CMOS 
transistor, the output cWTent of this squarer can be expressed as 

(2) 

From Fig.2, if we give (W/L)MJ ~ 2(W/L)M2.Mlo the drain 
current lm will equal to 2h Subsequently, the Eq. (2) can be 
rewritten to be 

J' 
I out_,.., = - 8

-. 

8JA 
(3) 

From the Eq. (3), it can be found that the squarer can be 
electronically controlled by I A • In addition, in ideal case, it is 

independent from temperature variation Therefore, it is 
appropriate to employee in the OT A 

v[)D 

Fig. 2. Current squarer circuit. 

Fig. 3. A balanced wide input range CMOS OT A 

C. Principle of the balancedwide input range CMOS OTA 

Let us assume that MlJ and M14are perfectly matched, M1, 

and M 16 are active resistor bias balanced differential circuit 
and the current mirrors have unity current gains, where V.n is 
the differential mput voltage (r;, = v.- V_) and !8 is the bias 

current illustrated in Fig.3 [13-lS].From Fig. 3, M11 and M12 are 
operated as resiStance simulators. It can be seen that, 
Vn =V. -V_ =V0814 +i~S\2 -Va.m -V0811 , then from routine 

circuit analysis the differential output current /0 can be express as 

(4) 

If -2Jf s vm s 2ff ,the tran~conductance gain gm of the 

differential transconductor and/, can be defmed as 

(5) 

and 

(6) 

From this result, we can found that the input voltage (V,) of 
this circuit can operate 2 times wider range than the simple 
CMOS OTA. For example, in the case of 188 = 500~-tA and 
k = 4.63x104 AY2

, the usable range of a balanced wide input 
range CMOS OT A is about ±0. 76V for !0 ~ 80~-tA. where as 
the simple CMOS OTA is about±0.31V is shownm Fig.6. 

D. The proposed linear tunable wide input range CMOS OTA 

The proposed linear tunable wide input range CMOS OT A 
is realized by assume that all transistor are operated in 
saturation region. This means that the transistor drain current 
I 0 is characterized by 

I 
_r k(vas-v,.)' forV08 >V,. 

0 -l 0 forV""<V,. 
(7) 

Where k is the transconductance parameter, k = )J.C
0

, W/L 
where iJ is the mobility of the carrier, Cox is the capacitance 
per unit area, W is the effective channel width, L is the 
e!Tective channel length, Vas is the gate-to-source and Vu. is the 
threshold voltage, respectively. The circuit configuration 
consists of a balanced wide input range CMOS OT A and 
current squarer circuit Fig.4 shows the conceptual circuit, to 
obtain th<J linear tunable transconductance by the external DC 
bias current I B. 
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Fig, 4 The circuit ~onf1gurar1on of tht> propo<iied OTA 

Fig. 5. lntcmal construrtton of th~ linear tunahlc wide input range CMOS 
<:rrA 

From properties of the current squarer and the balanced wide 
input range CMOS OTA as described in Section Il.B and 
ll.C.the proposed OTA's tmtput cwTent can be foundto be 

(8) 

1 ; 
Where /111, '··· loW,q,..~,., ··· -"-. Hence, /,.,can be expressed as 

8/A 

I =I~,IR fi_ 
,... 2 v"Si; 

theretore, the transconductance gain (g.,) is 

(9) 

(10) 

From Eq. (I 0) if !. fi._ kept constant. we found that g,. can 
2v8/, 

bcelectronically andlinearly controlled by external DC bias 
current;/n. 
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Ill. SIMlJLA l'ION RFSl'I.TS 

The performances of the proposed linear tunable wide 
input range CMOS OT A of Fig.S have been verified by 
PSPICE simulation. The NMOS and PMOS transistor use 
parameter of the TSMC 0.35 J.lm level 3 of MOSIS. The 
dimensions of tmnsistors are illustrated in Table I. The power 
supply were set to Yon"' V,, ·- 1.5 V. 

1":\111 1.: I. DIMFNSIO!>S OF n II' CMOS 

CMOS W(ml)iLOml 

MI. M2, M4 ---M8 
MJ 3.510 35 

MII··-Ml2 O.J5i0.J5 
MI3-ML8 1.7:110.35 

The first simulated result displays the DC tmnsfcr 
characteristic ofihe output currents of the simple OT A and the 
proposed OT A where V,, is varied as shown in fig. 6. It can 
be concluded that the input voltage range of the proposed is 
wider the simple OT A. Its linear input range is approximately 
±I V. Fig.7 Shows simulation results of the DC transfer 
characteristk of the proposed CMOS OT A. The plots of the 
output current/,.,. versus the input voltage V,. is clearly shown 
that the DC bins current (/u> in the case of 500J.1A, 700J.1Aand 
800J.1A.can be linearly convert the input voltage into output 
signal current. with tranconductor's nonlinearity less than 3% 
lor the input voltage (V,.) in the range about of 0.4V to 0.4V, 
-0.75Vto0.75V,and -0.61 V to 0.61 Vrespectively. These results 
were agreed with the prediction value from Eq. (9). For 
example, in the case of the DC bias current /-'=200ltA, 
111- SOOJ.!A. V,~ I OOm V, tiC'.,,! 2 = 92.7 x l!Y" AiV~. the 

transconductance gain g,.,~' 1.35x I (J"4A/ r. 

-100~-=+/....-;~+i~-+---1--+-_.j.-...__..._..__, 

·1.! .J.O -0.8 -0.6 -41.4 -OJ 0 OJ 0.4 0.6 0.8 1.1 
~5implt(ITA 0 P"'l"""'' IlL\ (\'} 

1-\g. 6. IX: tnmsftr clulllll."tl.'listics of dl< simpkl 0 lA mKI ""lc input runge OTA 

-UI -0.! -i).b {>4 .(),2 0.2 0.6 0$ 1.0 
\in(VJ 

Fig. 7. DC tr:u1.sfer ~haractcri~tic!o. t)fthc propt)std CMOS OTA 
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Fig. 8, r ransoonductan"-es of the conv~ntionul trunscvnductor 

Hg, 9. l.inl!ar transconductancl! tunahlc range. 

Fig. 10. Frequency re>pond of Inc OTA 

Fig.8 illustrates simulation results of the transconductance 
characteristic for the various bias currents. For example. in the 
case of/8 = 700!(A, 750!(A and 80011A respectively. the linear 
input range is about -0.75V to 0.75V. -0.67V to 0.67V and-
0.61V to 0.61Vrespectively, for the transconductance's 
nonlinearity are less than 3%. From this rcsuls. we found that 
the higher bias current will provide wider linear range of 
transconductance.The plot of the ration between the 
transconductance gain gm and the bias current Inis shown in 
Fig. 9. It is measured by fixing V;,~IOOmV. and (\-20011A. by 
varying IR from IOnA to l.5mA. This result shows that the 
transconductance gain g., can be linearly tuned by the bias 
current /u over the current range of I On A to I. I mA, where 
thesimulated conversion error are less than 4.3%. Fig. I 0 
shows the lrequen<.-y response of a linear tunable wide input 
range CMOS OTA simulate -3dB is about 3.28 GHz . 
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IV. CONCU !SIONS 

A new linear tunable and wide input range CMOS OT A has 
been presented in this work. It is combination of a novel 
transconductance cell and squaring circuit. The transconductance 
gain can be linearly adjusted by electronic method via the 
external OC bia\ current. with the nonlinear transconductance of 
les~ than 3%. l'he simulation result with PSPICE can be 
demonstrated that thelrcquen<--y respond of the OT A is about 3.28 
Gll7, with power consumptions about 3.05 mW. 
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