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ABSTRACT

This thesis presents the design and synthesis of analog filter circuits using CCCTAs
(current controlled conveyor transconductance amplifiers). In this work, the CCCTA
element designing in BICMOS technology is firstly introduced. This element will be
used as the main active building blocks for implementation of the proposed active
filters. Two biguadratic current-mode (CM) filters and the first order voltage-mode
filter are proposed. The first proposed biquad is the multi-function biquad filter with
single-input and triple-output (SITO) terminals, while the second one is the biquad
filter having triple-input and single-output (TISO) terminals. Both of the proposed CM
filters are designed by based on only single CCCTA and two grounded capacitors
without passive resistor. For SITO CM filter, it can realize the three standard types of
the biquadratic functions, i.e., lowpass (LP), bandpass (BP) and highpass (HP). On the
other hand, the proposed TISO filter realizes all five standard biquadratic filter
functions, namely LP, BP, HP, bandstop (BS) and allpass (AP) with properly connecting
the relevant input terminal. Finally, the resistorless first-order voltage-mode filter
consisted of only one CCCTA and one floating capacitor has been realized. The natural
angular frequency (@, and the quality factor (Q) of all the proposed circuits are
electronically tunable by the external current via the CCCTA. The proposed circuits
have shown low active and passive device sensitivities. Moreover, the experimentally
test results using commercially available integrated circuits AD844s and LM13700s are

provided to verify the presented theory.



AnmnssuUsznne

¥
a § o A o

eniinusaduilduialdrisanuniunduedigninenasdivinw mansansg

v
|

¢ ¥ aAu ¢ dgw ' - % vo & \ Y %
9. 3TNIA AIFAIIANU VIELMFHWWU’JEJLW@EJSLUV@ s] AU ﬂaEJSL‘Mﬂﬂ“ULLqu’JEJLLﬂ‘fjﬁy'MﬂumumN e]

pusHdsEauluAWITING A1uN15YINITE areveaUsyaunisalnng q nasnaudulnidend

a < | aae vo a &
AIUDITN IIYTITU LUULLUU@UWQW@IWﬂUQﬂﬂ‘USVJﬂ f AU

UYBYDUAN K YI8A1ENT19138 AT, 9191 TeugIEney sese8n1suAUTEINInean

YouLAY WInendewmalulagsvueadau Nlvnswansuazatvayulunisfinyaisil

[

YavauUAMTeY 9 eeUfuRn1TideUseutanadaya i1 (Mixed Signal Processing

L]
v

Laboratory) #ilalimnudismastunisuilelgmniifetusasnszuznaivesnisane

YVBUAMLN BUT NN TYITAInTsuTiannseidnduazinsauuiny Aus
Franssumans un1inerdenaluladsiyuinadan Inenvaveusniu Mdudeeelingg

atvanudnmaUnsaliasiasasdiolunmnaes naenaulrmadlalunisininentnug

vavaUAM AU 1A Mludedidaamndsdiensedunasnanu Tirnddanaen

SEULLIANITHINYITNUS

dmsupauauidulafiinainingdnusaduil trarveneulviiuiaiuazinsan

= & Ao N ¢ ] v v a £ a v
FIUUNINLASLATTNEGS ﬁlaﬁ]ﬂﬁ]u@iza”ﬂ’]i&mLﬂ’]i‘WVlﬂVl’lu‘l’llﬂﬂi%’ﬁ%ﬁﬂi%ﬁ’m@"mﬂ’J’]lI'ELLﬁS

6

1899AUTLAUNTAING LALATINLIN

Ingiod ynsyayy



RN

UNARD DA VI eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee |
UMM DA TIITUNE Y. oo I
AN TTUUTEN VP oo eenes If
ANTUR oo \¥
GEEA T Ui i, VI
GUELVATY LN o0” oSN NN V1 W Y PRV RO .. OO IX
TRRT O A NN\ 1 777 R, . 1
1.1 AU aE A UB I QU e 1

1.2 AN EUASINGUIYAIAVDINTTANY L. oottt 3

1.3 AANMS AT WA INENINUS .t 4

1.4 3198UBYATDTINYITNUS ..ot e Dot ot 4

W) o0 o s B Al A ——— T AR A 6

UNTH 2 29 TUDATIHAMSUNTTU T U T AN AT Y TUMBUEEDN e 12
2.1 nefa|I9).... (W SeeueEe OREtep ] © (NN & L. 12

2.2 HVTMDATHNUG Wi o st 13

2.2.1 awsmawmmwaﬁuﬁmﬁq (B ...y SR 13

222 Nﬁ]imawmﬂizuajuﬁam (S0 25, NN Y A7 S 15

223 Nf\]smawwuﬂssL.Lai;uﬁaaqv-mjﬂué’wmwa (GCM). L H........... 16

224 awsawwmmzl,l,as:uﬁam (CCIY. 2. o el 18

2.2.5 2995U818AUUIR VDU (OTA) .. eoeoeocsisioenssiionsssssssssossssssssssssssssssssnne 19

2.2.6 1ATVI1BAIIEWTOUANBNIUNIZUNE (CCTA).ooooooooeeeee 21

2.2.7 vasvgnganuihaglouameniunszuaniIuaumensela (CCCCTA) 22

2.3 BFUn oo 24
2 BB AUTIT 2o 25
UNT 3 D995 CCCTA oo 31
B D AN I e e et 31



GUETTRGR))

3.2 AN585192995 CCCCTA AN 1UTAADIUUULUINATS oo
3.3 N585192995 CCCCTA AUNITUTANDTUUUTUDE...vvvoeeooeeeeee e
3.3.1 N5a3192995 CCCll AENTIUTAADSUUUTUOR ovveeeee e
3.3.2 N3A3192995 OTA AUNTTUTANOSUUUTUDH ...oooooooe e
3.4 N585192995 CCCTA AN 1UTAADTUUULUTUOR. oo
3.5 AOUANURATD99995 CCCTA TUNIUGUR oo

3.6 ARANUANIINTIVOIINIT CCOTA it

Ui 4 M3UsEenAlgiuIe9s CCCTA TUIINTOITYE MM, oot

4. 8ga18l i \b 2 U ... S U g) L2251 S @ 7 W\

4.2 133N 39381 uluAI9AT NN TAUANSTUALUY SIMO.oevee oo

4.2.1 293nT0sd g alumensfinluuanseuanaentiLuy SITO

et e 42 Al o~ 1.

4.2.2 eyuilididugauaisasnsassdyaalumensifinlnusnssuanaiy

PN UUVLL SITO 112995 CCCTA VT oo

4.2.3 nan13dnaesn1svinusasnsesdaalunienfinlnuan seud

PAEVLNALUY SITO 183995 CCCTA ARt

4.3 199370981l UADATTINIAUANTEUALUU MISO....ccii oo

4.3.1 1a3nsesdggralumisaiinluuanszianasntn LUy TISO

L1995 COCTA Y e

4.3.2 rwldidugauafvasnsasdygalumensifinluuanszuanaiy

WTWUU TISO 192995 CCCTA V0o

4.3.3 NaN1591809N15VNNNINITNTod g aluAten TN InuAN ST

PANNUNBUU TISO 193995 CCCTA VRIR Do,

31
37
37
39
41
a4
a4
51
52

57

57

58

58

60

61
71

71

73

74



d15U8y (si9)

4.4 299N TBWIUNNANUDTUAUNTINUATIIU. e
4.4.1 1993n38%UNANUDSURUTalNaws kU lisissunulag
193905 COCTA M

[~

4.4.2 A1l Jugaunfve1399snsosuyNANN SR UNT AL IR
Ui unulaeldaens CCCTA MR e
4.4.3 NANITINRDINITYINIUNITNTDIIUNNANMUDBUAUNTL LA T

wUULUTAALN A1 E2995 CCCTA BTG,

Ul 5 nan1IMeRe TN MnLanszuaLaEvEaussiulngldlod
weADgddtnt N 0. KRR \C M M/ atills Y oo L\
g T R VAN N Ve A —————— Lo WY A B
5.2 11583193995 CCCTA mlgloBiuns AD8AG uagluos LM13700..............
5.3 nansvaaesRsnsasduaaluniensfinunnseuanaening

g 01N () S N RN SRR WO 1., N, | R T &
5.3.1 HAMDUAUBINNAMUT LA HAN VALV WD LP ...
5.3.2 NAROUALOMINAMUDRAZNANDUALDIVN AV ITeATU HP...........
5.3.3 HaROUAUDINANUBREYHANBUALBIVNIIE YO FY BP.........
5.3.4 naneUaLaIALfvelaidy BP HouUIAN R AL g ...
5.4 HansVAaRIRINsesdaalupeaTIinuansesaa e g
BUU T1S0 i oI g ........cccomervvonrssresmsosesssesseses
5.0.1 HANBUAUDINNANUD LA HANS UALBIVNIIA WD LP ... ...
5.4.2 NARBUALBINIIAMUDUAZNANDUALBIVINIAVaITe Ty HP...........
5.4.3 HANDUALDINNANUBLAYHANS UALBIVININE WD BP...........
5.4.4 uaRaUALBIMNIALATela iy BP (WOl R, WA g ...
5.4.5 NAROUALEIN AU RAZNANDUALDIVINIIATeriTU BS..........

5.0.6 NANDUANBINNAIUDLALHANBUAUDINIIANVDIHINTY AP............

Vi

PN

85

86

86
91
93

103
103
103

104
106
108
111
113

115
116
119
122
124
126
129



#1508y (si9)

ivg
5.5 HANSNARDNIATNTBIHYNANMASUTUNTUAUTIIU. .. 131
5.5.1 NANDUALBINIA L TLATHARBUALDIMNIIAYBIITINTOIHIY

nnAASuF NS CCCTA 132
1L P 137
5.7 LONENTENBIUNT 5...eocvsrssssesommmns o vt 138
Uil 6 UnagUuaztelausl Uz YATEIUBUIAR. - oo 140
o QU (VI S¥ JRSSNN 1\ Vo oo, . N 140
6.2 VOLAUDUUBWUIMIVITIRUAD. oo cssssssseee it 142
6.3 1gnarimagnt 2o B e X Y5 s, N\ 143
b eyl - RATA ' AR <20~ ‘e AT /87T " A | 144

NANIN N NITIATTIMANTTOULTDRTIUAIBATIINIMUAN SEavang
g v o A\ Wham var v ol 4 S0 § B 145

AMANWIN U NITIATIINIANTTOULTRINATLUAIBATITINIAIANTEIavae
BTUASTED... 3. [ T e i WL 161

MARUIN A MTIATIIANSIALLVEIIINTRSHIUNNA AU UNla

5} Ty 0 A N Sy oA W - Y 7 S— 170
MANIAN ¢ AN ST IABIANTY NN o 175
AANUAN 9 UNAVTSFUNITARIN e 178
U T ... o I g ... esss s 205

VI



A130UYA919

P39
3.1 AEAsTAMlIU999995 CCCTATUFUT 3.9

5.1 8RNIV ULAZINATDUWUSAMNTZWALUDA 1o

VIl

YN
51



U Wi
2.1 FyAnwaInIIARIVOINDT CClorrmrrriieeeeeeeeeeeeeeeeee e 13
2.2 3RTAULANIITNUDINAT CCllrrrrnrrnirrrrererer e 13
2.3 51aaxL%&qumﬁugmmﬁmmwaﬁ L 14
2.0 FUanUaIMTINAIUBIITT CClleeeeeeeeeee oo 15
2.5 39TANYANNINTNUDIIIDT CClLrrrrrrvrrssvvrrosrismessseersserneserssses e 16
2.6 FUANUAINITIUAIUBIINDT COCI oottt 16
2.7 3RTAUYANNINTNUDIIIDT CCCIL vttt siineesseseseeibsse s 17
2.8 8AHBUNATAUTMANELLIVOIT COON Lot 17
2.9 FydnuaINSINTNUDIITT COM oot bt 18
2.10 FeyanWaIN I AT IUO9999T OTA oottt ttns et 20
2.11 395aULAN AT IUBINAT OTA Lot v seens b ere ot teeneessbeee 20
2.12 Twasdeasiuguneluge1I9s OTA v udawosuuululwans. ... 20
2.13 Feyanwaln I AHIU091OT CCTA Lol eeseeeeeeessesesseet i oo 21
2.14 3R TAULANIINTNUBIIIAT COTA oritceniomasess sttt e 21
2.15 ﬂaazLﬁﬂmaaiﬁugwumﬂmws anrngn R P 41 N o ¥ 22
2.16 danwalvNANANIO99995 CCCCTA ..ottt 23
2.17 29380 1UDII99T CCCCTA iiviessiierressssesiens sttt 23
2.18 90a¢i8n995 g LTS CCCCTA N UBAROSLUUIUING S . 24
3.1 NATNTOUNTWARTOTAGTAOUT .. oottt 32
3.2 2995 CCCll @519M28NIUTAADSUUULUINANT oot 34
3.3 2995 OTA @5199 28N TN SUUULUIHAT it 35
34 iwaJa::L%&quaiﬁugmmﬂmamaaﬁ COCCTMITE . ooeoeereeeeeveeeeesssssssi 36
3.5 NATNIOUNTIUADLEUTATAOTUUUTNOR ..o 38
3.6 2995 CCCll @510 ENTTUTAAD TUUUTUDR oo 38
3.7 2995 OTA @5 9A NI WUTAAD TUUUTUOR..ooooooooooeeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 40
3.8 918021882995 CCCCTA UUUHTUOA ... 41
3.9 A BEANUgII995118119993 CCCTA WUUHUTUOA. .o 42
3.10 2995auan9lnT2993995 CCCTA TUNNUZTR. oo 44



d15UtY3U (si0)

g‘dﬁ?‘i
3,11 A1AIEUNIULE R, Nesa X ouUsAINTEUALUSE £
3,12 HANTABUNTLUA 1, TNOIA X TUSINOIA 2 (/1)
3.13 NANBUALEIINIAIINAVDS VIV ottt
3,10 HARBUAUBIVNADINTUDY £/7. oottt
3.15 Andufiuaudfinesn p s Sy S
3,16 ATBUTUAUTTNDTA Z (R.)..orereiteceosesoseeseeseesess et
3,17 ATBUTUAUTTANDTA O (R}ttt st ettt e e
3.18 WaMUALDINHINTZLANTIVOIIIDT CCCTA oo
3.19 HARBUALBINANLENNAT CCCTA IAIUVLLDNFANDIN ot LAY 0.
3,20 HANBUALDMINIANAVDI9TT CCCTA WowUsANsEwaluda 2. oo
4.1 2snsesdaalunensfinnunnssuanatevindiuuy SITo 1Hheas CCCTA..
0.2 NAMBUALDITAI VNN TENALALWNANINA IR TIATU LPo i
4.3 HaNOUALBITNTIVENEN L LALALNANIIAIINE TAFU HP. e
4.4 WanBUALDITATIVENENTHLANALNANIIATIUD TIATU BP.oortorn
4.5 uanoUANBSIIIVENeNSEILANIALRReATY BP Wouysen £, = 500 kHz
1 MHz Uag 2 MHZ WA ATRUATEAT O = 1 oottt eeeeeeeeseeeeeie e
0.6 NANDUALDISHTIVENSNSELANTIANANITY BP A0 £, = 1 MHz iieutsan
O\ 0G7Laae 2. NN E ) e (SN
4.7 naneuauswaaileidu BP ileteunsvuadunasuadule 20 uA, A1ud
RUUTRNTD Vs NV 10 IR YIS () S P Ao
4.8 A1 THD Lﬁ'awé‘auuﬂaW‘mmaaﬂstLaauwmgﬂﬂﬁu%ﬁ 5 WA, 019 60 pA...........
4.9 HanTATeRiBEtRAIRLd £ fleidu BP fedtueumansla dle ¢,
JEauintu 5 % (1) NaROUALBIVINIANNA (1) ATMUIL e
4.10 nan s RTEaRaaag £ ity BP feitueuinisla e ¢,
Jeauusintu 5 9% (n) HANDUALBINAVINE (1) NTINMI e
4.11 wan s RiBEdRnaud £, flaidu BP fedtuauiansla e &,

WEYINNU 5 % (1) NAMDUAUBINIIAIIND (V) NFTNSG oo

45
45
a6
at
a7
a8
48
49
49
50
59
62
62
63

63

64

65
65

67

68

69



d15UtY3U (si0)

U7
4.12 Han1TAATIMTIERRAIAND £, T BP medSuausiniila e g,
WWELUUINAU 5 % (N) NARBUAUBINIAINUND (V) AN oo,

4.13 2993nsesdggallumensifinluuanszuaatsntfinuy TISO Tva93s CCCTA

4.14 HARBUALRISHTIVIBNTELAN1SARNNA e LP HP uay BP iisufuna

VNIV oo froegeegrengeesensesseeeess IR -+ eessssereras
0.15 HARBUALBISITIVYI8NTYUANIALA Terfdu BS LB URUHANNGEE..........
4.16 nanBUAUDINIINAVDINATU BS HURUNBVIAIMNOUT] oot
4.17 Haneuausssns e nIsLaLazlannImd feddu AP sufunaniangud.
0.18 HanBUALEIIATI VLN TN IAINE e BP eutsen £, = 766 kHz

1.5 MHZ uag 2.2 MHz dagfAUAIART O = L. o et
4.19 HAREUALBISAIIVYIBNTTUAN19AIINA TlaiTu BP Aaad £, = 1 MHz iile

L USaT {Pawwer ol Ny .. A0 .\ /. Frrvreed €N.00. 0 1
4.20 wanovausIMaaflaidu B e tounszuaduwnsuadulsinnud 1.6 MHz

un 258 LRy T 0 QEBREROAREREP 1. " A IR .. & f .
4.21 ¢1 THD len/Apuniasunnnszuaguadulen 5 pA, 83 60, PA ..

0.22 nanFinseRiBaananug £ fleidu 8P etBueuinsla e ¢,
Heauuvintu 5 % (n) NENBUANBINMAIING (V) NFIWNA. .o
4.23 nansiATeRidEaRaANg £ Haddu BP deitueuiansla e ¢,
oAUty 5 % (n) NaReUALBIVINALA (V) NFINKYN...cmiren
4.24 wansIATERBEaRAnLE £ flaidu BP dreitueufiansla e R,
JEUIAU 5 % (N) NARBUALBIVINIATNR (U) ATIHRYN ..o
4.25 wan1sIATERiBERRaAE £, faddu BP deitueuiansla le g,
JEUIIAU 5 % (1) NARBUALBIVNAIND (1) NTIHRYN oo
4.26 293nsesuNAIAlIaLssT LU Ulaeld CCCTA wilsfa...
4.27 nams$haeensvnuvemaneuaueIANLALAsIE e £, = 3.6 MH;........
4.28 wanovausIaaiiedeudunnsuaauley amuAvintu 3.82 MHz

YUIA 50 MV, oo

a

4.29 HANIINADTAYVIANANUD £, = 3.82 MHZ.ooccocovecvesceseesoessresenssnesnns

Xl

PN

70

71

74

75

76

76

77

T

78
78

80

81

82

83

85

87

87



d15UtY3U (si0)

U7 wih
4.30 A1 THD LﬁamﬁauwawmmaqLLiaﬁuﬁuwmgﬂﬂﬁ'ulszjﬁ 5 UA, 89 150 pA,....... 89

4.31 wameuausIANAlouLUIANTTLA I, =10 YA 20 YA uwag 50 HA

'
a

31 90 83 ANMALWG £, = 1.50 MHZ 2.9 MHZ Ua% 6.9 MHZ...cccocovvvcccercen 89
4.32 Hamylaszvikuutuiailavesranauausmeeudwazmaiie ¢ Weauy
VTRt 90

4.33 NaNFIATIZAUUULOURAS AV INANDUALDIVIIAINALAZIWEATD R,

UAE g WDEMULIINIU 5 061 oot esssioe e ees e e 20
5.1 1495 CCCTA @519a1nle@iuas AD8A4 Lagtues LM13700.........cio i 104
5.2 1923 CCCTA @319 NS UBAODSWUULURNOR. ... oo 104
5.3 19955038l EA TN TIRNANSEWAVEANEITNTIRUY SITO e 105

5.4 2wsnsesdugaluaeasiinlninnssuavatevtfiuuy SITO Mleduas

Praftlilin GF7e= = AT W 12 N A S ———— T EPTTH B B 105
5.5 Wan1innanauaLessasIvetsuasiNansasivesilsddu LP A £ = 80 kHz.. 106
5.6 wamsTananevaue sanawesilsdtu LP iletouusefudunngunale

briudl 208110 T\ GESBIRIUREEED 1 <" AN N S 4. 106
5.7 wansinnaneuaue sManaesilidty LP iletouuseiudunnsUnaule

L R o LN (G ) T (0 S . & A 107
5.8 WansinNARBUALaI A We ATy LP 1ilatouusaiudunngunaule

0 L T Loy Y P =2 o N AR 107
59 HanTinnaneudLesnIERaiNaN1sAIEvesleitl HP T 7, = 68 kHz... 108
5.10 WanTinNaneUsUeIIaIaTesTlaity HP Wetlouusswudunasuadule

VTR 20 KHZ o SOOI o 109
5.11 HamsiananovausImaavesilaidu HP Wetlouuswiudunaguadule

AYIUR B0 KHZ oo 109
5.12 HamsiaranovausImaavesilaidu HP Wetleuuswiudunaguaduled

PYIUR 250 KHZ.oeoooecocseoeee oo 110
5.13 uansinnanevauasdn e suaiavsauivesileidy BP 7

Jo = 7983 KHZ oo 111

Xl



d15UtY3U (si0)

gﬂﬁ
5.14 namsinnanovausImanavesilaidu BP edauussiudunmguaaule
VIR 20 KHZeroeeeeeeeeeeeseeeeeeeeee et
5.15 namsinananovaussmanavesilaidu P iedouussiudunmguadulsd
VD B0 KHZe ot
5.16 HaM5IAnanoUaUBIMIIAIvoslaid BP Weldauussiudunmsuaauls
DD 250 KFZeit ettt
5.17 nansinnanauausdns e suazman1snLAvesiledidu BP Workvuali
g/ Ry = (0.75MANY/(1.326 KQ) AVINA £, = 63 KHZeroooooeesesotes e
5.18 HanNTiananovAUBITNTIvEBAaV s L BveliFy BP (e wuali
g,/R, = (1.01 MAA(L K AR £ = 7983 KHZuvoohooieeseesoesesestes e
5.19 HamsinKanouausIdnTvetaziansaufivesilaidu 8P ek mualA
g,/R,= (136 MAAATIE Q) AR £ = 100 KHZ.. ittt
5.20 3395n5098 U IlUAIBAT TN VAN L AR EATATIRUY TISO...orortere
5.21 swsnsesdauanaluaessifinivuanseiavaeviniuuu TISO Wledwes
D844 uhy o MY TOGEBEER IREEEEE 1. " ALN. A ....&. 1.
5.22 wan3inkaneUaLesRTeNELazlavInaRvesiledidu LP £ = 85 kHz......
5.23 Wamyinnanauduesmsaivesilaidy LP etleunssudunnguadulenl
R ERKHZ..... o NN D) e (S AT S . Bl .
5.24 WAz iaNanauaLUaIsAvesilaity LP Wetloulswiudunaguadulesd
AV 100 KHZLL oo st
5.25 WanTinnanoudue s vesilaidy LP Wetlounswiudunnguadulend
PYTR 250 KHZ. e st e
5.26 naMTIAKaReUALEIn e BRazIaTIALRvesTleitu HP 7 £ = 68 kHz..
5.27 HamsiaranovausImaavesilaidu HP Wetleuuswiudunaguaduled
VIR 20 KHZeooooeeeeeeeseeeeeseeeeees e
5.28 HamsIananovausIMaavesilaidy HP Weteuuswiudunaguadulesd
DD 100 KHZer et
5.29 HamsinananovausImaavesilaidy HP Weteuuswiudunaguadules

mmﬁ 250 KHZe ettt

PN

114

115
116

116
117

117

118

118
119

120

120

121



d15UtY3U (si0)

gﬂﬁ
5.30 nan15innanauauRISn T suaINaveALivesilait BP 71 £, = 80 kHz..
5.31 nansinnaneuauaImsnayesileidu BP Welsuuswiudunnsunauls

AR 20 KHZ..oeeeeeeoeeeeeeooeee
5.32 HamsiaranouausImaavesilaidu BP lledouussiudunmguaduls

VIR 100 KHZu ..o oo oo
5.33 HamsiananeuausIaavesilaid BP iledounssiudunmguadule

AN UGIIRHZ. e e DN A D
5.34 HamsinnanauauaIdTweNgLay N uRvesilaidu BP Werkivuali

2 /R, = (0.75 MAN/(1.33 KQ) AR f; = 63 KHZoooooeesesseseeeses e
5.35 HansinnanauauedhTmenaLasanIsnLvesiladdu BP Workvuali

g /R, =(0.943 MAN/(1.06 ) AR £ = 79.49 KHZ..oo oo
5.36 HaMTinKanouaLDISRTIveBUALINAN s Rve iy BP wWermuali

g /R, = (1.13 mANY/(884.2 Q) AW £, = 120 KHZ oottt
5.37 wansinnaneuauess s LazIan AR vesleATy BS 71 £ = 80 kHz
5.38 sansiananouaussaesileddy BP Wetleuusaiudunmguadulesd

EAR R AR WOV | RO 1) A | A A B ¥
539 WamsinnanaudueIsatvesilaidy B edounssiudunmsuadulet

AP0 KHZ.... o NN 2 ) M (S AT .o @i o
5.40 WanTiANanaUaUaIMsAvesilaity BP etouussiudunmsuaauls

PVMIR,2E0 KHZL st vt A rsleaionesssn
5.41 HaMTIAHARE VAL IS TEEwALNaN A LA TesTlaiF AP 71 £ = 100 kHz
5.42 HamsiananouausIIIavesilaidu AP il teuusafudunngunaule

VI 20 KHZ e
5.43 namsiaranouausImaavesilaidu AP iletouusfudunngunaule

AV 100 KHZe oo
5.44 namsiaranouausImaavesilaidu AP iletouussfudunngunauley

VIR 250 KHZe et

5.45 24230509N 50N UYNAHASUAUNTINUALTIAULY CCCTA v

XV

PN

122

122

123

124

125

125

126
126

127

127

128
129

129



d15UtY3U (si0)

U7 Wi
5.46 299snRsnsEI AL SusUnTalrunuswiulneldlediues AD8ad

BLEE LIMIBT00. ettt 132
5.47 wans SANaneUALD ISR BUALMENIANAYe RS AP Wle £, = 50 kHz.. 133
5.48 HANTIAHANDUAUDINIIIANVDINTS AP 71 £, = 50 KHZ.rrrcr 133
5.49 Wans ANAneUALBISMT UL BuALIHAM A WAL RS AP e £, = 100 kHz 134
5.50 HANSIAHANOUANDININIANUDINTT AP 71 £, = 100 KHZ v 134
5.51 wan3InNaneUaLBISHI W BUaZMEN A NATe RS AP ile £, = 250 kHz 135

5.52 NANITIANARDUAUDININIANUDINIT AP ﬁfp = 250 KHZ.oooooveveeeeieee, 135

XV



1.1 anudunwazanudAgyvaslyin
Jagiunsasdidnnseiindladnundiunumddglunisdss@inusedriuvesuyedidu
979110 WATANWNIUNTEUA (current conveyor, CC) [11-3] wagvsvengaudinlglou
(operational transconductance amplifiers, OTA) [4-9] Aoldidursasdidnnsefindfidey
danadraduisasuendiniiugiu (active building block, ABB) Tasasasiandiniugiud
ety Ao Wehludszgndldsnidudiunsdueneiasssinanadngyaueuzdon [3)-

cal v £%
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InuAKkSIA Y (voltage-mode) wazlnuansgud (current-mode) N5 19 ululAuALS 97U
anzdmsUesBIEnnsedndildunasateinga (power supply) f1gs 19U 1nndt 5 Taad
Fuld i efesnasliinisunds wing vesdaraldldunuaziivuialug 28] luduves
Tnuanszuanuindganueg nateusenis taun 1ussduluid 5299361 (ow voltage
operation) FUWUUFT A N174 (wide bandwidth) lranouausmisal1ud g4 (high
frequency response) Sanududadu (inearity) wariuilunisadredudos [291-30] 1
A

Tud a4 2005 TfTiaueIsueniiniugIuiedn asasurenuthielouaeny
N3ZWa (current conveyor transconductance amplifier, CCTA) [31] Tassas19n1elui9as
Uszneuselassadumdnassdau Iiin 299sanenunsziagafians (second-generation
current conveyor, CClI) [32] wag29335 OTA 19335 CCTA lagneenuuulagldimaluladduea
\dulassadraniglu 2993 CCTA fidiausfigadon Ao lianunsaudsamidineslade
FBnsmneddnnseiind ililudiaugangulunisiiludssendldau deuladifuiaue
HasueRfiniiuguiedn 2sasrersanitdgloumenunTzuaRIUANFIENIELA (current
controlled current conveyor transconductance amplifier, CCCCTA) [33] 1Ay1999
CCCCTA fidnvaiglassaimaniniloutuasas CCTA Adnausnouni egralsAnule
YSudgalidanudumiuueds R aunsuiududunaness x lagaiu1saauAuAInIy
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switching speed) mmaasﬁummalﬁ’qa (high current drive) Uagdns1n15v871884 (high
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594 (high packing density) mmﬁmmuﬁuwmqa (high input impedance) wazdIuLie
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(lower output drive current) wazdimaananiaieleusi (lower transconductance) Hus
NIALTBINIILTAma LUl U SkarLoasIng 199 Y ASAREARAUTINTI TS
wuululnans wasdusaunasrudugunsaluoaiivydalugizandn luduea (Bipolar
Complementary Oxide Semiconductor, BICMOS)Imaﬁﬁﬂmauﬂjﬁmﬂuﬁmmﬁ& 9 VD3
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(second generation current controlled current conveyor, CCCIN wuulud uaa [35] i
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wuusiInsigs Tud e 2008 lifinideiausissmeniunstuagafiasnuuluduea 36]
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(current controlled conveyor transconductance amplifier, CCCTA) [40] wuuluTuea Tng
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14 CCCTA wuuludiues
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199sueafindmsunIsUsTUaNad U ALEUZADN

2.1 nanun

Tudlagtuaeassu (integrated circuit, I0) leiin1swmunlusgesingy lngtnosnuwuy

[
v a

leyaiusonuuuaashifiauiaidnas viuiussaulnidensasduazdsnsduuios

[ ° & QQIJ = [ £ a [ (3 a a § a ! = o Y a v ¢ a
naeuan Neileilvadendadasinididnnsedndvlineng q aslinavilindndneii
sonuwuudvuiadnuunzdunisnaniasazaiunsaldauliduszeznaiuiunenisuszy
LURLABTIUNTASY 299560 UzaaNlUgUNUUNRITINNED9AsHOATIIIUE U (active building
block, ABB) lgflunumddguasilunideuegrsnitvasdmsutdinyssgndldauludu
nsdaATIzitazussinanadygynuousden [1] leasainaunsadaluuszyndldauly

sUkuure 9 Ingliifeuddeunyanens lnganivegiedimsiiinusegndldausiiuieas

]
= 1

NTOIFYIAULUULEATN ANIIUITLINIULINUTILUINNNITODNLUUNATLIATINAINTUNTS
duAsizsiuasUsvananadya uueusaen 34:&Lﬁuiﬁaqasﬁﬂssﬁw%quﬁu HAuAaDdsa
wagdangulunisiiluszgndldon Tagasaswoaiiilugiui doatandszgndldaud
vaInane BnFIRE1aty 2933 CC wagasas OTA \udu Taefidelsfamnisasdananaiiol
antaT 1AM 9 VOINATUVURNAS WU sonuulaTas1sasnslulrlinududeutiovas
Tnedsasidasvavisnmntsyaiuuavaunsanauiinsedlide sl iedeinisan
Samaudemdsnuas uenanddmuitnmseenuuuliainnsausuuseimimiinesves
209518e3snsmeBiannselind (electronically tunable) AdunaeauiAsnUsynswilsd
foaniunitaun IngagiliAnndangunayaaedailodnnyszgndlda
iuuwﬁazﬂa'nﬁﬁi’wmmﬂm’miLLaﬂﬁWﬁug’mﬁm%Uismawaé’iyzymuauzﬁaﬂ
Aldinsiauiogrsdeiios leiun 299saemunszuasufings (first generation current
conveyor, CCl) aqmawwmmmaiuﬁam (second generation current conveyor, CClI)
N%awwwuﬂwLLaq'uﬁ'aaqmumﬁ’aaﬂizu,a (second generation current controlled
current conveyor, CCClI) Nﬁ]iaWEJWWUH‘JZLLai;uﬁam (third generation current conveyor,
CCIN 29959818A2101U 10 1819U (operational transconductance amplifier, OTA) way
19959818AMNUN 618l UAENIUNTELAAIUANA 18NTEWE (current controlled current

conveyor transconductance amplifier, CCCCTA)
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2.2 q9asuanniniNugIy
299TEENIUNTZWE (current conveyor) faliinlursasuenfiniiugiuluguwsn g Ndey

o

dszendldnuluiunisduesziuasUssianadygiauouzden  laund 29930509

o [

dyanas 2vesveedygauariasesadawes [1] Wudu leenmsussandldaueyly
sUsuuvaan svululnuanseuavseluunussiuy Wy wwasnsesdyne [2-[11] 2933
poadalamas [12]-[21] 2995UNUTIAU (voltage adder) 2995U818L596U (voltage amplifier)
WITVINNTZUA (current adder) 29359818032 Ua (current amplifier) [22] wazlnsuinnsgua
| a v < v o Y o o 1 & Y = aou

grun1udnde 23] Wusu luidsaiduaslidaz lananniitauinisvesisasaisniu
NIzLd MITV1EAMNINATEU 29ATVLI8ANLLENNElOUAI NI UN TELALAZINITVUIB A

WeloUAENUNTBUARIUANMIEN T A

2.2.1 29asEEWIINITRATUTIVE S (CC)

N%mawmmmajuﬁwﬁq (first generation current conveyor, CCl) lﬁgﬂﬁ%ﬂuaﬂ%ﬂ
wsnlae K. C. Smith waz A. S. Sendra [24] Tul A.#1.1968 anwaz911993UT2NOUAIY
é’zyaunmwé’m@uwmﬁﬂgﬂwmamwa%m laun wese x Lazwesa y Tudiuuesdya umnIwi
o dnniiniladesdyan fe nedn z dydnvainsliiuazisasanganisiiiimesiss cCl

LWARIPITUN 2.1 U 2.2

Y
vo———y i,
-+
i QEY z eV,
% =
20— F<a K

JUN 2.1 dyanuainaliiivesias CC

X0

iy iz
y N z
L

JUN 2.2 199vauyanielniiivesisas CCl
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—_

JUN 2.3 S1wazBeniasiugiuneluveiess CCl

Tpssaiawonaes CCl wandlugui 2.3 dssinanmausanesuuululnaiimnialy
29938 A18n 518N TEULARIMNE33 4 (Common-emitter current gain, A) @e11n vinlw
nszwad nan1unsiudames Q, wag Q, AfiA1vnfuLaIAUNTELE i, AUNAT
NIUTAWR IR AINAUNIATU (matched pair transistors) WagAUATUNIUNNAIE A
winu isudaimes Q, war Q, Aafuiluissasounsud (current mirror) @adanale
nszud i, dAwidunszua i ludiremsiudames Q, Q, uax Q dafuluiasayiiou
nsvuauieanlavasiaunsua i :nnsudaned Q, sujuiudunalinszuadilnaniu
VIUTARDT Qs MIenszud i, dewiniunseua i (i, =i = i)

fewnnssuaneaannesvemaudawmes Q, waz Q, AAwvinfu Favilwusesu
5¥UI 19V NUENUTIB T AL 0T8I uTames Q, waz Q, danvdutdunavitliiia

ussrulniinese x wirnulswuliinesn y amnuduiusvesnsslalazshswuiness

£
v

A9 9 aansauanslanal

i, 0 1 0f]v,
v.|=|1 0 01 (2.1)
I, 0 %1 Of|v,

1NAUNIT (2.1) ANUANNUSIENINNIZNE i, W09 z UasnIewd i, inese x Tunsdl

nszud i Wi +i, wsefianianistraveanszualuluiianiafedduisenin wasaieniu
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NIELALUULIN (CC+) wazlunsdinszua i windu -i, nIefian1enisinavesnseladlianig

AFINUTINAUSENTT 2ATEPNIUATELELUUAU (CCI-)

2.2.2 29RTEIBWIUNITUATUTFB (CCII)

'miawwmmzl,mjuﬁaaq (second-generation current conveyor, CCll) iéfqﬂﬁ%aua
lag K. C. Smith waz A. S. Sendra [25] 1uU A.A.1970 lagiuunIN99senenIunTELa sy
finils itelAnauadessimanuanglunminludssgndldnuinndy uwndnvesses cCl
LNINNITIINAUENTAYDIIDTANLTINY (voltage follower) AU9asALNTIUE (current
follower) Ingmsusuusalviddunpdafiuaudinesn y arndudardminlviaigann

[

ANFUNUSVDINTELALAZUTIAUNNOTARANY ) Asil

(i 2,
0 0Of¢ (2.2)
+1 0

AUNT5 (2.2) NIZUE i, NNBTR z WaznIsia i, MNe3a x IAudunusaad lunsain
nTguE i WAy + nFenenIenisinaveinszualuluiiAmniadsrdusenin 2s9Tane I
NIZUALUUUIN (CClI+) waglunstl nasud i Wi -i, nseliAnienisiragoinszuaiifianig

ATINUTINAUS NI 29TdBNIUnNsERaLUUaY (CCI) Tuguvesnszualiiininesa y dan

1 o

Juaud nanfie nssualiaunsaluaidiliiloninnesn y Saduiiuaudas audunus

VWU TIAUNNDTH y uazneain x a3Uglansll wisiunnesn y avgnasiiuusaiuludmesn

v 6

x YIS siU v, infulsaiu v, 2935 CCll fdgydnwaimslndiuagasasauganialiiiuans

]

95U 2.4 way 2.5

Y

i CCll zf—ov,

]

Ui 2.4 dydnwainslyiiihesisas CCl
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iy =0 ;
. 4_2
WOo——— —O,
ix
ix

—> L
O

V=Y

JUN 2.5 2easauyanidliihvedieas CCl

2.2.3 A9TAIEWIUNTEUETUNIHDIAIUANAIBATZUE (CCCII)
Nf\]imawmﬂ'izLLaiuﬁaaﬁmU@Mﬁ’wﬂi:ﬁLLa (second generation current controlled
current conveyor, CCCII) [26] gnuiaualag A, Fabre wazanzlud a.a. 1995 lag19as
CCCl lAWaIN191N995a8NIUNTERAT U a8 daaaudanislifamilouduiuiees
oA 1A A o oA o
aenunsEkasungemnUsens willasnidleraasargniunseiasuiiaesiuussendld
NUAAANUAANAINTULLBININANUAIUNIULEN (parasitic resistance, R) AfoaunTUU
wasa x tunsalludanssuasn 9 91390 08 INa1I98V lANAIINAANAINT Uk e
a a o D v U omv o o vl va a a
HaRBUALDMIIANNR N WU nAldeu Aniulslatinnsusuussvidamandamugy
LaanYnReesIna1d Ineederann13vessassaunsudaes Welvaisanvuaan
AWMU R Awade x timenismiuaunseialuda 1, 3naneuenisinliaes CCCll
gniluuszgndldnuiunisdsasieivarUssaianadayannkousdentd Inglidndudeddd
AIMULUUNETHIINAUBN BT IEI@1U1T0AIUANANTIAUL N1TVNIUTDII9TT Leisine
s o % L3

Wnsmddnuselind dydnvainialiihuwagisesauyanialiiiinensas CCal wansdisgud

2.6 WAy 2.7 1ua19u

CcCcCll z—ov

L2 L3

sUfl 2.6 daydnuaimsliiiiivensas CCCl
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iy =0 I
yO—*{ 1 07z
. 1
lx o
ro==
RX

JUN 2.7 wasanyamsliivesisas CCCll

Ql } Q9 Q8 Q7

5UN 2.8 s1eazBeniasiugiuneluvesisas CCCll

U7 2.8 uanslassainanieluresnsas CCCluuuun (CCCl+) ile 1, Ao nszualuda
PNUNEITIEABUDNNIIUTANDS Q, B9 Q, sanuludnuvuzsTounIWdaLlles (translinear
loop) FaagvilvianantAnislvaveansua 1, wag I, Wiy I, uay I, nizuadlvasiu
NIUTANDT Q, UAY Q, WYNALVDUNTLUANIINUNAIIENTEUA ], Fefunseua I, wae I, 9%

fawwihiunseua [, leefvndunanesn y dA1Anuduniugs anuduiusvenselaiay

LIIAUANDIAANN 9 anunsauanslasail
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i,] [o o o]y,
v |=|1 R o0l|i (2.3)
i| o £1 oflv.
AUAMUNIULKE R a@13nsanileann
.
R =—— (2.4)
21

e ¥, A9 ALIIAUAIINTau (thermal voltage) HA1LYINAY 26 mV

2.2.4 99FAWWIUNTZUETUNEN (CCIIN)

’mimﬂwmmmmiuﬁmu (third generation current conveyor, CCIIl) Ynauslay A.
Fabre uwaganuy [27] 1wl Af. 1995 afulagunsasaigniunseiasunassnUssendly
(Y < ¢ [ o/ A . .
anvauziugunsalnsiadunseualuvasesa (floating current sensing device) 1ng3933
UsENaUMEARDMNIUBUNG AR 11030 X WAZWOIA y LagVINATWEIANR A WasH z

v

fydnwalnsliiihvenaas CClil uandlugud 2.9
ANUETUS TR IS N ST MALERIRIANNS (2.5) AranTRTB ST BunmeTn
x wag y edlanudndngiiniu fe v, = v, anuduiusseninmseua i uasnseua i, Ay
JAiniuksnsiaveInsewalfan19nsaiutiy A [, =i, WATNIZUE i, LANVAUN T
i T 17iAn1an3aue NIz uaNRAN1nReI S ENI 2aTENENIUNSELasdauIn CClil+
wazluviuoufeaiudfianienisivavesnse Lalian 19 saiuduiuE N1 21995818

AszaviauIn CClll-

Yy
A —

ccir z—ov,

(% L3

Ui 2.9 dydnwainslifivenaas CCi
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0
v =1 0 0] (2.5)
0

2.2.5 2959gneauiaglau (OTA)

1995v819ANLa1elou (operational transconductance amplifier, OTA) fi® 24357
vt L uunaasenssanIuquAIenas1susasiy (differential voltage controlled
current source, DVCCS) [28] 2935 OTA lain1sussgndldanulunisdaunsesiuasyseanana
dyaauouzdonagaunsvane [291-33] Ineauauifinszuaa1fdnnuedndns OTA azd
dadnlnenssiunasiiaussuasuBuwe wenanBntdeviin OTA Ao 2aasiivivrind
Wasuusssulmdunseua (voltage to current converter, V-I) [2] wiiania Tnepnudumiu
NIUBIANAVBI995 OTA HiA1as (high output impedance) dyanwalnialuituazieas
auyamiluihvonaes OTA wandlusuil 2.7 auduiusseninananisusadunisiudumns
wagnszuan1inuernneglusUvessnvetealmimeley (transconducetannce gain,

g,) BeanusanuALAbamenselaluda £, nunaentsuenall

ghat (2.6)
2V,
LAZNTEUALD N NAYDIIT OTA HAUIAY
N 18 (2.7)

Ul 2.10 uay 2.11 wansdaydnuainslitiuagsesanganslifiueisas OTA JU
2.12 uandlassaanslurenens OTA linsudamesuuululnans o (¢ vi)/2 Ao nszua
AoALaALADT NIHAY Y IMIUINLEN NTdaned Q, uar Q, ianiddulsasvenenani
(difference amplifier) dyayaudunniinisagyiounseua (current mirror) lagnIuTainas
Q, uaz Q, ulnanuuunaaiin 199387 IANAUITNOUMILNITAZIBUNITLE Q, T3 Q,
nszudreamAmeives Q, gnawuluilunszuaindddviiuinsasiounseua Q fi9 Q uax
9sAzToUNIELE Q, Id Q, tnenszuaraalarmasyey Q, gnawinuluilunssuadnedlniu

1ATALTOUNITME Q, D3 Qg



JUN 2.11 295auganaliliiveisas OTA

Q3}
T gm Vid
2
vt
Q
O
2
By
Q 4‘%210 Q Qg

JUN 2.12 gawtduniaasiugunigluresas OTA livsugawesuuululnans

VEE
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2.2.6 29959818ANNInaelauaIewIUNTELE (CCTA)

219959818ANE R 18loud gNIUNTELE (current conveyor transconductance
amplifier, CCTA) Ytd@uolne R. Prokop wag V. Musil Tud a.#.2005 [34] 2995 CCTA
UsenouMensasndn 2 dau fe druvensasannnunsziasuiian vhiiduduwaves
2993981 uT U993 OTA Fadudruvesedng 2993 CClll vmhidsunszualiu
W39 (current to voltage converter, V) Tnanstnluanainaieuenuisefiness z 399s
yliAnussfudouliiudunmveinsas OTA mimuausnsuensmniaslouvie g, i
1NaNesH o awnsnilalaedeunssualuda 1, annunasnenteuen auduiusyes
LIIRLLAZNITUATD9I9RT CCTA HanIRIaNNTT (2.8) dudnwainnalninuavisasauyanis
Inlihuansdasuil 2,13 way 2.14 waziBennasiiugunielumesisas CCTA [35] wanids
Ui 2.15

i,] 100 o[,
O 1\ " g
sy Y (2.8)
i 1 0 0 Offv,
5.kt A -
IB
i i
Wo————y o——0y,
i CCTA i
— -
L Z———ov,

gﬂﬁ 2.14 35auyanelniiveians CCTA
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5U# 2.15 518a8188n 1995 NUgINN8TUYe193s CCTA

2.2.7 29950818ANUUIAELaUAIENIUNTELAAIUANAIUNTEUE (CCCCTA)

219959818AUaelaUEIENIUNSTLEAIUANAIENSEIE (current controlled current
conveyor transconductance amplifier, CCCCTA) Qﬂ‘ﬁ’nauai% M. Siripruchyanun uag
aAndy [36] lul ./, 2007 ladn3981139395 CCCCTA uUsegnalgnusudunsisivay
Ussananadygauuousaonataunsuang [371-[52] 2995 CCCCTA WaIuINna1n193s CCTA
laeUsgnouni181935uan 9 daddiu lawn 2995 CCCll wag19as OTA Tudauusn As nA
Sunmdudiurenas CCCll Faimihiisunszualusaanaiouen Mdunanesa x a1unsa
wUsArAai UL R lamenseualuda 7, anunaienseualudanisuenudddasiiu
Anszualagyiinaidsuanszuaiiunssfuiinesa z iedunseiudunatoulitudud
@04 Ao 2993 OTA Budumaeing lnsanunsomuausasversaruhaeleu g, fnedn

o levunszualuda 7,, 9anunassnenseualudaniouen AMUFUNUSTOILIIRULATNIZUA

U d’/
LEAPNANY

i 0 0 0 Offi
R 1 0 O
Vel 2| " (2.9)
i 1 0 0 Offv,
i 0 0 g, Of|v,

[

ANUAUNIUUENS R anusaulsAlaaeisnsniedldnnseiindulanssail



23

R ="t (2.10)
21,
WALONIIVENEAIANULNENlaURIT
IBZ
=2 (2.11)
&=

JUM 2.16 2.17 uag 2.18 wansdyydnuwalnigliin 299sauyansliiuaseaziden

Y

DN

’N’ﬂiWUﬁWUﬂ’]EIELUGUEN’Nﬂi CCCCTA

Ig Igy
=R
Yo———y o————O,
i CCCCTA I,
— I e
wo————x 72O,

T gm Vo
lo
Y O——— 0V,
Rx
Iy i
A ' ki

JUN 2.17 9sauyan1alniinggs CCCCTA



24

W U S

QlO 1| Q]] Qi F+— Qi3 Q16 1T | Q17
) L oo
Qg 1 \Q9
Ve ‘/—ox \814 QE/—AL
_ Q6 \Q7 ——O0 7 =
Iy
|/ - GDIBZ
Q pe L Q4 Qs
L fe
OVEE

U 2.18 s1eazun1asiugiunieluiens CCCCTA linsudawoiuuululnans

2.3 @3

Tuunilldnandaiauinisvenasmenunszuaaywasugnamiuthdieloy Fadu
299skeafivliugiu Iiun 2sasanowiunssuaiuiinis asasaeniunssiaguiiass 1993
ANINIUNTEUATUT ABIAUANFIBNTTIE 299TEENUATELATUTANY 21995VEIBANIENe
LauKazI959818AINUAELaUAIE NI UNTEUAAITUANAIENITTULA LAtlaNnIza9asHhanTiv
flugnu CCCCTA Faduwisnsiidaundasiiuasdang udeud g esminannsouls
Amsfiies R uay g, laseTBnsmedidnnsetind Jawangiiazidnnussgndldauluns

b4 o = 2/ | = a ! [
asnnsesnsesdyananuukeaiin lasazlananissazidead q luunialy
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I AD NT2UABUAY (saturation current) NTEUE i, WAY i, AiD ASzLETIAN UV IADALAALADS
YOMIUTANDS Q, kar Q, MUY AudIRuSTaInTEIaT a1 WBuNANaTH X Uansld

(9

D!

i=i,—i, (3.42)
IA
1, :W (343)
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| I,
ey 1, ZW (3.44)

[SN)

Waunuaunis (3.43) waz (3.44) luaunis (3.42) AuduiusveInsesd i NSeud 7,

She

WAZLSIAUNAANTENINIBUNANDIA y LA X A

| =1 tanh(—vx v},) (3.45)
i .
A 2V

T

N

12 o 1% V,{ -V, VY _V, o v 2
0 (v, —v,)<<2V; 9wVl tanh( 1 Yy = ( oL ) wazeinlid i Ussanadleidu
T T

v, =V,

i=1
X A( 2VT

) (3.46)

NEAUNTT (3.46) D1WRUBUNANGIA y 2INT19A (v, = 0) ANWITANIAIAIINAIUNTULLEN

R #iwasn x vov19a3 CCCTA leidu

(3.47)

aunas (3.47) wansliiudnanansaasunuaiausunue R, alnenisusunszug
luda 1, Faduunassronszudlinssannaeuen Juhliannsamuguainmduniusle
R, lAsheisnismiadidnnseting

dnsversaudiaslouresdygIavuiInlan (small signal transconductance, g, )

YBWTUTANDS Q; D8 Q, Ay Qs 14 Qg Wldan
g, =—=—2 (3.48)

31NaNN13 (3.48) dn1veneauiinieleu g, aunsaniuaulamenseualuda 1, @9

I 1 1
Wuwrasanenseualinssainaeusn
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3.5 ANANUAYDI2995 CCCTA Tun1aufjun

AuANAv91995 CCCTA lumautRasiinanulsiidulumugeuaiilotneasldld
u esnndaBufiuaududsiinesanng q FednavhliiAnanuRenainsenanevauediy
Frusing 9 1w AranuAanaianisaneleunseua ussdulasnanauauassianud (Judu
Al fulunugennRvedisas CCCTA uansiagud 3.10 Tagagnuinflanudumuuss R,
soaunsufuduwanesn x Aduiiunududa (R /C) Aduwidunanesn y ednanesn z
waz o AA1BuNuAUGLIS (R/C) waz (R/C,) A Na1AU ANAURUSTENI 1IN ULAY
nszuaesuelifannis (3.49) e ¥ o waz B Ao mauAanainresniseaalauns sy

= a1 A =t
BAYNTELAYGINALULILUUDBNITNUS

~.

<

Z (3.49)

N

<
N o
o oxR o
o o o o
<

) bg, v,

0 > Yo
CCCTA ;0
Z 3
Z vz

Ul 3.10 wsasauyanslifiivenias CCCTA TumeUfd

3
3.6 AuaNUANIelWives CCCTA

29sueaiiniiugiufituuszgndldau §3deldinnees cccTA wuvluduearign
thiauelag W. Tangsirat [30] sndiassmsviinuite@nwianasdindliiiivensas CCCTA
wuuluduea Tnsnsaesnsvinuldussiuliliensas + 1 v nsudanesuvuluiuea

wAlulag 0.18 um vasusEmledidu sns1du AU (width, W) deaiuen (length, L)

YDWWINTBWNBAUNSTLATTaTieaLaryladumed (W/L) wihfiu 5/0.5 um winiunne,
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1077

Nan15d1aee |

------- WAV 6

R, (kQ)

0 50 100 150 200 250 300
I, (nA)

SUN 3.11 AATINAUILLES R, inase x WowdsAnsvualuda 7,

JU# 3.11 wannani531aeenuautilniinszuan sunemeAIRNNAUNIULNG R, 9
dunanose x WanusAnssuabuda 7, 58ni19 0 pA 83 300 LA I1NHANITTIBINUTIAT

AAFIUNTIE R, = 1.1 kQ Tinszualuda 7, = 50 pA

100

75 b b ........ ........ ........ ......... S ........ ........ s A S

-100 ; : : : : : : : :
2100 -80  -60 40  -20 0 20 40 60 80 100

UM 3.12 nansdsunssua 1, inese x TWdmese z (1/1)

Y
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U7l 3.12 uansanisdassnmantaliiinszuansaflonmaneuauessznitensua 1,
ﬁ@uwmwa%m x uaznszua L inesn z lnedounseua £ 31529319 -100 pA §9 100 pA
wagnszualusa 7, = 50 pA wuiinseuandsiuandunanesn x lWinedn z fawszann
+49 pA Fadianlndidssiunseua 1, Aroludarinunsasasiounsua

SU# 3.13 uanenansSaeIHaRDUAUBIMIANLATBISITY v, feuseiy v, Wetou
nszualuda 7, = 50 PA INN93180INTIUNARUALDIINIAINLAT -3 dB TA1nud

WINAU 330 MHz

v./v, (dB)
S

1k 10k 100k M . 10M 100M 330M 1G 10G
ANUD (Hz)

JUN 3.13 NaRBUANBINIANNIYRI vy,

JU 3.14 uanInan1sINaeHanuaLBIn1enudves i/i Wedeunseualuda 7,
WA 50 pA 910A199180INITYI T IUNUIIHAN D UAUBIN19ANAT -3 dB ANy
396 MHz

JUT 3.15 UARINANTTINABIANANNAIUNIULEN R ABUNANEIA y 91NNANNTT10091S

a =2

9UNUI 9P 1 kHz B9 10 GHz Snanauausiniuaai sadusssusenauaniy

Y v
< o '

ANNAUTUEAIAMIMUATIMEN R = 197 kQ uaglilonmDgeatunsus 1 MHz 5 70 MHz
nuhAdufiuaudanasos o Fulunnauifvewiniiuusey aunsaMUILAIAIINILIS C,
lngoduanuduiusvosdrmnudumumls R wagAduiiuaud z, Arnnuques C, den

WU 0.06 pF
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i./i, (dB)

1k 10k 100k IM . 10M 100M 396M 1G 10G
AU (Hz)

JUN 3.14 NaRBUAUBINIANDVEY i/7,

250

2004=

150

R, (kQ)

100

50

1k 10k 100k M 10M 100M 1G 10G
a
A0 (Hz)

5UM 3.15 Bufiunudiinesn y (R)

JUT 3.16 WAMINANITIIABIAIAMIUATUNIULNG R INDIH Z 91NNANITTIA09NTS

u

IUNUIIANUNIUATUUER R, = 38.36 kQ AwinmAUsyqusls C, = 0.14 pF
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UM 3.17 LAAINANITTIADIAIAIIUATUNIUKKS R, ANDTH 0 9INKANITTIA0INTT

Y

IUNUTIAUN UL R, = 375.64 kQ AuiamnA1UsEauss C, = 0.04 pF

50

40

30—

R (k)

20—

C - 4 Y 3 \ . v N
1k 10k 100k M 10M 100M  1G 10G
AR (Hz)

4507

4001

350

1501

100+

501

1k 10k 100k M 10M 100M 1G 10G
AUA (Hz)

UM 3.17 Buiiupudnnesa o (R)

u
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-50 -40 -30 -20 -10 0 10 20 30 40 50
v, (mV)

gﬂﬁ 3.18 wanauausdliinITLanIIv013993 CCCTA

JU7 3.18 uannan1sdnaesnansuanesliiinszuanseveeasvetvauinelou
SENIUTPUTNGSH Z Y38 v, AunTEuaRIANATINesH o+ Wag o- tladouusiy v, e
WINAU -50 MV 89 50 mV nseualudd 7, = 50 pA Han1391889n1siNIUNUIIHAR B UAUDY

a o & = < a v
N5 UA8ULSIN UL UUNTELLENAINUL U UL ILEU

353 M 400M :
1k 10k 100k IM 10M  100M  1G 10G
AR (Hz)

JUN 3.19 HANBUAUDINIAIINAINRT CCCTA TIFUNIARITNANDTA 0+ LAY o-
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JUN 3.19 WAAIHANITTNABINANBUAUBININAIIND VBTV I8ANNYa18ToUT

LDIINANDIA o+ kAT 0- IINNANITINABINITVNNUN -3 dB FIUULINANDIA o+ AU

WU 353 MHz UagfiiaaIdnaness o- AUAWNAY 400 MHz

gn (mV/A)

—_

0 3 R X BN VAT G U [ 4 .
1k 10k 100k 1M . 10M 100M 1G 10G
AUE (Hz)

JUN 3.20 NanauAupIvMINIAINRYeI9aT CCCTA Walusanseualuda 7,

U 3.20 uanINAN1TTRBINARD VAL IMNANLT BT ATIveBANL Tl
wusAnseualudd I, AU 50 pA 100 pA waz 150 HA MILETRU HAaNITE1a8IN1519Y
NUIBRTIVEEANUEINIEIOU g = 0.91 MAN 1.71 mA/V Uaz 2.4 mA/N AINERY
13797 3.1 uansnniaNdAMlniigessas CCCTA Ailsannsdiaesnisviiay Téun
ANAAFUNILME R, Ainase x Weudsanseualuda 7, nan1sdsiunseua i Aweda x
TUdamesn (/i) NaRDUALBINIIAIINA U0 v/v, NARBUANDINIAIIUA 1D i/,
HAREUAUDINSANINAYDS 7 /v, BufiAudTnadn v (R) Buiiunudiinedn z (R) Sufiuaudd
wasn o (R,) HanauaLeINIIAILAveIsnTIvEnsaun1eleu ¢ 1 etounsety v,
HanaUaLasliiINTLLANTIVBINTEUE o UaE o- WiTaToULTIRY v, LATNANDUALBINIY

ANUDVRITATIVENEANINENElaU g, llawUSANTELA 1, TFUNULeNANDIn o+
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M1919% 3.1 Aasandinieliiiannisdnasnisiauessas CCCTA Tugun 3.9

Parameters BICMOS CCCTA ijaue
Technology 0.18um (Level 7) BICMOS IBM
Supply voltage 1V
Power dissipation 0.48 mW
-3 dB bandwidth for v /v, 330 MHz
-3 dB bandwidth for i /i, 396 MHz
-3 dB bandwidth for i +/v, 353 MHz
R, 1.1kQ (/, =50 nA)
2, 9.1 mAN - 2.4 mA/NV
Rer€ 197 kQ 0.06 pF
B37q 38.36 kQ 0.14 pF
ot 75 375.64 ke 0.04 pF

3.7 @3

Tuunilldnamdsnaaudimalnihmenss ccccTa lassasnmelinmsmudanes
wuululnansuaznsnudawesuuuiuea saudiwaninuautinveisns CCCTA wuuluduea
Tnguansnanns91a3n15vaUve9es CCCTA wuulugusaiievnaaantAvndluiiisna
leiun namevauessienszualniiinssianss nanouausmIAA AlImFuIULa R, 7
Sunanedn x Snswenenranhdelou g, AArmiiunulsluagaiafivsyauds ines
y z WaEnesn o d9azldianin1suniees CCCTA ludssyndldeulududansgsinay

Uszananadyaaueuzdenluunmsly
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N15Us2gnAle99335 CCCTA Tuaeasnsasdyaya

4.1 na1n
29asnsesdaaneurdonuuukendivl lulligtuieudssandldaliegluguuuunis
hnululnuaussiunselununnszua lnansvinuluwsaginuadigamuiunnsisiu Tuluue

1Y

wsauiigaay Ae a1unsadtewsiiulinudunalileensilaglidesddaunsaluuasdynyin
wardisasnisaaveudagaiiniinisionululnanssua nsianululnuaussdumng
dm3uraesBlannsedndldund s aus g Wei it odsmslddnisunds (swing)
vosdaalluldinnuazivunelng Sslutiegtuiinuidsegnarsatuiiideiamisasnses
Foaradhouvdenlulnuanssnu [11-[16] [651-67] [691-71] [73]-[84] n15viaeululuun
nszud [171164] fqawiu Ao THusaiuliienssm Suuudaviniauasienundudadu
NaLAuYednTinululruansElaning s vilrliunddeIuiuiIniaulageonuuy
2995050y auousdonlifiussdnsan Tngoenuuuleasliinnui szaunssiy
Ao iWedosnisandnsduldomdsnuat naenausenuuulildswaurenas
weniiriugutiovas Ingnsestiinsanunsoviaulfeseiiussansam

NNUITEARIULIUBNAINTMUANITRIIDII995NT 0Ty s uzE anlulnun
WS URA IMNANSEALED S9A11NTDTILUNANUEN BULYDITIUIUBUNALALLDIANAVDIINDT
Idun wuuwilsdune wilatendng (single-input single-output, SISO) LUl sBunn nate
@19 e (single-input multi-output, SIMO) WUUNATEDUN A wﬁ'umﬁwm (multi-input
single-output, MISO) WAYWUUNAEBUNRA ‘wmmmﬁwm (multi-input multi-output, MIMO)
dwiusuuuuidendsygndldan Ao uuunildunm vanslednnasEUUTa SR nils
Wi LilosanTideR fio Jsasanunsavihaulavarenting Wy nseshuaud (LP) nseq
N1UAWAGS (HP) nsosimuauaudl (BP) fauauniud (BS) uaynsosriuynatad (AP)
Dusiu

Tuuniluansfsnsuszgndldnuvessns CCCTA uwwuluduea itelfnududuasey
wazUszananadyauueusden Usznaumeisasnsasdgaialumensiininululuug
ﬂisLLawmwﬁwﬁwaﬁqﬁuwm a11Le18NA (single-input-three-output, SITO) Faananso

o & v o 1 a0 1 N '
AFBIEAYLYIUNUZ U Taun nsoIRIUAINDAN (LP) NTBINTUAIIUDEN (HP) wagnIDaN1Ukay

a

AUD (BP) 1asnsesdgaailumensiiiniianululnuanssuanalsninnwuuaudune

il we16nn (three-input single-output, TISO) TngsasaunsainuldnsaunuAIUNN
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HenFununuantAvedasnesdygin lawn nseswiuaudai (LP) n5eH1uAudgs
(HP) N5 1uuaUAND (BP) AnkauAud (BS) uaznsasituynaud (AP) uazludiuieas

gaving A 2993N309UYNAMNUATUAUNTYINNULLIALALSIAY NAN1T1889N15VINTUYDS

1IINTOIFYYIUNIANLIATTINAUBNUITANNADAADITUNING B

4.2 2vsnsasdyaluntansfinluuansslakuy SIMO

Tuaudfrunmasnsesdyaalumensiinlnuanszuawuu SIMO Maiinddernaue
lnedosdusznauvassasanandueenly amnsedguaudnyuslazeddUsenautadiias
esastoluil

1. Nﬁ]5ﬁaaﬂLLUU’L%"N%LLaﬂﬁWﬁugmmmdmﬁqﬁa [20] [24] [25] [27] [30)-[33] [35]-
[37] [41] [42] [59]

2. ffdumunuumadnidussausyneulineas [20] [30] [31] [35]-(37]

3. lianunsamuauansdweslaseisnisvndidnnsedind (30] [35)-137]

4. AUl TRUsITNYIR (@) waziavsznaununn (0) Wudaszraiuuuuiiiouly
[27] [30]-(33] [35]-[37] [41] [42]

NVeAMNAAI 9 Anauatuterugidelaiauenasnsesdyaialuaensifinluug
nssuanaleninnwuy SITO lngasasitnaueldoenwuulagldasasweniin CCCTA wuulu-
Fuoariowilsiuazdunuuszaiisunsnndesia uonatntunasdaliddnuiuunad
) 3 ' a a a (%
WuesAusznauluams lngasnsawdsenanuiidessssuna (o) wagdiuseneuamnm

(0) Wudasvrotuuvuiiiaulvlameisnsnididnnsednd

4.2.1 7299505998 UUIUIUAIBATINNINUANSSHEANANYVLINARUU SITO 12935

v v

CCCTA #iiedia

= [

U 4.1 wannaesnsesdaygalvunnsziavangvihiiuuy SITO Miauslag [85] 39
Usenoumedyam1nIuduns 1, kasduaimn1aniweidng lawn Heandunsodsnu
AR 1, NT0IHIUANNT A9 L,y KAYNTBIHIULOUAIND [, 2925UTENOUFI7927
CCCTA wilsfuaziiAutszgiteunsnddiuiuassia Insusimnndadunuluunady

Lﬂudauﬂisﬂawanws



59

CCCTA oH—o0

JUN 4.1 wvsnsesdygralumansiinlnuanseuananeviiiuy SITO 14

2997 CCCTA

JUN 4.1 Mnaaaudinaliingeans CCCTA @unsadnsigrimanuduiusiandu

nsanelaunseud (current transfer function) VBIHIATU NFBITUANURAT (LP) NTDIHIU

AUDEe (HP) waznsearuuauaud (BP) leneil

gl}‘l
1,,(s) A R.CC, (a.1)
L (s) -2D(s) '
Lip(5) _ Cr (@.2)
1,,(s) D(s) '
S
ay 13 (9) - R Gy (4.3)
L,(s)  D(s)
e D(s)=3s" LAPbil o (4.4)
Rxcl RxCICZ

aunig (4.5) 89 (4.7) wanInNFUNUS V9 AU LTIYNFTIUYIA (natural angular

frequency, @) MUsEnauAmn (quality factor, Q) wagwuuaInn (bandwidth, BIW) Al

(4.5)
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(4.6)

ey BW =—— (a.7)

aun1s (4.5) uag (4.6) wansliliuiimsdees o, uay 0 amnsauwdsalanieisnis
nadiannsetinduariiudaszretuwvuiliiouly nande didesnsulsan o, lagliel Q
Aafl ansnsevinlalnervunlinanm g R, A 9InurinisuusAenadiuves g /R, lidu
muReulufifoins Tuvhwesisiudifesnisuusan 0 laglian g, A awisaiilelae
° Yo | q' I o i v & 4‘
MnualiensIdu g /R, A InTuinnskUsAmannes g, R Tiilulumuleuly
AUlITeINIdWes @, O wag BIW ABNISHABULUAIAIUBNNTTHIATINLAY

¥
v A

gunsalwa@ anunsansalaInNaunis (4.8) 84 (4.11) gl

1

PRT XY NG Y 3o (a.8)
ST o Ly Lo =% @.9)
S2" =0 (4.10)
Ly Sz =87 ==1 (4.11)

31naUN15 (4.8) 19 (4.11) wudnAvasaulfiinasonuiidsusssuend fiusenau

AUNTNLALUNGIAVEA LU

4.2.2 aruliidugeuaitasnsesdyagaluaieasiinluunnszuavateviniiuuy
SITO
nAnaNTEnelfiivees CCCTA anunsadnszinmansenuseniuldidugas
ARl Wlormuals o fio Araaawainvesnszuandunenesen x dsiuludueidne
NOSA Z WA B Ao ANANURANAIAYIEASIVENEANNLIA18laUIINNETA z denulUes
wanedn o milidugauafivesmudiBaussiund fuszneununNLALLULMIAY

vo X
wandlamatl
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i1 7o 0o o o
R 1
v, _| R 0 0 v, (4.12)
i| e 0 0 ofv
ioi O 0 iﬁgm 0 voi
o, = |- 9P (4.13)
RJCICZ
0= ape.R.C (@.14)
¢,
ey BW:L (4.15)
R)(Cl

N33R AR (sensitivity analysis) i linase @, O wag BW L odins

wWaguulasAnsasuenfinuazgunsaimadviuanalansil

1
S =S5 S =80 S oS8 ==Sg =2 (4.16)
1
Se =S =S =S¢ =88 =-5¢ =3 (4.17)
AL (4.18)
uaz S e Se==1 (4.19)

4.2.3 wamssaeanIsinnuansssdyyalualeasiinluuanszuanatevtii

BUU SITO
wasnsesdyayalumansfinlviansekanatewinfiuuu SITO THheas CCCTA wiluh
Hlassasrenelunvuludvealdmalulad 0.18 um vesusunledidu T8ws1druvesvas
MBAUNIZRE AUNTI8 (W) sioaauend (L) veudunedwaziiueanns (W/L) dawvindu
5/0.5 urn Iundedglilidenss + 0.9 V mﬂgﬂﬁ 4.1 ietlounseudluda 1, = 52 pA uay
NTELa I, = 26 pA MIANAUNIULEG R, = 1 kQ dn51aeisauihaielou g danviiu

0.5 MAV uassiulszy C, = C, = 50 pF nReuledssuilildnuauifvessasiunig

[

nguidedl £, = 2.21 MHz waz 0 = 0.707
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150+

100+

507

e (99fn)

-507

-100-

4

[\
(e

9
IS
S

dnverenszud (dB)

o

N
S

-80

Y
S

0

o

— WaMIIa0s

HaN1mau [

Snsweer 1o

10k

100k 1}4
AA (Hz)

10M

JUT 4.2 ianauauessnsveeneiawagiianieaad feidu LP

100M

62

JUT 4.2 XaN1STI0INENBVANBIBATIVY BN hARATNEN9AND Haridu LP wudn

AD f, = 2.13 MHz A1AUAN WA AL BB UR UNaNaNg evinny 3.62 % wazldns

AWUFDINAINUYIINU 0.34 mW

409 20
0 0
-401 88
N
T
55

NGRGNa)
S

-120 1

INSIVYILNT

-160

-200-

Lol —— Wan1Tinaes

R B HAN9NEYE)

-100

1

Ok

100k M
Aud (Hz)

10M

UM 4.3 Hanouauessnsvenensviatasinanendud feidu HP

100M



63

JUT 4.3 nan1sdnasnanauauesdniveenseialazinanisadud Wefduy HP &

AR £; = 2.0 MHz A1ANUEANEIAMNAY 9.5 % Wateuiuranisaalunmeug

u

a

ANA f,

JUN 4.5 HanaUaueIBnIIveensELan1enuileidu BP a1 £, = 496 kHz

o

1007

-200 1

-300-

5UN 4.4 nanauauesdns1veensylauazilantemud Weidu BP

ONTIVIBNTELE (dB)

o

20 ]
"""""" NANI5INAD9
------------ HAVNINUY

0

D0 L ] N [T

-40

ol : s : 1 [
10k 100k M 10M 100M 1G

AN (Hz)

= 2.1 MHz Amuiiana adlosauiunievgefuinny 4.98 %

sud (dB)

DRINVYIYNT

20

IM
AU (Hz)

10M

969 kHz way 1.82 MHz Awualial O = 1

100M

U 4.4 HAN1591a09NARBUANDIBNSIVEENTLhakaziNan19A1ud Handu BP &
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g‘uﬁ 4.5 waneUaAuaITRT TN IELan1sAIaTledy BP Wlelidnsndu g /R, Wi
(0.14 mA/V)/(6.36 k) (0.31 mA/V)/(3.18 kQ) wag (0.63 mA/NV)/(1.6kQ) AWAINU 91NNTT
svuadoulafinavilildnuautRvensaslumamguifed enudl £, = 500 kHz 1 MHz
WAy 2 MHz mad18U 0 = 1 91NNANN331a8IN1SYUNUTT Al f, = 496.12 kHz 0.97
MHz Wag 1.82 MHz auddy da1audanainuesninud f = 0.7 % 3 % wagz 9 %

PINEIRU haE O = 1.1 90 9 ANNTINA1INAN O danuRanaiawiiy 10 %

2ud (dB)

DAINVYIYANT

o

10k 100k 1M 10M 100M
ANd (Hz)

UM 4.6 HARNBUAUBIBNTIVEIBNTTUANNAINDTATY BP A2 £, = 1 MHz

dloutse @ = 0.67 1.13 wa 2

U7l 4.6 nansuaLessATwENENTELaNIsANE Tlerdu BP nefmunteulvvestanal
g R. = (0.16 mMA/NVXL.6 kQ) (0.32 mA/V)(3.2 kQ) kag (0.63 MAN)(6.3 kQ) a1ua 1A U
Tuvaugdisnsndu g /R, Asi a1ndeulededulunanquidenalsd 0 = 0.5 1 uay 2

'
@ N

MUFIAY UarAUD £ = 1 MHz 31NHAaN1591a89015%191UAY O = 0.67 1.13 Uag 2
AUAIRU UAIAIURANAIATBY O = 34 % 13 % Uaz 0 % AUAIRU

Ul 4.7 nansdnassnisnevauswnanan faidu BP Wonszuadumn 7, suaduley
PMAINAY 2.21 MHz 3t 25 pA, nuinszuagUadulstimeiuendnn 7,, fdnuauei

donndesiunszuaguaaulyinieinudunn
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30— —

[3]
S

—_
S

(=

ud (UA)

n3e

0 0.5 1.0 1.5 2.0 2.5
381 (us)

JUN 4.7 nameuausmamilendu BP edeunseuadunnuadulel 25 A,

pE 2.21 MHz

4 e
2 ///

//

0 5 10 15 20 25 30 35 40 45 50 55 60
]in (;uA)p

JUN 4.8 A1 THD iewfeuntasvunavenseuwadunnsuaiule 5 pA, G 60 pA,

a

JUn 4.8 wansauRnfiBusueiing (total harmonic distortion, THD) ¥8In3zLd
VNPUDIANA L, Lﬁ@LLU’iﬁ’mi%LLﬁauwm I, Faust 5 WA, 19 60 pA, nuFARA
gsualindlindu 0.5 % 83 12.5 %
PNNANTIIRDINTINTUHANDUALBIS AT IV BN TELaNazansad Hleridu LP
HP uar BP wansliiiiudn 29asnsesdygralvuanszuanateviinguuu SITO Atiaue

MUEenAAR DI UNIIMg Y Inenani153taesilendu LP HP uag BP fianud f, daniiiu
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2.21 MHz ARana1nvesansd £, Wi 3.62 % 9.5 % uag 4.98 % MINAIRU LarI9RTH
tiavedannsaulsaniid £, Tnelsifnansenuiuan 0 uazudsen 0 tnglifinansenusie
mnudl £, nameuauswInavesitsidu BP WeteunszuadunnsUaduluinuindymy
sUnduleiinaneuaussiiaenndesiunmuanifvesilsddy BP Ae lavesiendnnuazduns
willou (in phase) wazdiAn THD YasnNTEUALLWNAAINTT 10 %
mMyinseinanevauedinudlusuuuureweuinifla (Monte Carlo) 19429957
Biaue Fadunsmarsununliiludainvemansvauememuifiiloniaintu e
gunsaliiltluses ouna Aanudumiu ddaiulsyq saensudmsdinesang 4 ians
\Jeauuen (deviation) Tarna1ase Tnenissrassnisdesuuldnisnszaisuuuindideu
(Gaussian distribution ) Tun 158188 avranevaLeINIIAINA VRIS RT e8NS RAlY
nsdliAnnadssuuvesadiiulsyy ¢ way ¢, madosvuvesmniined R uay g,

o

MuuAlAIAe 9 1na1INIEANSIBRUY 5 % MAUURINITAINALLUNASNEALAATUAIBNS

AUANTIUIU 200 ASY WANDUAUDIONTIVLINTERANIIAILDVBININTY BP wanaRe3UN 4.9

9

)

0194.12

U7 4.9 wansrans s eviBsadiiannw £, ey BP Meisueuiinnsla wWorh
\fuuseq € Woauuiniy 5 % Hanouausdnsvetnszkanannd findsavusening
-4.5 % 619 +7.23 %

U 4.10 uanINanTIlAeidsaifannd 7, ey BP sheisuaudanila 1o
AdfuUsey €, [BLUUmNAY 5 % HaN3IIABINITINUNANDUALSISA1 VTN TLUA
y9A R Tn15i08aussning -6.33 % f4.+9.95 %

SUT 411 wanmamsiesgideadnnnad 7 fleddu 8P MeiBueudandla ean
ANUFLNILLER R, L8RI5 % NAN15T1809NIY N UNIRBUALBIS ATV NENTE LA
ynannud finsidoauusening -14.93 9% e +0.27 %

'
1 a

U 4.12 wanINan193ATI2ATIEnAAIANA £ TATU BP sae3sueudniila Liemn

Y

9n31ve18ANdInglen g, A5 BN UUNAY 5 % KAN1591809N15YI9UNAADUALDY

DNITIVYIYNTERANIIAIUD AN5LTURUUTENIN -4.5 % 59 +5.88 %



)
2
©
3
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Pe)
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o)
F
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o
1k 10k 100k M 10M 100M 1G
A8 (Hz)
(n)
15 -
.§ .............................................. Al /S Powermed €N . 04 .1 |
Bl Somg Vi geaxai ANC Somo— 06— 1
< —
b R S o vl g I 0N (4 ROONCOAN . € T gty ... 0§
F
W= |2 Oy T OSSR ARSI ] T N S . 4
=
ug ................................................
\‘g 51 NN SN ] AL YN e N
-
\ | ' | \Z ) ............. .............
2.05M  2.10M 2.15M 2.20M 2.25M 2.30M 2.35M  240M 2.45M
ANUD (Hz)
n samples =200 minimum =2 11437¢+006 maximum = 2.37455¢+006
n divisions =20 10th %ile  =2.1674¢+006 3*sigma  =129703
mean =2.2273¢+006 median =2.23061¢+006
sigma =43234.4 90th %ile  =2.28061e+006

UM 4.9 nan1sassiilisadiarnanud £ feidu BP MmeTsusudaila wWe ¢, ey

()

WINAU 5 % (N) NARBUAUDINIAINUD (1) NN
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20
0
o
=
©
£.20
F
<
pyel
S
€ .40
S
-60
-80 -
1k 10k 100k M 10M 100M 1G
A (Hz)
(n)
16
12_ ........................................ AARARAA. .| N V.. b bl b Al VY. .M A
o
K= MY i Anomons KAV /A a' VA R T M ~onaoc- R TIGEEN |
- 5
EY M ————— Kal /B TN WO, Bl LLLIg Pl O §
T =
(R A S N S T SN L. T WRY e ) N SRR SN
=
g o R R TR HE L Bt ! AR i R R R PR PR R E PP E PR
F
TN P W B AR b e e i P i | B S, A &
=
g | WO N VT AT E TN : PNV JdW (™
vioe® | @YW I IASDN. @l | M2 N e (> N
@
2 4
.........................................

2.00M 2.05M 2.10M 2.15M 220M 2.25M 230M 2.35M 240M 2.45M 2.50M
AL (Hz)

n samples =200 minimum = 2.07184e+006 maximum = +
B divisions - 20 10th %ile = 2.14453¢+006 3*a prrum = 21'74937394726 006
mean =222738¢+006 median = 2.23179e+006 sigma =
sigma =59932.5 90th %lle  =2.30136e+006
()

UM 4.10 nan15insenideanifanud £ iy BP melsueudanila e C, leuuu

WINAU 5 % (N) NARBUANBINIAINND (V) NIV



SWd (dB)

DNINVYIYNT

1

1k 10k 100k M 10M 100M 1G
A48 (Hz)

03

SiFusvaINITALA

e

1.84M 1.88M 1.92M 1.96M 2.00M 2.04M 2.08M 2.12M 2.16M 2.20M 2.24M 2.28M
AR (Hz)

n ilamp,les =200 miﬂim}llm = 1.88853¢+006 maximum = 2.20435¢+006
n divisions =20 10th %1le =1.975e+006 . _

mean =2.04579¢+006 median — 204465¢+006 S sigma  =169785
sigma =56594.9 90th %ile ~ =2.11736e+006

(%)

JUN 4.11 namsiesenideatifdnud £, flaidu BP smedtueuiasla e R ey

WINAU 5 % (N) NANBUAUBINIANND (V) NS1LNS
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IRTVLLNT

1k 10k 100k M 10M 100M 1G
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q

&

SiFusveInITaLAn
o0

1o

0 . . : ;
205M  2.10M 2.15M 2.20M 2.25M 2.30M 235M  2.40M

AR (Hz)

n samples =200 minimum = 2.10666e+006 maximum = 2.34462e+006
n divisions =20 10th %ile  =2.16744¢+006  3%gioma  — 121846
mean =222533¢+006 median = 2.23039¢+006 g
sigma =406154  90th %lle =2.27412e+006

()

JUN 4.12 nan15insenigeadifdnnud £, flandu BP medtueuiasla e g, Weauy

WINAU 5 % (N) NARBUEAUDINIANUD (1) NN
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4.3 2993nsadayyIalualanIfinluuAnIERELUY MISO

v

o o

asnsesdgalumsasinlnuanselawuu MISO lalltnideiauenineuntilag
ansnsnaguiesiiasne 4 vessesiiaetiausldddl

1. aasiieenuuuliisasuendinitugiusnnndwilsi (1710191 [21] [28] [29] [34] [38)-
[41] [44] [49]-[51] [56] [61]-[62] [64]

2. figdumunuumadidussAusyneuluies [47] [51] [54] [61] [63]

3. ldanunsamuauamslweslameisnsmedidnvsetind [47] [51] [54]

4. AL BeusTsuna (@) wazesdusznovamnw () iWudaszdefunuudtouly
[28]-[29] [34] [38]-[40] [43] [45] [47] [52]-[58]

Mndedatarng q Andnmdresu §Adeldiaueisnsesdyalumensifinnans
wihilnunnseualuu TISO lnsnasiinausldeaniuulngldiens CCCTA wuuluBueanils
Fnagifvlssiisunsaddaesia uagasiiauedunanndmmunuunadvidy
peAUszNoUlLII9T UBNINT 2ATT AN TNAIUALALE BN NSTTNTIR () WAz

Uszneunan (Q) Wudaszretuuuudifeululicieisnsmedidnnsednd

4.3.1 9snIesdyyIlualeasinluuanssuaiateniinuuy TISO 142993
CCCTA a9
299705038 Yy rauluneAI N TUNANITZLENAIENUIT LUU TISO Yiitdue [86]

L4

Usenausigdudyaiadunn [, [, uar I, Sy b nm 1, 3939580508 4AT 189
dyaalavihsusuulann nsesiuaudn (LP) nseeiumnudags (HP) nsesruwauAud
(BP) finuauaud (BS) uaznseawiuynaun (AP) 1995Usenausie1as CCCTA niliuaz

Funulsglieunsnneaesdl dwanslusun 4.13

JUN 4.13 193snsesdygailuaensfinluuanssuanateviniiuuy TISO 14933

A

CCCTA wiladh



72

SUM 4.13 nanandan1eliflnue19as CCCTA @u1507t A1 A NUAUNUSHanTy

U q

melaunszua (current transfer function) oy

D(S)[B —(SCle +1)gm1i2 +gm[i1

Lo, (s)= (4.20)
D(s)
e D(s)=R.C,Cs*+Cos +g, (4.21)
AALTRNsTIINIA (@) FauszneuannIw (Q) WasluuiInY (BIY) Wanasisil
@, = L/ (4.22)
RXCICZ
RC
SRl - a (4.23)
C2
uay BW = (4.24)
R.C,

PINEUNT (4.22) wag (4.23) WUINITIRReS @, Laz 0 @nsallsaialanaeisng
madiannsefinduasifudassrosuwvuideuly ndmAe d1dpsnisuusan o, Taelvia 0
Asil ansavildlaedmuslinaguuesshsuesanuthaeleuiunuiumuurs g R,
fenmait MntuihnsulsArdhsdiunes g /R, Whilumuieulafigeants luvueadieaiu
desnisulsan o watl @ asidansavlddenstmunlidasdiuves g /R, A
uEuUsAdnsmanames g R, muioulviidesns

AuhveIIEwes @, @ waz B siemaldsunlasmvesisasieniinuasaunsal

v
v

a a b4
WIETN FUNTOIATIE ARG

&m

Sp=-Sp =-58 =52 = (a.25)

1
S2 =857 =88 =-S¢ = 3 (4.26)

SE =0 (4.27)
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IGH Sy =8 =-1 (4.28)

NEUNTT (4.25) B3 (4.28) wunavesrulniinass o, Q waz BW dasluiiiumnis

4.3.2 anallifugauainasnsesdygrailvuanssuavatewii TISO 4eas
CCCTA wilesia
nAuENURN1lNTN991995 CCCTA Tu (4.12) anunsadinsisimranssnuseniuly
\Jugeund odmual o fe Arufinwainvesnszuaaindunsmesn x deiuluds
LDINANDSH Z bay f AD AIAIURANAIATBISRIIVEIEANUNEElaUIINNESA Z dwriuly

fuodinanasn o kansenuserwliiluanunives o, O uas BW uandlanail

o ) (4.29)
RxCICZ
Q= aﬂngxCl (430)
Cz
1
GH BW =—— (4.31)
RC,

X

[

MyIATIEIRAIMINL (sensitivity analysis) TlNase @, O WAz BW Langsadl

AR G e ALy D (a.32)

1
0 _q0 _¢0 _ 0 _ 2 _ o _
SeF By Se, =5k, =S8=Sc. ),

(4.33)
SE =0 (4.34)

LAy S,‘iW = SéW =—1 (4.35)
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4.3.3 wanIaeINIsINUNINIasdyyIuTuuanszuanaievtihiuuy TISO
142995 CCCTA wiledin
MnauMs (4.20) Srteunszuadunn 1, I, was I, Wiidoulunsetunuaudivos
Hardugrelounszuanisnsesdyaamuusig o liesiitiaveaiusansosdayyiol

Tumaalavmilendu muldeulvasralul

—_

- flandu LP Awiunlvinssuadunws (7,) = I, Nseud I,=1,=0

2. MeAdu HP Avualinseuadune () = 1, = [, N3eua [, = 0

3. Weidu BP Mvualvinssuadune (1) = 1, = [, N5e4a [, = 0

4. e BS mviualinsewadunn () = I, = I, = I, 108 C,= g,R.C,

5. ey AP Amualvinssuaduwn (1) = 1, = I, = I, as C,=2g,R.C,

9n3ui 4.13 avsfidiauelduseuliidoas £ 1 vidledeunseualuda 1, uay 1,

WAy 52 pA viliaud Ui R, windu 1 kQ wazdnsiveeanutinielou g, a1
Wiy 1 mAN Amuslvidaliulsen ¢, uag ¢, i 100 pF 9nfeuladnasiuyinlile

[

AaNaNTAveRT UMM uiAell AU £ = 1.6 MHz wee 0 = 1

gud (dB)

BRINVLIYNT

o

—  Han1seand
-------- HANNNEL])

10k 100k .IM 10M 100M
A0 (Hz)

UM 4.14 nanauaupidnIveIenseuan1aaud Hendu LP HP wag BP Wieufu

HAVNANG YY)
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JUN 4.14 LERINANBUANBISNTIVENENTELENANND Ty LP HP uag BP ieuriy

HANNG L] Han1531aeanuIeAty LP HP wag BP HAud f, = 1.7 MHz 1.52 MHz uas
1.5 MHz @Ua1eu ANAMURANAIAY89ANUATIATY LP HP wag BP winiu 6.25 % 5 % wag

6.25 % ANUA1RU WelEnsINN5AUURDINGIUWINAY 0.52 mW

vud (dB)

DNIIVENNT

NAN1TINADY

VRS

10k 100k M 10M 100M
A7130 (Hz)

JUN 4.15 NanauauednsIue18NIERan AN Mty BS iWeufiunanimege]

SUT 4.15 wagguil 4.16 uanunanauauesnsveenselatazvlanisaud iaidu BS

Weuiunan1angul Inenan1sanaeanuniendu BS aaud £ = 1.5 MHz darmautianain

YIANUAVIAU 6.25 %

a

JUM 4.17 uaniwanauauetdnsvenensruauazinan1andmd fendu AP My 90

991 WUIAINA £, = 1.5 MHz JAIANURANAINYDIAIUDYIINAY 6.25 %



280 — ——
.................. NaN15918 99 ||
Havanged) |-
240 :
= 200
o
7
&
v
=
160
120
80
10k 100k IM 10M 100M
A0 (Hz)
= ¢ a 9 d
5UN 4.16 wanauauaImaa #endu BS eununanime e
2007 4 T
- — wWon13dnaes |
------- Havnanged [
1007 2
a
=
c | 3
|5 2
T 01 50
= P
5) 2
-
"
-1007 -2
2004 -4
1k 10k 100k IM 10M 100M 1G

AR (Hz)

JUN 4.17 nanauauednsvenenselalasinanenud fandu AP guiunams
]
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7

10

—
o

SnTwenenszud (dB)
Y
(=]

&
S

-40

10k 100k M 10M 100M
AuD (Hz)
UM 4.18 nanauaueIdnsvENeNTEILan1aALd Tlaidy BP Lieuwdsen £, = 766 kHz

1.5 MHz uag 2.2 MHz Amuali O = 1

JUM 4.18 LaAnINARDUANRIBNIIVEIENTEWANNAIIND Taidu BP LiauUsAIA1ud
800 KHz 1.6 MHz uag 2.4 MHz lagn1uualiAn 0 = 1 91ARANITI1899N13119IUN U

ﬂ’J’I@Jﬁﬁ) =766 kHz 1.5 MHz way 2.2 MHz ﬁﬂ"]mmﬁmwmmawamauaummammﬁ
WINAYU 4.25 % 6.25 % wag 15.39 % fINaInU

sud (dB)

BNINVIYNT

o

10k 100k M 10M 100M
A2ud (Hz)

JUN 4.19 NanauaueIdnIIveeNTERaN1ANR fandu BP A1wE £, = 1 MHz il

wlsmn Q0 = 0.7 1.1 uay 1.54



78

SU 4.19 NaRNBUAUDIONIIVBNBNTZUEANIALE HIATU BP WauUsan O = 0.5 1 uay

U

1.5 Ineimuali £, = 1 MHz Nan1391889n1999UnUIn Q = 0.7 1.1 Uag 1.54 auasiu

0 0.5 1 15 2 25 3
1387 (us)

5UN 4.20 namauauasnIaileitu BP Weteunssuasunasuatulutainud 1.6 MHz

YA 25 PA,

SU 4.20 LEAINANTISINRBINITABVANDINIGLI8T Hendu BP Wiatounssuadun

YU 9

sUndulatinud 1.6 MHz vwa 25 pA, nudrdausunaulstimeinuemneiidnuaei

donmdasiudyaagUaduletineiudunsviadulununuauivesilaidu BP

16

14

%

12

THD (%)
o0

0 —
0 5 10 15 20 25 30 35 40 45 50 55 60
I, (UA) (peak)

gﬂﬁ 4.21 A1 THD Lﬁ'auﬂawmmﬁummsLLaﬁuwmgﬂﬂﬁulﬁﬁ 5 HA, 4 60 A,
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SUN 4.21 wansAauRaieua1sueling (total harmonic distortion, THD) we<

3
fyaaunadueding euusAnsuadunnsuaduleditou 5 A F 60 pA wuiiea
ﬂmﬁauaﬁuaiﬂﬁaﬁuﬂm 0.2 % 94 15 %

KN30 159U INANB UALDISNITENEN SELaRaTlannsamd et LP
HP BP uag BS uansliiiudn 1sasnsesdyaalvuanszuanaievtiifiuuy TISO Minaue
M19uaenAd 8t unmged lnenani1sdnassileidu LP HP BP uag BS JAIRANA1AV04
AR £, WU 6.25 % 5 % 6.25 % Way 6.25 % auddiu

KaREUALDISNI TN TELARaTINaNIIANE ety AP wandliifuineasiviaue
annsaviauldaenadasiunmed Ao fwladilnd 90 asm finrwd £, = 1.5 MHz Tned
AIAANATATEIAIINA £, = 6.25 % uenI NIt Laueilerdu BP ausauusenenud
7, Tnglaidnansenuivan 0 uazuusa 0 lnglsifinansznusien £, Al 7, SaAanas
WU 4.25 % 6.25 % 1ag 15.39 % m1ua1au AINANAIATDY O AU 0.7 1.1 Lag 1.54

ANUAINU

HanaUANRININIa1veelsnTu BP Welounszuasunnsuatulatinuindyaiuguad
loiinanavanesiidonndssiunuaudAvesileidu BP Ae Julavesdynyiaie1dnniu

q

a A

oy B unmvidleunu (in phase) waziAl THD memazummﬁwmﬁﬁﬂ’h 10 %

mM3siaefiommanevauaIasvenenIaNNd Heidy 8P lunsdifnisdeauunes
C, ¢, warn1sifonvurasnfimes R g Amualiaisie q Sarsidoauumiadu 5 %
NnTwThnsAIRAZILHARNSTIANTUA BN 1TNATE 1LY 200 RT3 HARDUAUBISHTYENY
nszaverud et BP uanedaguil 4.22 fe 4.25

SUN 4.22 LEASHANITIASIZNLTERRAN18ITUBURANS LA NANDUAUDIDATIVLIENTL LA

u

N19AWA Herdu BP Lo C, 1U8duuyindu 5 % Nan13531a4n15%i1unuIT 8ns1uee

nszua IAndesuuegsening -5 % 01 0.625 %

a

SUN 4.23 LEMHANITIASIZILTIEDAMEITUAURANTIA NANBUAUDIONTIVLIENTLILE

Y

119A710D Wy BP e €, Waduuvinngu 5 % Nan1331a03n159119unul 69310818

nszua danleaunegsening -4.35 % 89 0.25 %

a

SUN

Y

aa v

4.24 LAAINANITIATIZATIERRAI8ITUIURAISA NARBUALDIBNIIVEIENITTUA
M19A210D Wandu BP 1o R, 1J8uwindy 5 % Han1391a89n13919IUnUd 89310818

nszua dAnlesunegsening 1.25 % 4 7.5 %

'
=

SUN 4.25 LAASHANITIASIZMLTIEDANIITUDUAANS LA NANDUAUDIDNSIVLIENTEILE

Y

a s o = X o ° o o
N19AND HeATU BP Lo g, MUBRUULYNINY 5 % WANI1931899N1TVINIUNUIN BATIV8Y

nszuailAndeauuegsening -4.38 % 64 0.02 %



vud (dB)

BRINVYIYANT

o

10k 100k M 10M 100M
PG (Hz)

6.
.
&
%
2
P
z
sS4
hCN
=
v
i
@ 3
=)
=5
0 : : : : -
1.50M 1.52M 1.54M 1.56M 1.58M 1.60M 1.62M 1.64M
A0 (Hz)
nsamples =200 minimum = 1.52732¢+006 maximum = 1.61181e+006
n divisions =20 10th %ile  =1.53556¢+006 3*sigma  =73109.5
mean =15689¢+006  median =1.56907¢+006
sigma =24369.8 90th %ile = 1.60244e+006
(V)

UM 4.22 namsinsenideaiifiaininud £ flaidu BP smedsueusaisia lile C,

WELUUINAU 5 % (N) NARBUANBINIANLND (B) NNV
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ud (dB)

DRINVYIYNT

o

10k 100k 1M 10M 100M
Aud (Hz)

(n)

3

'3

SFusveInITaNe

e

5 § 5 R ' L] N 5 % N D (v R 208 20 ) IR, 0 DY
1.52M 1.54M 1.56M 1.58M 1.60M 1.62M
AuD (Hz)
n (siamples =200 mi}rllig}lpim = 1.53431e+006 maximum = 1.60401e+006
n divisions =20 1oth Yoile = 1.54112¢+006 3*sigma = 60322
mean =1.56865¢+006 median =1.56882e+006 & 603223
sigma =20107.4 90th %ile  =1.59631¢+006

()

JUN 4.23 namsinsenideaiifaininud £ flaidu BP medsueusiaisia lile C,

WELUUWINAU 5 % (N) NARBUANBINIANLD (3) NNV
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—
o

eud (dB)

®)
S

DAINVYIYANT

1

-30

10k 100k IM 10M 100M

AE (Hz)

q

'3

SfudvpInisduan

1o

0 h - ; . .
1.60M 1.62M 1.64M 1.66M 1.68M 1.70M 1.72M  1.74M

ALA (Hz)

JUN 4.24 nan15ns1emideatifaInud £ flaidu BP medtueusaisla tile R,

nsamples =200 minimum = 1.62315¢+006 ~ maximum = 1.71514e-+006
n divisions =20 10th %ile  =1.63285¢+006  3*sigma = 79607.4
mean =1.66898¢+006  median = 1.66835¢+006
sigma =26535.8 90th %ile = 1.70569¢+006

()

WERUIIINGU 5 % (N) HARDUAUBINIAINND (V) NN
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zila (dB)

DHRINVYIYNT

o

10k 100k 1M 10M 100M
A0 (Hz)

q

s

SifuduaInITaen

s

1.54M 1.56M 4 L58M 1.60M 1.62M
A48 (Hz)
n Zgn;ples =200 Félgl{]}nulm =1.53367¢+006 ~ maximum = 1.6003e+006
n divisions =20 Jolle = 1.54073e+006 *g1 -
mean S156694e1006  median - | 36653.006 o SEMA  =57660.1
sigma =19223 90th %ile  =1.5935e+006
(@)

UM 4.25 nam1sinsemideatifdnud £ flaidu BP meltueudanila e g,

WELUUWINAU 5 % (N) NaRBUANBININAINND (¥) NIV
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4.4 ~99snsasEuNNAUDSURUVTIuALTIRY

w9snsesiunenuiidusesifiquandd fe d8nmvesaiinaengunnuiuas
mmim?{WLWaideé’mmméuwmLLazLmﬁwmimaﬁ'mmmmﬁmmw (@amplitude)
wwimaliluAsuulas 1asnsear AL ldgnisuszgndldauegaunsvans Wy
23 Fouma 29T0aTalmeTuarNRTNTBIIUAYIRKNLATAF U NE UANN NG [67]
Jusiu

Tuefnilideliinauesasnsesinmnanuanudsusunis vhaululruauseduuas
uanszua Inglisasueniindisneeiafiy fregiaty 19959enerassussiudwuANTh
(voltage differencing transconductance amplifier, VDTA) [66] ’Nﬁ]imawmﬂimaéuﬁ%ﬁd
(first generation current conveyor, CCl) [67] Nﬁ]smawwuﬂizLLamU@uﬁwﬂizLLajuﬁaaq
(second generation current controlled current conveyors, CCCII) [68] 299 30818HaM 14
usssumelsssiWiasuuunaudeygaa (voltage differencing inverting buffered amplifier,
VDIBA) [70] 2495818 HaR 190 TeLan 8ts 8auNWines (current differencing buffered
amplifier, CDBA) [71] 29953878A290U 0 18101 (operational transconductance
amplifiers, OTA) [72] 299359878AITUU 1 arglauniunsewd (current follower
transconductance amplifiers, CFTA) [73] BAYINITVYNIYANINUIN GO URIENIUNTL WA
m‘uquéﬁ&JﬂSzLLaLLuuwmaLmGMG] (multiple-output current controlled current conveyor
transconductance amplifier, MO-CCCCTA) [78] (Wuduy

NNSANYITEANIERNLULINRINTBINIUYN AR IASUF U sTsmaus s udi
Kun wudriniseesnuuulisiananifrudwolul ansuuasaueaiiniugiuuay
gunsaina@nluigesas esnuuuneshivnamnddumusuumadviluesiusznouly

@

2993uar9TaNsUS U A oulaladaedsnisnisdidnnsednd 1udu og19lsAadsd

[

nuATeRS R ARG q Ainaraudneiudel
1. fheasueafiniiugiunnniwiiei [68] [72] [80]
2. ffdunuwuuniadndussrUszneuluatas (671 [71] [74] [75] [77] [79] [81]
(84]
3. ldannsaufuydeunlaldseiSnsmedidnnsedng (671 [71] [74] [75) [77]
[79] [81] [84] [85]
4. Tdeulvanuyiniuvesgunsal [71]
Nndedrdaring q Ainanandrsiu §Adeldinausisasnsemiunnanudinunuseiy
42995 CCCTA wuuluBueaifissduien venaniunssdmamndadumuuumad

& ¢ o 44' Yy  aa a a ¢
Wuesduszneulwisasuazamnsausuyuideualsmeisnsmdidnnsedng
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v Y

4.4.1 2993n30%UNNANNDIMNALTAULUULINAIAunulaglda93s CCCTA
2 o
nilana
1ITNTDIWNNANUIUARTIRUNTNEUD [88] Usenaumedsasikaaiint CCCTA Liles
nilafuarAniuuszauuuasedndads 2wsiidnaueusandifnumusuunadnly
2995 fauanslugudl 4.26 Tunsdlddiiulszquuuassidudinulszneuvesasaunsoan
anuduteudisthluasradusassulalagldlnduuu 2 4u (second poly layer) Tunsadng

Fufulsey

0O

E
>

o
o

CCCTA

X7 ;

JUN 4.26 2asnsewmynauiininksruuuliiidiiiuniulasldiens CCCTA

IR

AnuaudAn19lvii199as CCCTA AudumIuLE R, 4avdns1vensniiuiiaislou g,

A1175079A5 1 IANNALTUS I aNYua e Lo UL IAU taRTl

TS - (4.36)

91n@NN1T (4.36) afmuald 1/R = g, aziabiasasyiwinfiduisasnseseiiunn

¥
v

ADguAuUTils Feilaudlng (pole frequency, f,) uagiwa (phase response, ¢) fisil

f, =2 (4.37)

Ay ¢p=m—2tan"' (Ej (4.38)
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9INENNTS (4.37) way (4.38) Sununsvla 1, wag I, senszud 1, Wenszua 7,1 Judh
AUUAAIAIUAIUNIULES R, waznszwa I, 1udanmunsnsiveisainudiaisleu g,

(%

aunsaeuaunsaudnakasalrilasadl

1

=—2 (4.39)
Sy 4nv,C
Ay ¢=7[—2tan’1(4?c] (4.40)

%

4.4.2 anuliiidugaunivasasnsawiiunnauduanssiuwuulifidaduniu
Ingldeas CCCTA
mleszimnansznurornuliilugauaRvednses CCCTA seringusaiuoidinmse

LIWUBUNAIINENNIT (4.36) wanslsidu

V. (s) [SC_I? j

s

ot 72 — % (4.41)
V() (sC+pg,)

n5LAs1EsiAAUla (sensitivity analysis) 9898a31988A3N8laukazALAY

'
@

Usgq Niinasie @, wanilanadl

S 1 (4.42)

Em

15 Ser==1 (4.43)

o

4.4.3 WaN591ABINIINUIRINTEILNNAIIEILALSsTULUU TR F LMY
Tngld2995 CCCTA

M3iaeINTineUYeIasFUR 4.26 THlUsUNTH PSPICE fionsIvaouniNanouayus

A9 9 U892995 Hmalulad 0.18 um vesudtmleTion Avunlidemafunsyuadonsndu

AIUNT19EBAINEYT (W/L) voaLd unaakazNuaannad (W/L) windu 5/0.5 pum 14

Id819995 + 1V fvualinszudluda 7, = 1, = 1 = 25 pA Wunaliraudunuus

R, = 2.08 kQ dnsinisvgrearuiaisleu g, = 480.77 ANV ftfiudszq C = 20 pF 410

Feulviwiwilildnuadivensaslunmguidail 7 = 3.82 MHz uag ¢ = 90 09mm
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Nan133naes |l

nanngud) ||

HOnTIVENE-

1807 5
4_ .....
3_ B
1357
a 2_ .....
E .....
= ag 14
= s
8 901 2 0=
[y
% g .....
= e 14
'ad
3(% .....
24
457
_3- ........
/L PR
04" 5
10k

100k

M

wd (Hz)

10M

100M

JUN 4.27 #an1391009M5719UTBIHARDUAUDINNIANUAKALING Ll £, = 3.6 MH,

JUTN 4.27 WARINANNTINEDINANBUANBIN NAINNTDIIIT AP 91AN1591889N15719u

ANLALNG £ = 3.6 MH; ArAaRanaInnIsAudLiiBfisui UM wviaiu 5.8 % 8ns

AULUADINAIUINAY 177 W

596U (mV)

0.4 0.6
1281 (us)

U 4.28 naneuauaseiailedounswiudunnguaauleyd A1 3.82 MHz

W 50 mV,
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a

sUN

Y

4.28 UAAINANITINADINANBUAUBINIIATRLTIRY alounssduduna 7,
sUAdulgTANd 3.82 MHz wouudga 50 mV, nulussnue1dne ¥, sunduletiivuin
AanaenafosiulswudunnsUaiuleunJeuliiuiens Amindygiu (delay time) wiiy

63 Ns Y30LANUAILNAUTEU0S 86.86 DIAN

60T -

40

V, (mV)

-20

-60 -40 -20 0 20 40 60

'
a

JUN 4.29 uann3inaesnuURaTIgdnaANuD £ = 3.82 MHz

JUN 4.29 LanNan139aeauUuaan1qd (Lissajous) £, = 3.82 MHz dnwnyveq
doyaranTursnaudanansliiiiuiussiuduns v, sUusduletuasuseimeondng v, 3Undu
lytifianusitanadudalng 90 aam

g7}

E‘Uﬁ 4.30 LAANNANISINABIUIAIANURALNEUF a8 (total harmonics distortion,

THD) v8usaiun1awene Weodsuussrudunnsuaduletdauin 5 mv, s 150 mv,

ANHD 3.82 MHz WUNTILSIAUBUNAATUA 5 mV, §4 90 mV, § THD flosnin 5 %



89

THD (%)

—

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
V, (mV)p

0

35U 4.30 @1 THD WelUaguudasuinasussiudunnsupaulet 5 mv, fis 150 mv,

1807

135

90

g (29A)

45

10k 100k M ) 10M 100M 1G
AE (Hz)

U 4.31 nanauauasmanalowusanszua £,

UM 4.31 nan1sdnaeensnovaueuva wewdsAnseua 7, = 10 pA 20 pA Uag 50 pA

a

i 90 8een mwdlna /£, = 1.50 MHz 2.9 MHz uaz 6.9 MHz

3
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gﬂﬁ 4.31 wARIHANIIIIAINIIRaUALewILIE WenusAinssua I,=10 pA 20 pA
uay 50 pA sy wudnfiagm 90 Baen mm?{‘lwa]; = 1.50 MHz 2.9 MHz uag 6.9 MHz

ANMURANAINANUDINAWINTU 2 % 5.2 % wae 9.8 % AUAIAU

1801 5

1357

o

(=]
T

901

W& (89A0)
ANTVYUUTINY (dB)

o

_JIOk 100k IM 10M 100M
A3A (Hz)

SUN 4.32 HanN15IASIZRLUULBURANS LaVDINANDUNINANLDLALINE 1B C WDaguy

Y

WU 5 %

JUN 4.32 uananamaiiasisiiuuseuiaislaveinanauaussmenuawazia el
A5 UYL ULV T8UYDY CINNU 5 % Hanauaussnianad 90 991 An1sileauy

UBIAUNDETENIN -20 % £19 5.7 %

2007 10
1507 _5
m

€,
L
% 1004 &
Tx3100 i@0
= @
=

-~

8

501 -5
0= -10

10k 100k IM 10M 100M
A0 (Hz)

3UN 4.33 nan1sinTeikuutauinsiavamanauneeuiuazia e R, ke g,,

WUy 5 %



91

Ul 4.33 uansransiisgiuvuseuiaslavesnaneuausimanuiiuazina 1ile
R uar g, fnsideauuuuuinddeuintu 5 % sansuauesauinuitdnswensusiy
WasuuUassening -0.9 dB fs 0.98 dB uazwanouauowalad 90 e fnaideauuves
Awidegludis -2.1 % f1 8.3 %

NaN1591809119Y1 9T TN NANNA Sudunislnuauseiy uandliiiud
NANDUALDISNTIVEIBLTIR LLAZINAN AT TnaT aonndosiunimgud naAe &
Snsensussiviinsiinaengiumnuiiuariinawd £, fmadilng 90 asn fAdanataves
WA £, uasainY 5.8 % uay 3.48 % uananisasiviauadiofeunssiuduns

sumRultAaus 5 mV, f9.90 mV, Wu31A1 THD U0enTeuaiondnnsiing 5 %

4.5 @3y

Tuunillfiiausnissiaesnsnuiesnsesdaaalulnnnssuasuiugeas
wazlulvaussiunileans Usznause

2193nsesdyaailumensfinnaentilnansyuanUUMELBuNA @10 Hwn 2995
Uszneausieasas CCCTA wuuluduoantaia daufulseqiiounsadsuiuansda 2993
aansadaanesilsidulsimuguiuy fo nsesiumNis (LP) nses ARz (HP) uas
NyeINILUAUAIILA (BP)I@alﬁ@”aaLUad'wuﬂaqﬂuuwmwmuaz&J‘"qmmmﬂﬁ’u
Amsined @, uaz 0 venwsldesidassuuuiiteuluiieisnisnedidnnsedindann
maulsAnszualudannmeuen wasiiiausiimauilhsonisuusame nsiendivuay
gunsaiwa@lunsasiisn

29305098 R 0l UmBAT i enTTilvennsELALUULUUAILB UNA MiaedNe
Usgnouie193s CCCTA uuuluduoamilsiauasdaifiulsygiounimddnnuassi 29as
ausaduas gy dulavinguuuy fe N3OIRLAILTR (LP) ﬂimmummﬁqa (HP) n@9
NuLUALD (BP) siauauAuA (BS) waznsesnmunnadud (AP) Tnglideaudsuudaq
sULULTaNRT uenINTutansaUiuAiines g uar 0 vensasidesnedaszuuy
fifeulwsheBnsmedidnmsedindannnisidsanszualusaanaiouen 1sasiiaueiian
mmhm’amsLLUiﬁme%LLaﬂﬁwLLazqﬂﬂicﬁwwa%mesﬁﬁw

29950503 1UNANNA S uTUndsTnuaussfuUsENoUR 82993 CCCTA wuuluduea
vilwhuaziivdszquuuasemilsdh 2masamnsauUsanudlisheisnsmedidnnseting
MnnsuUsAnszualudannasuenlasedeanuyinduresgunsal 2asitiaueiian

Anubvian1sudsAveIsaswaniiniargUn sl a@nluIasien
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) 250% 2 25.0%/ | 0.0s 5.000%/ Auto
ﬁn\ NG
1/\ N / \\ / :\f\
RS NN [N &

AN LN AN
8 ORI LS 2 1 /X

4

S "~ Sing, High-Z, Iv
[Freal?) - 7 [Ampl{T)} ~ JAmpl(2) " [Phase[I=2)
| 79, 96kkz 49.9mv 41.0mv 102.8°

JUN 5.11 wan1siananeuausaavesileidy HP WieleuussiuBunnyunauled

AIA 80 kHz

U 5.10 LAAINANITIANANDUALDININIAWBINATY HP Wotlouussdudunm v,

Y 9
'

A

supfulolainud 20 kHz nieaudifindinud £ vuin 25 mv, niensewadung 7,

U

WU 25 HA, NEUARIANG Ty HUUTR 2.05 LA, SaT1anneudyaiauriniu -21.7 dB
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a

sUN

Y

5.11 LAAIHANITIANANDUANDINIIAIVeTen Ty HP Wadauussiudunn v,

A

suadulgdAIwd 80 kHz n30AMUAWINAUAIINA £ VWA 25 MV, nTenseuadung I,

Y

WU 25 PA, NSEUARIANR Lyp UIA 20.5 PA, Sasraaneudyy it -1.72 dB

250%/ 2 25.0%/ 0.0 2.000%/ Auto

I,.f'J_\._ ¥ k.

NN TNSE N
| TR AUE-RZ | M- N

2 . Sine, High-Z, Inv

Freq(2). Ampl[ 1) Ampl[2): Phase[! +2)
250.3kHz 49, 9my 43.7my 170.6°

JUN 5.12 wan1siananeuaueIndaawesilindy HP Wedeuusaiudunngunaduled

Y

A8 250 kHz

a

sUN

Y

sunduleiainud 250 kHz wSeauigendnANud £ Yua 25 mV, n3onTEuadune 7,

5.12 UARINANITIANANDUAUBININHIAIVRITINTY HP Wadauwsaqudunn v,

Wi 25 PA, NSEUAANR Ly HUIR 21.9 pA, ddnTanveudyaianvitiu -1.2 dB
nan1sNAaeIandlfiiuinanauaue BRI EIBus W LLaslanI L i va il e du
HP Tnaflaonndasiumangud nedaRanainvesnnud £, ieweufunammguiviniu
15 % WANITNAADINANDUAUDINIIAVDIHIATU HP Wuiwé’mwaﬂwausuaﬁzyingﬂﬂ?{u
el Junaanifvesileidu HP lagnuin ‘zj'aammﬁéiy’uwiﬁ, %ulﬂﬁﬂﬂiamwauﬁmmﬂmgﬂﬂﬁu
lynenuiedng -1.2 4 -1.72 dB nanfe poulidananudnus £ Julusululs
Tuvnigdinudenni f, WHNANNOUIUIAVDIA QYR IUALYINY -21.7 dB V3eAMNARINT £,

Talanunsasulule
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5.3.3 WARdUAUBININANUNLASNANDUAUDINIIANVININYY BP

a

sUN

Y

Uouusssiudunn 7, sUuaduleiininud 80 kHz vuna 25 mv, sedeunseuadumnn 7, Wiy

5.13 AAHANITIANANDUAUBITNIIVY8LAZLNENI9ANUD VB IHINTY BP 15l

25 pA, WUNAMHAUAURIY £, TATUTENI 79.43 KHZ A1ANURANAIAYBIANNDLA UK f,

Welsuiunan1anguviniu 0.71 %

Frequency Response Analysis

0519878U5I0U (dB) Gain, Phase vs. Frequency wid (a3rn)
108~ A 95¢
: —~ BnIIVLIY
£ - "’:—'_L_“““"a/

Y 10 N L 2 .

I e R
20 S 55
25 b x| R
-30 15
o5 = : —-130

f 10kH:z 100k 1.0M

| pannd) (H2) T L il il ™,

JUN 5.13 nan13iananauauasdnsIvenauavinaniinmivesilesidu BP 91 £ = 79.43 kHz

2508/ 2 250% 0.0s 20,005/ Auto
[":'n i
< > R N
2 N . /’ A / \
= A \\ " x\ : \\
/ | ‘
\\ /! . ,/ 3’ J// _,--/
|
;}"PL
o b . .. P ]
] - - <] e
L  Sine, High-Z, Inv
Freq(2): Ampl(1]): Ampl(2): Phase( ! +2):
20.01kHz 50.3mV 12.9mV -67.7°

JUT 5.14 wan1siananauauemniaavesiieidu BP Wedeunssiudunnguaiulel

mmﬁ 20 kHz
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U7 5.14 wansnan1sinnanauauaniealvesilendu BP Weolsuussiuduns v,

Y 9

A

sUAq

Y

wlwdad1ud 20 kHz ¥30AURAINIIANLE £ YA 25 MV, n3enseuadune /,

n

WU 25 PA, NSEUAENR 1y, TR 6.5 pA, nT1anneudayaiainiu -11.8 dB

250%/ 2 25.0% 0.0s 5.000%/ Auto
75 V\/" £ =
\ / // N / \
\V/ LN I\l Wi
Ve i
\\ ‘
0/ 2PN A2\
| pw) A N , Nay| NX

 \B “-Sing, High-Z) Inw
/ 'iirﬁﬁl[ N\ |Ampl{d) - |Phase{i-»2)
kHz | 49, 9mV |

| Freq(Z).
} 80 mV | 32.8mv, 8.6°

.00

JUN 5.15 nan1siananeuaueaniiavesiliidy BP Wetlounssiudunnsuadiula

mmﬁ 80 kHz

i 26,09/ " 2/250%/ 0.0s 2.0005¢ Auto

b < s : ra vy
AXe VN 2 TN
/L NN R/

y v Sine, High-Z, Inv
Freq(2): Ampl[ 1) Ampl(2): Phase( ! —+2):
249. 49 .4mV 13.5mV 68

8kHz H

U 5.16 nan1siananauauasmeavesitaidu BP Wetouwssiudunnsuaaulel
AHD 250 kHz
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SUM 5.15 LAAINANITIANANDUAUDININIAIVBININTY BP 1ot aunsinudung v,

L] L] in

supduloladud 80 kHz nieaudvinduaud 4 vwin 25 mv, nsenszuadunn /,

WU 25 A, NSEWAIANR 1,, HUwin 19.4 uA, Tdnsaaneudayaainiu -2.2 dB
SUN 5.16 LAAINANITIANANDUAUDININIAIVBININTY BP 1l ataunsinudung v,

L] L] in

sUpduleladud 250 kHz nSeANAdINTIANND £ UUIR 25 MV, NTeNTEUaBUNe /,

n

| @

WU 25 PA, NSEUARANR 1, TR 6.75 pA, TSnsianneudyyiainiu -11.3 dB

nansnaaesuandliiiiuiwane Uauasdns v s saduLazlansaudvesilai gy
BP finafiaenadosiumangud lnsdaidanainvesnnuduauniiu £ iWeiisufunanis
MU 0.71 % HaN1INAARINARD UL IR HIN U BP wudl dnsianneuves
ﬁzymmgﬂvﬁuhﬁﬂuqmamﬁ’ﬁmaﬂﬁ%’u BP 429AuAukaun £ finsanneudyain
VN9FULeENR -2.2 dB BauEfinuaing £, gnanveudyyauyinny -11.8 dB warAud
aeni1 £ gnasveudyan -11.3 dB nanfe seulimuiludisuausin 7 sluls Tuvas
fia3nuidiniuarganinnudua U f; gnasnoudyauadlunieaiwiliannse
rulule

5.3.4 NANDUALAININANAVEINaRTY BP WiauusAl R, was g,

wionansliliuinanuiiGausssumf o, uaziiusznaunanm Q vesilsidu B 3
Auludasyreiu Anualial Q0 = 1 ¥1n1TLUSAT @, AENTHUIABRIIEIULEN g /R,
Tmaﬁma@mmm g R. asit dmuadouludasanves g /R, = (0.754 mAN)/(1.326 k) (1.01
AN/ kQ) Wag (1.36 mANV)ATI6 Q) suddy 9neuludenanlunanguiidunals
ANUARAURIY £, = 60 kHz 80 kHz WA 100 kHz mind1fy Tnofauszneununmilrinei
AN TNABINUIIAITUAUAURT £, = 63 kHz 79.43 kHz wag 100 kHz a1uddu Tnedisn
Usznouunndaasd A1aulanainuesnimfLoukiu g = 5% 0.71 % waz 0 %

ANUERU HARBUANBITNT IV TSR ULaINaVNIARDLaRSlugUN 5.17 §3 5.19
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?Frsquamy Response Analysis
SATveBusu (dB) Gain, Phase vs. Frequency a (a3e)
1048 e o
e g = 60
; A nTIBIY "
e AN = 0
-15 = . -20
20 \\ \\\ -40
25 = -60
-30 -80
-35— . —-100
10kHz 100k 1.0M
10

3UN 5.17 Hansiananeuauessnsvetguamanisaufvesileidy BP

dlermuslvi g /R, = (0.754mAN)/(1.326 kQ) anaifl £, = 63 kHz

4 h) ‘\ = ‘
I’ain,-x\‘ N\ \m

1 - a0

P 709
5 o
5 - U
A =

0 &5
3 Y

(-3 = r %
Ok 1.0M

”
M G T

3UN 5.18 nanisinnanauauessniveeuaslanieaudvesileidy BP

dloravuelyi g, /R, = (1.01 mAAVY(L kQ) a1 f, = 79.43 kHz

1 TITTTY




115

Frequency Response Analysis
BNTIVEIBUTIAU (dB) Gain, Phase vs. Frequency wia (9m1)
104B = Wa g0°
5 == Vs < 65
p =0 2519878 -
5 = - 15
-10 - 1
-15 s _ =
.20 bl
-25 e
-30 1
T 10kH 100k 1.0M
A (Hz)

UM 5.19 nan1sinnanauanadnsIvengiasinanisnuivasileidu BP

dlaruald g /R = (1.36 mAVY(796 Q) a1ud £, = 100 kHz

5.4 Wan1MAaRdeRsNIaLdaIaluataasIinluuansTuarANenENLUY

TISO

wasnsesdyaailumeaniinlyunnseuavatsvtikuy TISO lasldasas CCCTA wils
fusgifvUssgiisunsndaed [12) Aduaus uansssguil 520 UR 521 uanaIes
nsesdynnlumensiinluuanszianateniiiiuuy TISO 193 CCCTA fdaulsenauvan
fio lod AD844 yivilwimihiwasudyaaussilidunssuatsnsveenruniie-
Towwiiu 1 mAA anusarnuunsnsIvenenxiiaslouldandsuniu R, R, uas R,
103 AD844 YaTaesmTiTu1ees ccall Taadifasum R, = 1 kQ dssynsuriuwesn x
vivthiaslowdusadumuusl r_vedleiues ADsA4 lafiuas LM13700 iwthfduisas
OTA ilatlounseua I, = 46.2 pA agldl g, = 089 mAN Alfiulssq €, = C, = 1.5 nF 19

wsaiulvlde99s £12 v 91naun1s (4.23) TneReulvdwiuilildguaniivenaslums

¥

noug) fell £ = 100 kHz wae 0 = 1
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.
11 I.
C—> X o 3
]out
~C CCCTA o+t —LO

I
" 12

y z —_’__OC2
L

JUN 5.20 13snsesdeadlunlensfinlrueansewavarevinfiuuy TISO

L

—_

Nl

v

Al

7S Sy | g
sig)
=

I

JUN 5.21 wasnsesdgaalumensfinlvunnssiavatevithiiwuy TISO 1dlediuas
AD844 Uaztuas LM13700

5.4.1 WANBUAUDINIIAMUDLAZNANDUAUDINILIA1VRINATY LP

=

sUn

Y

5.22 WAANKNANISIANANDUAUBIDNIT VL8 WAL NANIAIUDVDIHANTY LP 1l

Uouwseauduna ¥, suaduledanud 100 kHz vuin 25 mv, vsedeunseuwadunn (7,)
Wi 25 PA, el 1, = 1, wae I, = I, = 0 wudiaaud £ deuszana 85 kHz A1nd

HANAINYRIANND £, Walleuiunanemguiwiiiu 15 %
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Frequency Response Analysis
HRSIVEIBUIAY (dB) Gain, Phase vs. Frequency wia (a3r7)
40dB WA 20°
30 7 0
N———— v = 20
~ DASIVLE /
10 ~ / ,{ -40
0 — - 60
N .'( )
-10 T 7 -80
-20 : -100
-30 . S .'II -120
-40 \ 140
50— . — -160
10kH: 100k 1.0M

JUN 5.22 nan1siananevauedsnsnveeuaziianamdvesilendy LP £ = 85 kHz

2508/ 2 26.08/ 0.0s 20.00%/ Auto
v T

m

\
7N AV BN

yd
\\/\x

oo NV I 22 A\lpial i o ) P
i

L
&n

SRS A e
YRR\ NEI | N

[ v Sine, High-Z, Inv

Freql?) SAmplty [AmplZ) "~ Phase(1>7)
20.00kHz 50.0mV 50.7nV | 11.1°

JUN 5.23 nanisiananeuauemiaaivesiltendy LP Wedeuuswiudunnguaiuley

mmﬁ 20 kHz

SUN 5.23 kaAINan15IANanauaUBINIIaIvaIiandy LP ot ouwsnudun

Y 9

n v,
supdulodAud 20 kHz ¥30ANANINIIAND £ vuIn 25 mV, uSenseuadune ()
Wiy 25 pA, Avuali 7, = I, ey I, = I, = 0 nszuawng 7, dvuiamiiiu 25.4 pA,

InT1aANoUdIuYINAY 0.01 dB
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25.0% 2 2508/ 0.0s 5.000%/ Auto

VA
7

Y

/N ]

L R e o A T I ) -qq; At

ol ] A
TN TN N TN

. A Sine, High:Z, Inv

|Freqfd) Ampll1)," 7 Ampl2): | Phase( =2}
100.00kHz | 49 .9mV | 28.1mV 110.9°

JUN 5.24 nansiananauausmnianavesileandu LP Wedeuuswiudunnguaiuley

AR 100 kHz

FUN 5.20 LARINANITIANANBUANSINILIAIYBIHATY LP Wadsuussiuduns v,

Y 9
'

suadulgdaud 100 kHz n3oAudiviafy £ w1 24.95 mv, nsenszuaduna (7,)
WInU 24.95 pA AMuRl 1, = [ WAy I, = I, = 0 neuaieninn 7, dvuin 14.05 uA,

NIV UYMW -5 dB

250900 25.0% 00s 2.000%/ Auto

N R

&
4
>

AL W

¢
} !
4 1
s N I "
b \ ; I
L " ! I
B
7~ Sine, fighZ, Tv
Freq(2) Ampl( 1) Ampl(2) Phase[1+2)
251.0kHz 50.2mV 4.3mV 179.1°

JUN 5.25 wan1sinaussmeiatvesileidu LP Wetdsuussiudunnguaiulel

mmﬁ 250 kHz
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SUN 5.25 LAAINANITIANANDUANDININIANVDININTUY LP 11 oUouUlsIAUd UN

Y 9

sumduleadud 250 kHz v3omudaind1nnud £ v 25 mv, vsenssuaduns (7,)

n v,

Winfu 25 pA, Avuali I, = I, uag I, = I, = 0 nTguaonmg 7, dvua 2.15 pA, 6051
AANBUAYYIUMINY -27.36 dB
nansvnaeduandlfifiuitnanouaue vl LT ansaLR va sl Ty
LP fnafiaenndesiunimaud] Tnedadanainveawanevaussniannudfinnnud f e
WeUAUNaN I ey 15 % Nan15ARINanauaueInIaIavasiendy LP wuindnsd
anneuvedyaasdupaaudiveailaidu LP ﬁzj'Nmmﬁé'?aLwiﬁ) aslufinsanveudeyyiou
maé’ml,mﬁwmé?uwi 0.01 §¢ -5 dB naAe veulvdyyaisiaamdninis £, aslusnululd

Tuvauendyaunnudigends £, gnanneuasdya el -27.36 dB viisldawnsasilule

5.4.2 WARDUAUDINIIAINNALAZNARDUAUDINILIA1VBIHIATY HP

a

SUN

Y

5.26 LAASNANTISIANAMNBUAUDIDMINVYIBWALINANI9ANUAVDIHINTY HP 138

Jouussiudunn 7, surduladainud 100 kHz vuia 25 mv, wseleunseuadunn ()

. = 0 WUIIANA £, TAUsENad 68 kHz AAw

in i

winiu 25 uA, Taedl 1, = 1, =1, waz [

HANAAL S UTUNANIING BAWINTY 32 %

Frequency Response Analysis
|

DRSWENEUTIAY (dB) Gain, Phase vs. Frequency wia (asm) i
20dB : pus®
| 12 o, @ W/ S |
| e — = _— -
| ; A v NI
5 4 U
| 0 __,-:- / — At
5 e I_qr
l =10
T |
I -5 o P s ) =
By, e — '
25— T T |
10kHz 100k 1.0M
AMYE (Hz) '

UM 5.26 nan13IANanauauednIveelasinananduiivesilandu HP 9 £, = 68 kHz
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| 2508/ 2 250% 0.0s 20.00%/ Auto

\ V\/ \' /\ ,/\\
% A NV T\

HP,

7~ Sine, figh-Z, I

A AN L , High-Z,
\Freq(<) Ampl( /) rAmpl(2) |Phase(] )
20.07kHz | 50.1mV 7.9mV -111.3¢

JUN 5.27 wan13iananauaueamaavesilindy HP WiesleuussiuBunniunauled

u

AAIE 20 kHz

FUN 5.27 LAAINANITIANARBUAUSINIILIAIYaIandw HP Waloulssnudune v,

Y 9

sundulelanud 20 kHz 138AU0AINI1ANA £ YUIR 25 mV, WSenszuadune (7,)
1w o ¥ s 5 LI~
WiniU 25 A, Amueld 7, = 1= I wag I, = 0nsvuae1ding 1, Seumyinfy 4 pA,

9AT1aANOUA YUY -16.02 dB

25.0%/ .2, 26509/ 0.0s 5.000%/ Auto

A NG RIS
T N SRE KA

VAN Y AN o IV AN IVAN
VARVARVARVAR VAR

[ . Sine, High-_I, I
Freq(2): Ampl(1): Ampl(2): Phase( —rf.’]'51

99.81kHz 50.9mV 53.0mV 5 L

JUT 5.28 nan1siananauauasmaanvesitaidu HP weleuussiudunnunaulel

mmﬁ 100 kHz
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U7 5.28 LAAINANITIANANDUALDININLIABIHATY HP Watouussdudunn v,

Y 9

suadiuleaiud 100 kHz vieaudwinduadud fau1a 25 mv, vsenseuaduna (7,)
Wi 25.5 PA, AWUA 1, = I, = 1, U I, = 0 n3eUalo1dng £, Jvnamifu 26.5 pA,

dnsnannaudy iy 0.33 dB

2508/ 2 25.0%/ 0.0s 2.000%/ Auto

ANt = 2l /'\ YN A\
\ PN RPN R/

Freq() Ampl(') Ampl(Z] Phase(|+2)
250,3kHz 51.0mV 52, 7mV -8(6°

JUN 5.29 wan1siananevauemaaveslidy HP Wisdeuussivdunagunauled

mmﬁ 250 kHz

JUN 5.29 uansran1sianansuauesniwiaivesilendu HP Wetdauuseiudunn v,

in
sUadulatinnnnd 250 kHz W3eALAgINIIAINA £, AUn 25.5 mV, uSenszuaBuUWR (I,)
Wi 25.5 PA, AWUA 1, = I, = I, Wz I, = 0 nselalo1ing ,, Snnamiiiu 26.4 pA,
dnIIanNeUdYYIMVINNY 0.3 dB

nan1svaaRdLandlfifiuiHanoUALSRII VI NBuT R uLATIEN 19 LA T Tle U
HP faTidenadosiumangul] Tneflrdanatsuesninud £ Welisuiunanamguimiiy
32 % lugul 5.27 fia 5.29 HANTVAADINANBUAUDINIAIAYDSTHaATY HP nuT8ns
anveuvesdyaagUaduleiidunuautfvesiieidu HP Avaanruddaus £ Juld s
anvoUd 1NN IATUANATUYIe -0.3 B9 -0.33 dB nanIfe soulVdyaRLaRaus £,
FulU LUl Tuwaeiiaaaiidnds / gnanvew -16.02 dB vieAnudninga £, luawnse
ulula
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5.4.3 WANBUAUBININANNLASNANDUAUDINIHIAIVDINIATY BP

=

sUN

Y

Jouusadudunn v, sUuaduledaiud 100 kHz vwia 25 mv, vsedeunszuaduna (7,)

5.30 WAAIHANITIANANDUANDIBMTIVYNEWALLNANIIAINUDVININTY BP 110

Winiu 25 pA, Auali I, = I, = I, uag [, = 0 Wudnanud £ de1Uszun 80 kHz dan

a A A ) a1
ﬂ'}']llmﬂwaqﬂLN@LV]EJ‘Uﬂ"UNaV]']\‘]Wq‘UJ;]LV]']ﬂU 20 %

Frequency Response Analysis

(an31U8Us Y (dB) Gain, Phase vs. Frequency wia (23r1)
158 = 190°
10 I = o
5 . - 1

g | e
| , /| .
/& N2

.' $

| 10kHz 100k 1OM-
Al (Hz2) '» 3

5UT 5.30 namsiananauauednsvetgiavinaniendmiivesitandu BP 91 £ = 80 kHz

2509/ 2 250%/ 0.0s 20.00s/ Auto

,N7N\ ;?"\/ \ 7 f—g‘\\ 21\

RN ST ARV,

- s Sine, High-Z, Inv
Freq(?) Ampl(1) Ampl(2): Phase( | —2)
9.99kHz 50.3mV 11.1mV 104.1°

3UN 5.31 wansiananauaueamniaiaivesiteiduy BP Wedsuwssiudunnuaiulel

A 20 kHz
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SUN 5.31 LAAINANITIANANDUAUBINILIAITRINaNATY BP Watauussiudunn v,

Y 9

A

suUma

Y

ulwaud 20 kHz ¥58ANAAINTIANA £ VU0 25 mV, nTenseuaduna (7,)
Winfiu 25 pA, Awuali 1, = 1, = I, wag I, = 0 nTehae1dng 7, dvuawindu 5.6 pA,

dnsnannaudyg iy -13.12 dB

2508 2 25.0%/ 0.0 5.000%/ Auto

¥ \J /_ F N /\
Pl

D
B
uggan)

/A S
PR AR R}
i 75 Sine, High-Z, Inv
Freq(~) Ampl(1) " Ampl(2); | Phasa( i-»2)

99.87kHz 49 .9mv | 35.5mV | -156.0°

JUN 5.32 nan1siananeuawemaIvesilidy BP Wetlounssiudunnsuaiiulo

mmﬁ 100 kHz

JUT 5.32 uanmamsianansuauemnaiavesileidu BP e dauussiudunn 7,
sunduledaul 100 kHz n3eANudWAUAINR £, WA 25 mV, v3ensEuadune (7,)
Wiy 25 WA, AUl 1, = I, = I, wag I, = 0 nseualodne £, Jvuiawiniu 17.75 pA,

dnI1aANDUAYYIUWIIAY -2.95 dB
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25.08/ 2 25.0%/ 0.0s 2.000%/ Auto

/\ i /\ /\
Aol

I o TN .0 ol L IS P
/ ,ﬁ' | f\/ Slne, nghvz Inu
Freq(2) Ampl{’): Ampl(2) Phase('=2)
249 .8kHz 49 . 4mV 16.5mV <100.7°

JUN 5.33 nan1siananouaueamaavesilendu BP Watlounswudunaguaiiulel

AR 250 kHz

g‘uﬁ 5.33 WAPIHANITIANANDUAUDINIILIANUDITINTY BP Lﬁaﬂammﬁu@uwm v,
sUnaulwiaNud 250 kHz ieanufigeninanad f; vuia 24.47 mv, wiensvuadunn (1,)
Winriu 24.47 pA, damualdi I, = I, = I, 4ae I, = 0 n3gualendng 7, d3u1n 8.25 pA,
dnsnanneudy vy -9.44 dB

NanIsVAaeLaRsliiuinaneuALaSRTITE B ULazIan I A TR s Ty
BP fnafiaenadestunagud neddlanaiauosauiuauniiu £ elfisuiunanis
VUMY 20 % HANISVARBININANDUAUDINNLIAVRINTY BP Wud18nsnanouves
Fyanusunauleiifunuadfvesileridu BP fio 9anrwduauriiu £, finsaaneudya o
89-2.95 dB %msﬁmmﬁlﬁﬂﬂdﬂﬁ, QNaANBURAIMANYINNY -13.12 dB LLazmmﬁqaﬂiﬁﬁ)
gnanvieudya et —9.44 dB naafe seulrianmdlugasausin f suldld Tuvaeiigng

AMEAAINIMATEINT £, gnaaneudyyinadluvterudlianansasiulula

5.4.4 WANBUAUBINIIAIINAVBIWINYY BP WawUsA R, was g,

.:4' v @ a a a o ¢ o =

W akan L INIIANUATILNTTIUNR @, WazAIUTENouAMAIN O Vasflandu BP 3
anuludaszroiu fuualian 0 = 1 ¥nsudsAn @, MensuUsASRITIEINTes g /R
lnefinanuued g R, AN laeimualdoulvdnindiuves g /R, = (0.75 mAN)/(1.33 kQ)

(0.94 MANVA1L.06 k) wag (1.13 mANV)/(884 ©) muddiu ndeuladananluniamgu]
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\Junalviauduausnm £, = 80 kHz 100 kHz uag 120 kHz sudndu laeft 0 fidasi a1n
NANIINARDINUIIAMUAUOUNIL £, = 63 KHz 79.43 kHz uag 100 kHz auddu Taedl 0
A1AST ANAMUAANAIATBIANA LOUKIY £ = 21.1 % 20.1 % UaE 20 % AUFIAY
NanaUANRISNIVEELIITULAzINEN1IAIE ouUsArauEuausi £ Fen1suusan

3031 g, /R, warlinanmues g, R, A wansluguil 5.34 1 5.36

Frequency Response Analysis

INTIVEIBUTIAY (dB) Gain, Phase vs. Frequency wa (e9mm)
5dB
0

== _ia

DATIVNY —

15 ——<= ; =

-20 - - e a5
-25 _ - 80
-30 = 075 135
-35 180
-4 g

10kHz 100k 1.0M
AR (HZ)

sUTl 5.34 nansinnareUaLBISHTIVE LA A A LAY TlsrTa BP
el g /R = (0.75 mANV)/(1.33 kQ) AW £, = 63 kHz

Frequency Response Analysis

o

F 5198180539 (dB) Gain, Phase vs. Frequency wia (24r1)
! 538 - e Tap:
| 0 B

DAY

5 PP g

rd

| 40 \- < 445

| > // .If S 2 r‘
: o i
Y '; 5
-75 = . ~ 90
30 e 138
-35 ' 180
40— . 22

10kHz 100k 1.0M

AR (Hz)

SUN 5.35 HANTIAKNARDUAUBIDNITIVE8mALINEN19ANUDURIHanTY BP

lormunly g,/R = (0.94 mAN)/(1.06 Q) mWA £, = 79.43 kHz
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.Frsquency Response Analysis

INTI1VEIBUIIA (dB) Bain, Phase vs. Frequency wia (a3r)
5dB = 180°
0 = i 135
: Yy ] ey 5
; |‘ —_—
]U \‘ lll —=— 45
-15 ; i
-20 I.'| -45
P ;
30 — -
-35 o
40— :

10kHz 100k
AN (Hz)

SUTl 5.36 nansTnane UALBISnT v BLARINASA LA YR SilsAT BP
dlermunly g /R, = (1.13 mAAVY/(884 Q) A1 £, = 100 kHz

5.4.5 HNANBUAUDININANUILALHANDUAUDINILIANVBININTY BS

SUN 5.37 WEAIRANITIANANDUANBISNI1981guagINanIsAINd voITleAdUY BS Lo

U

Uouusaiuduna v, uaduledadnud 100 kHz au1a 25 mv, wiedsunszuaduna (7,)
Winiu 25 pA, Amuali 1, = 1, = 1, = 1, Ineiisafivdszy €, = g,R.C, nuiauduau

g f, BAUTEaM 80 kHz AIAHRANAIAILILIBUAUNANINEEWINY 20 %

Frequency Response Analysis

HRIIVEBLSIA (dB) Gain, Phase vs. Frequency a(@em)
2048 s - o &
15 40
0 ShTunIy \ wia F
g ——_——\h‘"‘“‘—x\ f’/ ol 10
-5 e £ 0
1 = 1

< '3 ~
-15 -
i ; e
10kH: 100k 1.0M
Ad (Hz)

5UN 5.37 nan1sinnanauauednsvenguasinanisnnuivesileidu BS 7 £, = 80 kHz
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| 25.0%/ 2 25.0%/ 0.0s 20.005/ Auto

/_\ in /1
/ /1N AN

E\NARWY, E\NAR WV

N AN T/
T INLtetn [N/ | NS

e SinapHigh<Z, Inv
, TPhase{i+7)
9mV 1

TFreg@p Amp'l(“].': .
20.0 | 49

OkHz LOmV 3.5%

3UN 5.38 nan1siananauauamnaiaivesiiandu BS wedeuunssiudunnsunauley

AaE 20 kHz

FUN 5.38 LAAINANITIANANDUAUBININIAITOITINTY BS odaunssnuduns v,

Y 9

sunduleaud 20 kHz n3eANudAINIIRINA £ VWA 25 MV, KSenseuadune (7,)

out

WU 25 A, nanual L, =1, = I, = I, \agil C, =g, R.C, NSELALOIANA 1, A9U10

wihifu 22.45 pA, dnTanveudayaainiu -0.92 dB

g

25.0%4 2 ) 25.08¢ 0.0s 9.0005/ Auto

AN} \

=~
>

P e " s W DI i D i D S, @
N B < g S| B o N g

v Sine, High-Z, Inw

Freq(2): Ampl(1): S Ampl[2): o1 am F‘ha:;e['-oﬁ]21
=M .dm =

100.53kHz -1°

JUN 5.39 nan1siananauauemiaiavesileidu BS Wedeuuswiudunnguaiule

A 100 kHz
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sUN 5.39 LAAINANITIANANDUAUDINIIAIVBININTY BS 1l atouhsInudung v,

Y 9 m

sumdulgaud 100 kHz WSeanudWiiuAwd £ YuIn 25.6 mV, viensewadunn (Z,)
WU 25.6 A, Avuali 1, = I, = I, = I, \ag@l C, = g, R C, NTzualowng 7, duu1n
Winfiu 10.95 pA, dRs1anveudeaadviniu -7.38 dB

3U7 5.40 uanwmansiananauauemaiavesilandu BS iedsulsswiudunn 7,

n

sumdulgdAUD 250 kHz vTomudgenIAud £ YuIn 25.6 mV, Wenseuwadunn (7,)
WU 25.6 pA, Avuali £, = I, = I, = I, 10 C, = g, R.C, nzuale1dng 7, dyuin

wihiu 21.7 pA, dns1aanaudtyyiasiniu -1.44 dB

T Y

25.0%/ 29.0%/ 0.0s 2.000%/ Auto

D
y
\"

i

g
_~
~

Az A A A

y =
-~

-

a‘:
>

.i.

L= Sing, High-Z, Inv

Freq(2) Ampl(1) Ampl(2) Phase( 1 -2)
<251 .5kHz 51.2mV 43.4mV -6.8°

JUN 5.40 Han1siananauanemIaaavesieidy BS Weteuussiudunnguaiuleyd

A 250 kHz

nan1svnantuandlifiiuinanauauednven LTI uLagan1sn LA veileddu
BS finafiaenndesiummeud Inefiardanarnvasauiuounga / Woifiouiunanis
MUY 20 % NANITNABDININANDUAUBININIAIVRITIATY BS wui1dns1annauved
doyayrasilunandfvesilsidu BS naife ﬁdanmmﬁuawqmﬁ) Hdnsnannaudyginad
-7.38 dB wisedygadliamnsanulule Iuﬁumzé’tyapmmmﬁﬁmdﬂLLazqaﬂdﬂmmﬁLmU
g f, Shsraameudya it -0.92 dB uaz -1.47 dB viietismNiiiniiuarganinvag

AudwaUER f, deyarasaninsarullla
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5.4.6 NANBUAUBINIIANDLALNANDUAUDINIWIAIVBININTY AP

SUN 5.41 WAAINANISIANANDUAUDIDATIVLIULALLNANIIAINUDVDININTU AP Lil®

Y

Jouussdudunn v, suaduledaiud 100 kHz vun 25 pA, niedeunssuaduna (7,)
Winfiu 25 PA, Amueli 1, = I, = I, = I, laegf C, = 2¢, R C, WuIA4d f, = 100 kHz &

DNINVLIYLIIAUNINU -3.02 dB

Frequency Response Analysis
DRTIVEIBUIINY (dB) Gain, Phase vs: Frequency wia (a3m)
2048 15°
13 10
rg dRIIVBY wa .
| e \, /_'_1—1/ "
: i ey = §
| 5 ey > . 11
10 - 15
.15 < 0
20
| i - ) -30
10kH: 100k 1.0M
‘ P (Hz) ' Iy

SUN 5.41 wan19IANaNUAUSIINI I ERATLNANIANAYDINNATY AP 91 £; = 100 kHz

Y

25094 2 26.0%/ 0.0s 200054 Auto

/A
JJ‘H
b

" ‘\/‘\\ : =N A
AR SN SN 1) A\

S AYEITACTL [N,

V/\ N \/f\ e /I\
T INV/ T AT\ |

. Sine, High-Z, Inv

Freq(2): Ampl( 1 ): Ampl(2): Phase[ ! —2):
21 1

kHz 49.8mV 42.6mV 162

JUN 5.42 wan1siananeuaueamaIavesileidu AP Wedsuussiudunnuaiuled

mmﬁ 20 kHz
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JUM 5.42 uansmansiananouauenIavesilendu AP Wedauussiudunn v,
sUAduledANd 20 kHz W3eANAAINTIIAND £ YA 24.9 mV, nTenseuadunn (Z,)
windu 24.9 pA, Amueli 1, = I, = I, = I, Wl C, = 2g,,R C, nsuale1dng £, 1vu1n

YBIAYIUNINY 21.3 PA, DRTIANBUFYIUWINNY -1.36 dB

2008/ 2 256.0%/ 0.0s 5.000s/ Auto

Fa \\ V /'\\. : \ Y Vi .‘\.
/ \ in ~ / \ h / \ J/J \._\ J!f' -..\

RN

o
et
-
h
-
e

(

>J—-;4-LF-—-L-I-L'—|- :mq

X

¢
<
¢

= s C

.. LW - Sine, High-Z, Inv
Freqfd]. Ampl(] Ampl(2) Phase(] +2)
100.20kHz 51.6mV 36.9my -g-q°

JUN 5.43 namsiananeUaueaIavesileidu AP Wedsuussiudunnguaiulel

AR 100 kHz

SUN 5.3 WaAHANITIANANDUALBINIWIANVININTU AP 1o oUnIIAUDUN

Y 9

sUdulgUAIUD 100 kHz uSeauawiiuanud £, vuin 25.8 mv, wsedaunszuaduns

n v,

(I,) WU 25.8 PA, fmuali I, = 1, = I, = I, Tae@l C, = 2g,R.C, N3zuaLo1dine 1, il

(%

YA MY 18.45 PA, dnTaaneudyanauviniu -2.91 dB

a

5UT 5.44 uansmansiamanauaueianaivesilandu AP edeunssiudune 7,

in
sUAdUlgUAIUE 250 kHz ¥38ANAINTIANND £ YU 25.75 mV, visedeunseuadunm
(1) winiu 25.75 pA, el 1, = I, = I, = I, \aef C, = 2g, R C, n3ualedng I, i

YUAVDIFYY AU 22.6 PA, DRTIEANBUTYQY UMY -1.13 dB
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2508/ 2 25.0%/ 0.0s 2.000%/ Auto

N 7\
A N NA NA NS

SPU PP

Vi

/

SPRPTRS SR )

y. ) o Sine, High-Z)lnv
Freq[2): Ampl( 1] Empl[2) Phase[1-+2)
250.3kHz 51.5m¥ 45.2mV 2.5°

‘Uﬁ 5.44 NANTIANAROVAUDIVIINAI1T0IHIATY AP Luai’]auuiwuauwmﬂﬂau%u
mma 250 kHz

nan15VnaDLARIuIWane UaLeIS R weELs s usRudvasileidu AP Snad
aeandostunangud lnef dygimdinsonululdnaeng1ua1ud wan1smeans
NANDUAUBININIANIBINTU AP wuﬁwé’mwaﬂmamaqé’mmmiﬂﬂﬁul%ﬁﬁﬂamaama”m
Uﬂmamumaqmﬂw AP 439R27108 20 kHz 100 kHz uag 250 kHz mmiaﬂwauamm'}m

| u

WNAY -1.36 dB -2.93 dB way -1.13 dB maﬂaaﬂmammmmaaﬂmummamuiﬂlm

5.5 Nami‘wﬂam%aainimNﬂunnﬂQﬂuﬁﬁuﬁUMﬁﬂMMWLtiﬁﬁ'u

2999038 unne IR SusunidausssunuUliTsfunulagld CCCTA wilsia 9
thiaue [1] uandlugul 5.45 29asUszney CCCTA niluazduiuussquuuasenilei U
i 5.46 uanINTATINIITRTOSHLNARNLRSuFUNT dlvsa ks uLUU LT F N L ¥
nlodiuad AD844 Uaziues LM13700 AuualinSZwa I, = I, = I, = 49 uA 1NAINTZLA
[ udalitursasvilidaanuduniu R, inese x dA1iu 1.06 kQ wardnavene
autiaelen g, = 0.94 mAN ArRufuUsEq C = 1.5 nF IHussiulmionses 12 v
odaAudNRuSvsANFLUILLS R, uardns1veneainatiaelou g, naun1sa
(4.37) A wilna £, aun1si (4.38) %30 (4.40) uazyuiaannisi (4.39) 3o (4.41) Tag

Reulvisdurhlildnuantivenseslummauifed 7 = 100 khz wazia (@) widu 90

NG
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9

=

C CCCTA
16

CCCII S ey e ,

B\ 5O I ¢ OTA__ !

: ADB44 i :

PR C 5 .

n N ; : :
(e, I ¥ W] <4 : .
TR ccm | 4 5 3

[0 y V4 : ; E

JUN 5.46 29asnsensaauynanuiiduduniduaussiulilediues AD844 uaz

Wwas LM13700

5.5.1 waﬂa‘uauaamemmﬁLLazwaﬁauauaqmenawaeaminsaew"mnnm'mﬁ

duAUNIaInuaLsInuly CCCTA

a

SUN

Y

5.47 WANKNANITIANANDUAUDIDNI VLB LALLNANINAUD VD995 AP ety

wswiudunwa 7, sunduleduine 2.85 V, a1l £, = 50 kHz 8n91veneuseiu -0.23 dB i

AU 79.05 991
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Frequency Response Analysis
E‘]‘ﬁi'lﬂﬂ"lﬂuiﬁﬁu (dB) Gain, Phase vs. Frequency wa (9amm)
25dB 180°
20 160
15 wa liU
2 SN/ NIV i
5 = / 100
0 - - 80
S
-5 60
10 —— 40
-15 S — 20
20— { ——— 1
10kHz 100K 1.0M
AR (H2) Ry, G

JUN 5.47 nan1siananeuaueIdnIIve8Laglan 19N Y9993 AP e £, = 50 kHz
300V 2 300v/ 00s- | 10002/ Auto

N f/ ) D) 12N

v, A / \

IR B\ T R 3 1

TG /Y TRAE7R

. 7 0, e~ P =) Y A Sine, High-Z, Inv
Freq(<): {Amplf1): Ampl(2): Phase[1=2):
| 50.00kHz 5.70V¢{ 5.22V) -87.7°

JUN 5.48 NaNTIANAADUALDININIAITYBIIINT AP LB f, = 50 kHz

SUN 5.48 WAAINANITIANANDUAUDINIIAIVBINIA TUNTBIHUNNAINUD L o DU

Y 9

wsaudune 7, suaduledvuin 2.85 V, Al £, = 50 kHz dygranednn v, dawviniy

2.6 V, onTInsaaneuygauiniu -0.8 dB
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Frequency Response Analysis
9MTIVYIBUTIAY (dB) Gain, Phase vs. Frequency wia (83rm)
80dB 180°
- B
VA ONIIULY
20 S @ 120
0 = 100
-20 = a0
-40 . 60
-60 = = 40
-80 - 20
-100 — : ~ [
10kHz 100k 1.0M
A (H2) o, M

JUN 5.49 HANTIANAROUALDISHTIVULAZINANIIAILAYDI19T AP LD £, = 100 kHz

'
=

JUN 5.49 Lananan1sinnanauauesmeadunvasileidunsewiunnaud wedeu

wsaiudung 7, suaduluivuig 2.73 V, anud £, = 100 kHz wuiniidns1veneussduyinm

-4.03 dB Ty uWaiiu 86 B
| 300V 2 300v 00s 5000 Auto

TVREWN TN A 1A
A S MK

E e

AN LD AN
/ NP NMMNL X |\

 Sine, High-Z, Inv
Freq(2) Ampl(1]): Ampl(2) Phase(1-+2):
100.0kHz | 5.47v 4,88V -86.1°

P

JU# 5.50 HANTIANAADUAUDINIAIAYBITT AP Ll f, = 100 kHz
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SUN 5.50 WAANANITIANANDUAUBINILIANVDININTUNTBIN I UNNAUD Liladau

Y 9

wswiuduwa v, guaduledvunn 2.73 V, anud £, = 100 kHz deyaouendns 7, dewviriu

2.44 V, fidnsnnsaaneudayayauviniu -0.1 dB

Frequency Response Analysis

RTIVLIWUIINY (dB) Gain, Phase vs. Frequency wia (23n)
100dB 1gre

80 T— wia :
60 ==
ig DMWY :
2 1
[ K - 90
90 ; 0
| &0 S : 50
-60 —— 3

-80 — - -
10kHz 100k 1.0M

Fi')'ll.li-'; (Hz)

3U 5.51 NaNTIANANDUAUDIBNTIVEBLALINANIAILATBITT AP iTB £, = 250 kHz

Y

JUN 5.51 WAAINANTINHARDUALBIENTIVe U TIAULAzINAN 1A Wadauusasiu

dunn ¥, uaduleviauin 2.46 V, mud £, = 250 kHz §r510e18ls9i YNy -1.85 dB 4

Wupalaviiiu 87.58 9

3.00¥/ 7)) 3.00v/ 0.0s 2.000s/ Auto

V:, I ’ B

P \\ u\/rﬁ'\\ > /\ \ -8 \\ /\ \\
7 T NYA X X 7
\_/ N \/ X_4 W/

¥ / f\\ KI{;/\\ / ’\\ / f\\\ / .ﬂ\\
ARARZI N ARVER

.. . Sing, High-Z, I
Freq(2): Ampl(1] Ampl(2) Phase(1-2)
250.0kHz 4.91v 4.54v -76.0°

U 5.52 HANTIANAADUAUDINIAIAYBINIT AP 1B f, = 250 kHz
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a

SUN

Y

wsaiudune 7, guaduleiauin 2.46 V, il £, = 250 kHz dygiauendng ¥, danviiiu

5.52 WAAINANITIANANDUAUBINILIARITan Tunsa s U nALd 1iedeu

2.27 V, §8ns1nsananeudayaaiviniu -0.68 dB

anIaaeLandliliuIHaneUALDITATIVI LT ULAL AN 19ATNEUD9RINTDS
MunnasAsusuniadvunuseiu Snafiaenndeaiunimqul] nande Anudamnsasiu
TUldnaenguaud 1euusAinszua £ wiidu 24.5 pA 49 pA uag 112.5 pA filadlng
90 83A AARANAAVOUNAYINAY 12.1% 4.5% uay 2.7% AIUEINU

AN5197 5.1 LAPSHANITVIARBINARD UALBISATIV LTI ULALNAN19AI1LE Y8979
nsessneudsudundlrunussiy Wetounszualuda 1, fidneing o wlelldaain
FuNTULES R, warsnswereanutielon g, aufidesns Mntuefauduiusves
A1 R, 4ag g, luaunis (4.37) mmaaﬁﬂmmmmmﬁﬁ lpanaunis (4.38) %ise (4.40) 910
nsnARBLUsAIAIERLERIIS 50 kHz 83 300 kHz wudthanadneus 75 kHz S 250

kHz 9R51N15VLULSIRUAINasTINALINE 90 Bafn ARanaInuaawWaliiiy 10 %

] ) Y - i o
A1519% 5.1 NAN1INAaBIORI VUL RULaTE N auUsANTELElUDH 1,

E Z. voltage phase
£, (kH2) (WA) (AN) R (kQ) LION IS phase error (%)

50 24.5 0.48m 2.1 -0.31 79.1 12.1
75 36.8 0.71m 1.4 -1.2 85 5.6
100 49 0.94dm 1.06 -4 85.94 4.5
120 58.8 1.13m 885 =17 88.1 2.1
150 78,5 1.40m 708 -39 85 5.5
170 83.3 1.60m 642 -2 92 2.2
200 98 1.90m 5., -1.85 93.6 4

250 112.5 2.20m 462 -1.58 87.58 2.7
300 147 2.80m 354 -2.5 62 31.1
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5.6 #&3u

wansvaaeeasiaglilefidandudives ADSA4 uay LM13700 Lilenagaun1svineu
vovvsagUladd

21aInsesdyaraluaensinluuanszuauuy SITO dnanauauesnIaALAves
9NT1VEIERTITULAZIE Hendu LP HP uaz BP a@onndediuniamgul tneliAdanainves
AR £, WU 12.5 % 15 % uag 0.71 % AuadU HanauaLeaa1resilaidy LP HP
uay BP \ileteunssiudunnsuaduluininudidindi 4 anudwiniu £ uazanuiiganii
nan1IAaRsNUIaidu LP HP way BP finsasmeudyaandulunuileidunisvhaues
e RREL NG VAR NaRicY

21a3nsesdnaluatens I inluuansehaLUy TISO dNAADUALBINIIALA YD
9NT1VE18IIAUVRIHATU LP HP BP uaz BS aenndasiun1mg e lnudadanainues
AR f; AU 15 9% 32 % 20 % War 20 % AINEIAY KanauaLeInIIawesileidy L
HP BP BS waz AP sinmsvaaedlagnisdounsstudunnsuaduleinuiainii £, aaud

%

WU/ WAzANAGININ £ Nan1InAaesnud1 Handu LP HP BP BS uaz AP in1sannay

[

@ & o o [ 6 o
doyaaundulumuilandunisinnueesesnsasadyaan e du

[

v W

2asnseskIunANB sufunilivaaussiuiiiiaue Tuthsaudfaus 75 kHz 9
250 kHz 99NN 1SNAABINUTINANDUAUBINNIAINUE U898 MTIVE 18T IR uLazLla &
NaREUALEINIIARdeAAdosT UMM e Sas1vuensusiRuiidtnafinaonguamd
wagdlanudinasEnIdyguBunakazodnailng 90 a1 laenunARANAIAUDS

wiglaiu 10 %
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ioi =igmvz (ﬂ].].)
i =i, (91.2)
v. =i R (M1.3)

29955U7 n1.1 anuduiusvesnseua i wag i lugduuunsulasaans (Laplace

transform) agla



146
I =V sC (n1.4)
ey Ic, =V, sC, (n1.5)

v A ] Y [3 = = - o A ] a s A
LLiﬂﬂu%ﬁﬂﬂi@MﬁnLﬂ‘UUﬁ%‘q C, 199 VC1 HAUNTINULINAUNANATDHBUNANDIA X NI V.

ussfufinaseuduiuUTEy C, imedn z vide V. fdwiiu 1, duduagld
I, =V.sC, (n1.6)
ey 1, =V.sC, (n1.7)

afeaN A WENTUSYDINTEUE i UAT i, 91MITFUN n.1 Alvun 1 19nnues

I 6 [y} 'y} 6 ¥V @
nsziamasvan enuduRusvansealaduy

[, +io =i, —i, =0 (n1.8)

WNEANNIS (A1.1) (n1.3) waz (n1.6) Tuasnis (n1.8) azla

X

R

X

+iC1 _iiil _(_gmvz):() (ﬂ].g)

wnuaunis (n1.6) waz (n1.7) luaunis (011.9) Tugduuuresnsudasaate azla

[C IC
L 4+ -] —(- 2.y=0 (ﬂ].].O)
Y G L 8. scz)

X

NSYUE I = I, 9naunns (n1.2) nsgua 1, = 1, sefudlouudn 7 Tusuns (n1.10) azldl

I I
- +1,—-1,+g,—/=0 (n1.11)

WuAINIERE 1, 91naNn1s (n1.3) luaunis (n1.11) agle
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< +[C _Iin +gm Vx :0 (ﬂ112)
SR C, : sR C,

X X

WUANLSIIY ¥, 91naun1s (n1.6) Tuaunis (n1.12) agle

IC IC
I, —1,+g,—5———=0 (n1.13)
sR C, ! s°R.C,C,

X

v
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] in

AN (s’R.C,C, +sC, +g,) 7

, (n1.14)
” s’R.C,C, G

asduilardudeleuvasnsvua I, sie I, Faduguandiflsnduaislouvesisasnsos

HIUAADRZINTY

[C1
I,=—"= (n1.15)
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a
U
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@ [ o A | v & A v & oA
bIIAU Vv, "\]3L‘I/ﬂﬂULLNG]UVlG]ﬂﬂi@MWJLﬂU‘Uiﬁﬁ"Q C, 1179 Ve, PNUULNBENU Ve, Tuauns (n1.16)

lustvesnisudasaans azla

1

[

MNENNT (N1.6) wnu I, Tuanns (n1.17) ayldanudusiusvesnssuadail
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I
I. +sCIR,—1I, +g,—=0 (n1.18)
’ sC,

nswua I, = I uagagildwirdunssuadlvaiudunulsey ¢, vie 1, daluieunuan 1,

Mg I, Azl

C

2

IC2 +SC1[C2Rx -1, +g,

mn

AINUNTTLE 1, 91n@UN1s (01.19) 38Ny

m

S’CC A R, +5C I + 8,1,

in (n1.20)
sC,
Ingunvuannsieilsitunielouvesnsyua 7, uaz I, sl
2
CCR +5C, +
Il»n:(s Iy 2400 s 2 <gm)]C (ﬂ]_z]_)
sC, 7

Hendunelonvasnszua I, s 1, Jaduauaudaidunisleuresrsasnsesuau

& o &
AITUONTU AU

S

I RC
Lpp = < = L (n1.22)
Iin (S2 +L+g7m)
RXCI Rxclcz

WOADINITMIANAUNUSVRINTEWE i, WA [, WUAINTEWE i adluaunis (n1.8)

in
v
v a

zlgAnuduNUSURINTELaNUA 1 A9

i, +ie —i, —(~g,v.)=0 (n1.23)

=

LsaiuanAsouiinesn z A viiuussduansoudiiuuseq C, 3o v, = v, WazLIIAUAN

q 2

=

AsouduNANDIN X dAwvussdunnasoudiivusey C, vie v, = v, dsdudeunue I,
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NaUnTs (n1.6) wag 7. naun1s (n1.7) luaun1s (n1.23) lugduuunanisivasaiians

gl

IC
Ix+I/xSCl_Iin+gm - :0

sC,
wnuen ¥, luaunis (n1.24) azla
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Iy +sI,R,C =1,+g,—-=0
CZ
NILHADNA 7, TANYIY
I 8P
vselugUiuuramsudasanvany azla
[C
INEONE
o+ gm SCZ
91nANN1T (11.25) Ingduuvannsnssia Ie,
C,I
]C2 il S 2F 0+
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wnuauns (n1.28) Tuaunns (n1.25) agla
I.+sIRC —1I, +I =0
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Io, +slo RC —1,+1, =0
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SC210+ SZRXC1C210+
+
Enm Em

_Iin+10+:0 (ﬂ131)

[

InsUkuvaNnIsvdasle

Y

2
I = (s"R.CC,+sC,+g,) 1 (11.32)

En

v
Y]

o i = wa Z
saduilanduarelouvesnsesua 1, de 7, faluauaudafaiduaelouvenanses

(%

NIUANUDANIH

gl‘”
MWERL- &b d (n1.33)
i [ ($P 4 T B
Rxcl RXCICZ

Wiaasandidiuesauns (n.1.15) w38 (n1.22) w38 (n1.33) aglgrmiAnudidey

53TV (@,) AIFAUTENBUANNIN (O) UasAWUNAINY (BI) Rall

N (L (n1.34)
RxCICZ
0= [8RG (n1.35)
C2
1
GH BW =—— (n1.36)
R.C,

n.2 N159AsIzIInIANbIfan1silasuLUasasrUsEnauwaATinLaswIaIN
Tun1sfiansanainaula (sensitivity, S) 20an15131005 ¥ den15iUd sundasen

(3 o 14 U U (5% 1 dy
29AUSENDU x @nunsamuualanANdIRusAIalUll

Y%changeinY (AY/Y)x100% (n2.1)
%changeinx (Ax/x)x100%
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va ada v 1

Famngaudn ddeanseenuuuinsiiiauauAnaty Aenulhoniines
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gosmsiimes ¥ sdon1sidsuulaseredusvney x sufufsausaduaunsanals
Tonailendu

o _AY/Y _xo¥

= el (n2.2)
Ax/x Y ox

91NauN13 (n2.2) WeisauA1nNlIves e, O way BV ¥83399360n1sasunladnan

93AUszNOU g, C tag R JTunaun1snasannil
Asana1pnulves g, fe o, azld

5o = & 00y (n2.3)
7 AN,

91nFUNI3 (N1.35) WNUAT @, asluanns (n2.3) azle

)L
il a(g’" Jz
2 R
[ A j = INE (n2.4)

1 1
%) 1 20 2
S =g )| (w52 (2.) (n2.5)
g Rx Cl C’2 Rx Cl C2 ag m
a 1
2 1 2 (107 L
Sy =g, = (—jgmz (n2.6)
" R.CC, R CC, 2
o1
LAy Sg=— (n2.7)
"2

Wieiarsanamuhives R, sio o, 3l

[
R,\'

_R, oo,
@, OR,

(n2.8)
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9INEAUNTT (N1.35) WNUAT o, adtuaunis (n2.8) azla

16[ &n jz
RCC
o 8 G (n2.9)

2
SR - Rx
-* RCC, oR,

1 1
[ S ] OR) > (12.10)

1
2

S =R | L
' R CC, GG,

1 1

1 2 2 3
8% =R R? En En (_lj(Rx)_z (n2.11)
d -GG GG, 2

IGH .74 :—% (n2.12)

DIRBNANATTRAITUITIAU LienrArNlseRInIsilnesau ¢ azla

1

Se. TSk =S8 =756 =5 (n2.13)
Ser=0 (n2.14)
e Sp =8¢ =-1 (n2.15)

a ' ¢ o 1 Na 1 & a

n.3 ﬂ"li’JLﬂi']%‘l/i%']ﬁﬁﬂ‘lfua']ﬂIBUﬂigLLﬁ"UEN’NQiI‘UﬂiﬂJ‘VI‘lSJLU‘I.JQﬂﬂJﬂG'I
nMsingdimneansgnuiiosninaaliidugauafveaians CCCTA Tngazdna
1n8R39692993NT09d Y1 UlAUANTELALUY SITO wﬁmﬁ’fﬂugﬂﬁ n.1 §9 anAuduiusves
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LIIULAZNTZUAT893995 CCCTA lunsalliiluanunfiaail

8 0 O 0 0f i,
R
v, _| R /4 0 0 v, (13.1)
i a 0 0 Of v,
ioi 0 O iﬂg’m 0 voi
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dlern y Ao AAMUARNAIATBINTANILLIIFLAN v, Wi v, o Ao Aanuiiawainves

nsdsrenszud i llunszud i wag B Ae ANAANEIANTERURIAIAINTILTIRY v,

lunseua i,
AIAUEANAINAINEIIEINITORATISIMNTTIUIBsasTunsdliidugaunii vag

19935Y n.1 Madssialudl

v, =Ri +yv, (n3.2)
i =ai, (n3.3)
i, =tfg,v. (n3.4)

NnaNNTs (n3.2) Hwieduwanein Y ains1ad viliusaiu v, = 0 asnsadisuaunis

Tumilanail
P | | (n3.5)
ANUANTUSVOINTIUA ic, UAE i, 9IN95FUN 1.1 Nlnun 1 Tdnguesnszuaines-
gl azldmnudniusuasnseualaned

i +ig =i, —i, =0 (n3.6)
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LNUAALNIS (7.3.4) hazauns (03.5) Tuaunis (n3.6) azla

Yo,

R

X

+iC| _iin - (_ﬂgmvz) - O (ﬂ37)

wnuAINsEIE i wazksenuy v, Tuauns (n3.7) luguvessanisulasanvans agla

IC IC
+1. -1, —(-Bg,—=)=0 (n3.8)
sR C, : sC,
NSBUA ic, = i, Way i = i, seduieunuan i, luaunisi (n3.8) lugduuuresnisuyas

aawazle
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1. I
— 1. -1 +a =0 (n3.9)
SR Cl G in lBgm SCZ

X

wiuAINIzIE i 91naun1s (n3.4) Tuaunis (n3.9) agla

1. 14
4] -1 +q ~—=0 (n3.10)
sRC, G " P SR C,

X X

WUAILSIAY ¥, 91naun1s (n1.6) Tuaunis (n3.10) azle

IC ]C
— nEK N\ e A 70 (n3.11)
sR C, : s"R CC,

X

[

dnguuuvaumsiorilsiduiielouvesnsyua I, wag 1, vielsasnsosunuig

Y
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(n3.14) lugyuuuvesnisuiasaivangazle

I I
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a 1 sC,

[

MNENNNT (N1.6) ununszua 7, luaunns (n3.15) azlammduiusvosnssuadisil
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fo SOLR L g fe g (n3.16)
a a sC,

nswua I, = I, wagawilrwviiunssuailvadwiuiudsey €, vide 1, dstudleunurinssua

I, fonsvud I, azldl

1 sCI.R 1
6 TG —i +fg, S 90 (n3.17)
a a sC,

v

dnguuuvaumsiiiomilsidudielouveanseud I wag I, ¥392995n509HULAUATIND

_ (SZRXCIC2 +5C, +apfg,)

I -1 (n3.18)
in Sacz C,
S
o kG (13.19)
sy RO, 45 OPEn
Rxcl RxCICZ

TuinuoRs AU oABINIMIAINAUNUSVOINTZUA i, Uey i, WIUAINIILE i adlu

aunis (n1.8) agldmnuduiusvosnsyuanivua 1 e
ix %' iC] _iin _(_gmvz) ¥ 0 (ﬂ320)
LIsAUANATENNDTN 2 lAwvnAuLssfuAnTeNdNAUYTEY C, 938 v, = v, LATLIIAY

anAToudunanein x dAiussduanaiandiiulizy C,wie v, = v, Asduldouny

ANTEU i, luauns (n3.20) agldl

I
A+V§Q-Jm+ﬂ&1g =0 (13.21)

2

wnual 7, Tuaunis (n3.21) azle

I
I +sI RC ~1I,+pg, —=0 (n3.22)
’ sC,
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MnEuNTT (N1.1) Anuduiusvesnssua i, waensvud i, wionsvud i dnjunuulnias

Iapnudisiusueanssud i funseue i, Aail

I, = 3Gl (n3.23)

g”l

wnuauns (n3.23) Tuaunis (n3.22) agla
I +sIR.C =1, +pI =0 (n3.24)
uunszud I, = I, = I, luaunns (n3.24) agld

1. sRCI.
AT BT s/

W7 hd /0 (n3.25)
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Jasunuvaumniemleiduatelonvensewd 7, 4ay I, 13879350509 IUAILAMN
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Iin '[o+ (ﬂ327)
ag,
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Io+ it RxC]CZ (ﬂ328)
L G o )
. R.\’Cl RxCICZ

dlefinnsandidinvesaunts (n3.13) wie (n3.19) w38 (n3.28) aglariAuniga

ST (@, ) FIUTENBUAMAIN (Q) UazALUURIAN (BI) 6iail

o, = |8 (n3.29)
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0= /—“ﬂ gngcl (13.30)

LAy BW = (n3.31)
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a ¢ ' = ¢ P= =
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WaruuUasAesrUsznauweniin o wag B osausznauwiad R, C, way C, lansil

NIMAIPINIUDY @, 6O o ANl

2,90,
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WIUAN @ 4ag @ Tuaums (nd.1) a=la
\g a( aps, jz
2 (RCC
s = | 2P ) (n4.2)
RCC, oa
< LN
2 20 2
S =g opsg,, Bg. (a) (n4.3)
RCC, )} \RCC,) ba
e 1
2 2, @%\ g
S4 =g P, P, (—Ja 2 (na.a)
VAt on Lnlen®® 2
o 1
g St =— (n4.5)
2
N15M1AIANITRY @, sio B il
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Taunan1518t a9 19 1UN1531899N1571 197U

1.1 Taman1s1dinesvas NMOS wag PMOS (BiCMOS)

.MODEL CMOSN NMOS ( LEVEL

+TNOM =27

+XJ = 1E-7

+K1 = 0.5519268
+K3B = 5.0110545
+DVTOW =0

+DVT0 = 0.6970783
+U0 = 2639727954
+UC = 5.147977E-11
+AGS = 0.2373286
+KETA = -3.829787E-3
+RDSW =150

+WR =

+DWG = 3.146439E-9
+NFACTOR = 1.7417448
+CDSCD =0

+ETAB  =-2.573037E-4
+PDIBLC1 = 0.0705667
+DROUT = 0.9202445
+PVAG = 0.018039
+MOBMOD =1

+KT1  =-0.11

+UA1 = 4.31E-9

+AT  =33E4

+WW =0

+LL =0

=7
TOX = 4.6E-9

NCH = 2.3549E17
K2 =-0.034332
WO = 1E-7

DVTIW =0

DVT1 = 0.2286959
UA = -1.785783E-9
VSAT = 1.34208E5
BO  =-3.011487E-9
Al = 2.52147E-4
PRWG = 0.0405467
WINT = 1.236012E-8
DWB = 1.549384E-8
T =0

CDSCB =0

DSUB = 3.661878E-3

PDIBLCZ = 4.168918E-3
PSCBE1 = 8.534967E9

DELTA =0.01
PRT =0

KTIL =0

UB1 =-7.61E-18
WL =0

WWN =1

LLN =1

VTHO = 0.3000806
K3 = 1E-3
NLX — =2.213108E-7
DVI2W =0
DVT2 - =-0.0414392
UB = 3.095121E-18
A0 = 1.0628962
B1 =0
A2 = 0.513818
PRWB =-0.1818844
LINT = 1.705003E-8
VOFF = -0.0870595
CDSC = 2.4E4
ETAO = 2.781734E-3
PCLM = 1.8420027
PDIBLCB = -0.1
PSCBE2 = 1.858198E-9
RSH =65
UTE =-15
KT2  =0.022
UCct  =-5.6E-11
WLN =1
WWL =0
LW =0



+LWN =1

+XPART =0.5

+CGBO = 1E-12

+MJ = 0.6088389
+MJSW = 0.1617957
+MIJSWG = 0.1617957
+PRDSW = 6.721723
+LKETA =-1.211201E-3
+PUB = 4.834716E-25
+PKETA = -5.110392E-3)

.MODEL CMOSP PMOS (
+TNOM = 27

+XJ = 1E-7

+K1 = 0.6017087
+K3B = 19.6601129
+DVIOW . =0

+DVTO = 0.8917023
+U0 = 115.9239131
+UC =-1E-10

+AGS  =0.0811365
+KETA = 0.0259047
+RDSW = 853.6708475
+WR =1

+DWG  =-2.412717E-8
+NFACTOR = 0.8092944
+CDSCD =0

+ETAB = -2.831413E-3

+PDIBLCT = 0.4362191

+DROUT = 0.9160178
+PVAG = 0.0149819
+MOBMOD =1

LWL =0
CGDO = 5E-10
l = 8.145164E-4
CJSW = 1.65118E-10
CJISWG = 3.3E-10
CF =0
PK2 = 3.647594E-3
PUO  =-5.0775367
PVSAT = 1.106217E3
LEVEL =7
TOX" //=4.6E-9
NCH = 4.1589E17
K2 = -1.389386E-7
WO LB
DVTIW . =0
DVT1 = 0.6985858
UA = 1.472921E-9
VSAT = 1.578148E5
BO = 1.54163E-6
Al =70
PRWG =-0.1979556
WINT =0
DWB  =-5.891336E-9
caT =0
CDSCB =0
DSUB = 4.273936E-3

PDIBLC2 = 7.0189E-4
PSCBE1 = 5.743848E9
DELTA =0.01

PRT =0

176

CAPMOD =2
CGSO = 5E-10
PB = 0.99
PBSW =10.8
PBSWG = 0.8
PVITHO = -3.936878E-3
WKETA = 2.962534E-3
PUA = -5E-11
PETAO = 1E-4
VTHO = -0.3920763
K3 =0.0779382
NLX  =3.329177E-8
DVvT2W =0
DVI2 =-03
UB = 1E-21
A0 = 0.8916757
B1 = 5E-6
A2 =1
PRWB = -0.3550516
LINT = 2.851653E-8
VOFF  =-0.15
CDSC = 2.4E-4
ETAO = 1.222258E-3
PCLM = 0.5233365
PDIBLCB = -1E-3

PSCBEZ2 = 5E-10
RSH =6.2

UTE =-15
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+KT1  =-0.11 KTiL =0 KT2 =0.022
+UA1l  =4.31E9 UBl  =-7.61E-18 UCl  =-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 = 5E-10 CGSO = 5E-10
+CGBO = 1E-12 al = 1.165977E-3 PB = 0.8214639
+MJ = 0.4256548 CISW = 1.220056E-10 PBSW = 0.8008
+MJSW = 0.1001 CISWG = 4.22E-10 PBSWG = 0.8008
+MJSWG = 0.1001 (L =.0 PVTHO = 4.381085E-4
+PRDSW = -5 PK2  =4.454419E-4 WKETA = 0.0342145
+LKETA = -8.655731E-3 PUO = 5.9374792 PUA = 3.026577E-10
+PUB =0 PVSAT =50 PETAOQ = 1E-4

+PKETA = -7.963908E-3)

1.2 Tawanisfiwmasvemsudanasuvuluinarsyidadundu (BICMOS process)
.MODEL ON
+ NPN
+ XTB=1.92 EG =1.15 XTI=3.84
+ 1S =8.91E-18 BF =100 NF =1
+ VAF=100 IKF=0.0192 ISE=5.18E-18 NE =1.45
+ BR =0.0936 NR= 1
+ VAR=8 IKR=0.00289 I1SC=5.46E-18 NC =1.07
+ RB =476 RBM=166 RE =9.53 RC =110
+ CJE=4.59E-14 VJE=1.07 MJE=0.5 FC =0.5
+ CJC=2.7E-14 VJC=0.646 MJC=0.35 XCJC=.146
+ CJS=7.28E-14 VJS=0.45 MJS=0.3
+ TF =2.64E-11 XTF=27.3 VTF=3 [TF=0.0201
+ PTF=30 TR =6.54E-08
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Resistorless voltage-mode first-order allpass section using single current-
controlled conveyor transconductance amplifier
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This paper presents an alternative configuration for realizing a canonical voltage-mode first-order allpass (AP) section
with electronic tuning. The proposed circuit is composed of only one CCCTA and one floating capacitor, which results in a
simple and resistorless structure. Its phase response can be adjusted electronically through the external de bias currents of
the CCCTA. Simulation results based on 0.35 pm BiCMOS process parameters with £ 0.75 V supply voltages are provided

to demonstrate the performance of the proposed AP section.

Keywords: Current-controlled conveyor transconductance amplifier. Allpass section, Resistorless structure,

Voltage-mode circuit

1 Introduction

First-order allpass (AP) filters are one of the
necessary circuit blocks in many communication and
instrumentation systems, where the phase linearity or
group delay flatness is considered as a major design
constraint'. This is because they are used in general
for introducing a frequency dependent delay while
keeping the input signal amplitude constant over the
entire frequency range. For analog signal processing
circuit applications, the first-order AP sections are
commonly used as a fundamental circuit block to the
realization of phase shifters, phase = equalizers’,
oscillators™* “and frequency - selective systems with
high quality factor””. Accordingly, several attempts to
implement the first-order voltage—-mode AP section
using different types of modern active elements can
be found**". Many of the previously reported AP
sections contain two active components”™ . Moreover,
some of these circuits reported in Refs (4, 8, 13-14,
17-19) also have a large number of external passive
components, at least three or more passive
components. Among the cited references, several
voltage-mode AP filter realizations employing a
single active element were available™'”"”. However,
they still require two passive components, involving
external passive resistors.

Very recently, the modern active circuit block,
namely the current-controlled conveyor transconductance
amplifier (CCCTA), has been introduced, and its
usefulness in design of analog adjustable functions

has also been demonstrated™. This device is an
extension of the conventional current conveyor
transconductance amplitier (CCTA) introduced in the
previous work™', in which its x-terminal serial internal
resistance (R,) can be tuned electronically through the
external biasing current. This improved feature makes
the CCCTA an alternative choice for realizing
electronically controllable analog signal processing
circuits™ >,

In our proposed approach, an alternative structure
for realizing an electronically tunable voltage-mode
first-order AP filter function is introduced. The
proposed AP section employs a single CCCTA and
one floating capacitors without using any external
passive resistor, that results in canonical and
resistorless  structure and  suitable for analog
integrated circuit (IC) design. The circuit has the
attractive property of electronic tuning of its phase
response with a simple resistive matching. This
matching condition can be easily achieved by
electronic controlling of the external bias currents of
the CCCTA. In order to check the proper operation of
the proposed AP section, PSPICE simulation results
are provided with standard 0.35 um BiCMOS process
parameters.

2 CCCTA Concept and Realization

The circuit symbol of the CCCTA is shown in
Fig. 1, and its terminal relations can be described by
the following matrix equation:
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i A o & ol From elementary small-signal circuit analysis, an
vl % 4 o B v' effective transconductance gain (g,) of the CCCTA
il P I ...(1)  derived from transconductor Qs-Qs and Ms-M; can be
L L G b 8|17 written as:
i 0 0 g, Offv,

where R, represents the x-terminal intrinsic resistance
and g, denotes the internal transconductance of the
CCCTA, respectively. Generally, both parameters R,
and g, are controlled by electronic means. From
Eq. (1), the CCCTA is characterized by high-input
impedance at the y-terminal, high-output impedances
at the z and o terminals, and a tunable internal
resistance at the x-terminal.

Figure 2 shows the possible BICMOS realization”’
of the CCCTA used in this work. In this structure, the
X-terminal parasitic resistance (R,) is actually
dependent on the external dc biasing current [, which
can be relied on the following formulation:

%
R =234 Q)
B /

In Eq. (2), V7 is the thermal voltage, approximately

26mV at 27°C.
e e

y iy
Vyo—2> | y 0 F——oV;
ig CCCTA i,

Iy
=_5 ...(3)
Em 2V,

As shown from Eq.(3), the value of g, is
electronically adjustable by a supplied biasing current
Ip.

3 Proposed Resistorless Allpass Section

Figure 3 shows the resistorless realization of a first-
order voltage-mode AP section with electronic tuning
property. As shown in Fig. 3, the proposed AP filter
consists of only one CCCTA and one capacitor. It
should be noted that the capacitor C used in the
realization is floating. However, it could be
implemented easily if the integrated circuit (IC)
process offers a second poly layer (poly2). This

[&
I¢
AN

la lIB

Vin o " 0 oVo
CCCTA

Fig. 2 — BiCMOS realization of the CCCTA
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advanced IC technology enables the realization of
floating capacitors as double poly (polyl-poly2)
capacitors™, which are used very commonly in analog
IC designs. Thus, the canonical AP section of Fig. 3 is
beneficial from the point of view of the recent
integration.

Routine circuit analysis using the CCCTA property
given in Eq. (1) yields the voltage transfer function of
Fig. 3 in the following expression :

1

SC —
V,(s) R
Vv

in

= (4
(s) sC+g,

If the resistive condition 1/R, = g, is fulfilled, the
constructed circuit of Fig. 3 performs the first-order
voltage-mode AP filter with the following pole
frequency (f,) and phase response (@):

— g,"
f,=sa 5)
and
¢—Jr—2tan"[c;£—} .(6)

Taking Ip = I, = Iy and substituting Eqs (2) and (3)
into Egs (5) and (6), the two expressions in Eqs 5 and
6 turn to:

. )y
- X4 _ (7
Ty 4z, C %
and
¢_;r—2mn“[i’5[vf—cj. (8
a

Eq. (8) indicates that the phase response adjustment
of the proposed filter is achieved by electronic means
through tuning I,. In current-mode operation, equal
bias currents, i.e.. In = Iy = I, can easily be achieved
by means of a basic current mirror. It is also noted
that the AP configuration of Fig. 3 is not in low-
output impedance, which is affected by the load
impedance. Hence, to avoid this effect, an additional
voltage buffer is required at the output for cascading
in some applications.

4 Performance Simulation and Discussion

The PSPICE simulation program was performed to
verify the functionality of the electronically tunable
AP filter realization in Fig. 3. In simulation purpose,
the CCCTA structure of Fig. 2 has been used with the
model parameters of a standard 0.35 pm BiCMOS
process. The aspect ratios of CMOS transistors were
set to W/L =7 pm/0.7 pm for the NMOS transistors
and W/L = 8.5 um/0.7 pm for the PMOS transistors.
The circuit was biased with + 0.75V dc supply
voltages.

The circuit of Fig. 3 was designed with the following
active and passive components: [p = [, = Iy = 25 uA
and C = 20 pF, to obtain a first-order AP voltage
response with the pole frequency of f, = 3.82 MHz. In
this setting, the total power dissipation of the circuit
was measured as 93.6 4W. Figure 4 shows the
simulated gain and phase responses of the AP filter in
Fig. 3, which is in conformity with the theory.

To evaluate the voltage swing capability of the
realized AP section, the transient analysis has been
performed. A sinusoidal input with amplitude value of
100 mV (peak) and frequency of 3.82 MHz was
applied to the filter constructed with above mentioned
active and passive component values. The time
domain responses are also shown in Fig. 5. From the
simulation results, at the filter output, the time shift of
63 ns was obtained, which corresponds to the phase
shift of about 87°. Besides, the plot of the simulation
results for the Lissajou ellipse of the proposed filter is
shown in Fig. 6.

Next, to demonstrate the large signal performance,
the circuit of Fig. 3 was tested by investigating the
total harmonic distortion (THD) at the output for
sinusoidal input signals of 1.53 MHz and 3.82 MHz.
Figure 7 shows the dependence of THD (%) on the

Gain  Phase

(dB) (degree)
N Gain Phase
——
| o —@— Theory —— Theory
5. 150 \ ¢ Simulated | | > Simulated
ol 0 — . _‘1 o=
\
\
] 50 A
AN
N
\k-
10 e I Sy, —
1k 10k 100k M 10M 100M 1G
Frequency (Hz)

Fig. 4 — Theory and simulated gain and phase responses for the
AP filter in Fig.3 at the pole frequency
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Fig. 5 — Time domain responses for the AP filter in Fig.3 at the
pole frequency
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Fig. 6 — Simulation result for Lissajou ellipse at the pole
frequency

input voltage signal level for the designed values as
given above. It can be observed that the THD value at
J = 3.82 MHz is found to be less than 4.5% for the
signal amplitude below 150 mV (peak), and the THD
value is below 2.4% at f=1.53 MHz.

Furthermore, the electronic controllability of the
proposed circuit is shown in Fig. 8, where the
corresponding phase responses with respect to the
bias current [, are given. The pole frequency f, is
varied from 1.50 MHz, 2.95 MHz to 7.45 MHz for a
variation of Ip from 10 pA, 20 pA, to 50 pA,
respectively.

Fig. 7— THD variation against input signal amplitude

—0— I, =10 pA
& Iy=20 pA
—— 1, =50 pA

\\
QP [7eae g \\‘S—;\- ;
ik 10K 100k 1M 10M 100M 16
Frequency (Hz)
Fig. 8 — Electronic £, tuning as a function of /o
Gain Phase

(dB) (degree)
04 2

100k IM 100M 1G

Frequency (Hz)

10M

Fig. 9 — Monte-Carlo simulations of the phase and gain
responses for 10% Gaussian deviation in C value

In our proposed circuit, the statistical analysis has
also been performed for robustness using Monte-
Carlo simulation. After 200-simulation runs, Monte-
Carlo analysis for 10% Gaussian deviation in the
value of the capacitor C, and in the values of g, and
R, are given in Figs 9 and 10, respectively.
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Fig. 10 — Monte-Carlo simulations of the phase and gain
responses for 10% Gaussian deviation in g, and R, values
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The Monte-Carlo statistical analysis results given
in Fig. 9 reveal that, due to the deviation in the
C value, the phase response of the filter is affected in
the range of 4.23% ~ +5.16%. In Fig. 10, the gain
response changes by 045 dB in the operating
frequency of 1 kHz ~ 1 MHz. As seen from these
plots, the proposed circuit works well against
uncontrollable random variation in component values,
which is reasonable sensitivity performance.

5 Comparison with the Existing Voltage-Mode AP
Sections

At this point, it is useful to compare the proposed
circuit of Fig. 3 with other previously reported
first-order  voltage-mode AP sections given in

Circuits
[Ref.]

(9]

[10]
(11]

[15]

[16]
[17]
[18]

[19]

Proposed
circuit

Table 1 —Performance comparison between the existing first-order voltage-mode AP sections and the proposed circuit

Features

No, of active
elements

CDBA =1
cch=2
CCCIT =1,
OA =1

CCCII =1,
OA=1
CCCII=2
DVCC=2
OTA=1,D=1

uve =1,
OTA =1

DVCC=1.
OTA=1

DVCC =2

DDCC =1
CDBA =1

CCCDBA =1
MCCII = |

DO-CCIl =1

FDCCII = |

CCCTA =1

No. of passive
elements

conductor = 2,
C=1

R=9-€ =1
R=1,C=1
R=3.C=1
R = 1Y @'=
R=2,C=1
R=2,C=%
R=2C=1
C=1

Technologies

ADS44
ADS44

Bipolar array
ALAA400,
0p-27

0.5um CMOS
TSMC 0.35um

Bipolar array
ALAA400,
OP-27

0.5pm
MOSIS
0.54m CMOS
0.5um
MIETEC

Bipolar array
ALA400
TSMC 0.35¢m

TSMC 0.35um

TSMC 0.35um

0.35um
BiCMOS

Supply  Electronic  Resistorless  Matching  THD

voltages ~ control structures condition

requirement

+12V no no yes N/A
+12V no no yes NIA
+2.5V yes yes ves, N/A
2.5V no yes no N/A
2.5V yes yes no ~§3%
T8\ £ (@ f=100 kHz)
2V yes yes no N/A
+0.747V, - La (- ~ 1.85%
+1.65V 7 (@ f=100kHz)
~3.7%
+2 es
2.3y P2 no YeS (@ £=1.59 MHz)
+2
+I:¥v no no no ~ 1L6%
AL D f=
13V (@ f=1MHz)
+2.5V yes no yes N/A
2.5V no no yes N/A
1.5V no no es ~ 1%
= Y (@ f=439kHz)
) ~4.27%
3.3V no no yes (@ f= 150 MH2)
<4.5%
(@ f=3.82 MHz),
H).75V yes yes no < 2.4%

(@ f=1.53 MHz)

CCII = Second-Generation Current Conveyor, CCCII = Current-Controlled Current Conveyor, DVCC = Differential Voltage Current Conveyor,
DDCC = Differential Difference Current Conveyor, MCCII = Modified CCII, DO-CCII = Dual-Output Second-Generation Current Conveyor,
FDCCII = Fully Differential Second-Generation Current Conveyor, OA = Operational Amplifier, OTA = Operational Transconductance
Amplifier, D = Differential Amplifier, UVC = Universal Voltage Conveyor, CDBA = Current Differencing Transconductance Amplifier,
CCCDBA = Current-Controlled Current Differencing Transconductance Amplifier
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Refs (4, 8-19). The performance comparison of the
proposed circuit with the recent ones is provided in
Table I. With respect to the circuits given in
Refs (4, 8-19), the proposed circuit uses lower de
supply voltages; this in turn consumes lesser power.
When compared to the previous works realized with
active and passive components. the proposed circuit
uses fewer components which would save much of
occupied chip area. As compared with Refs (11,
13-15, 18, 19), the variation of THD (%) of the
proposed circuit is found lower for a high-frequency
operation.

6 Conclusions

An electronically tunable voltage-mode first-order
AP filter realization using a recently modified active
element, the CCCTA has been described in this work.
The proposed AP section is constructed using only a
single CCCTA and one capacitor. which is suited for
advanced IC implementation. It is canonical and
resistorless. Moreover, its phase response is tunable
by adjusting the bias currents of the CCCTA. The
performance of the proposed circuit is verified by
PSPICE simulation using a BiCMOS realization of
CCCTA.
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Resistorless Floating Inductance Simulation
Using CCCTAs
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Abstract— This paper presents the simple realization of the
resistorless floating inductance simulation circuit based on using
current-controlled  conveyor  transconductance  amplifier
(CCCTA). The proposed inductance simulator is realized by
using only two CCCTAs and one capacitor without needing an
external passive resistor. This configuration results in simple
and canonical structure. The resulting equivalent inductance
value of the proposed simulator is electronically adjustable
through external bias currents. PSPICE simulation results
demonstrating the circuit behaviors and confirming the
theoretical analysis are performed.

Keywords— Current-Controlled Conveyor Transconductance
Amplifier (CCCTA), inductance simulator, resistorless circuits.

I INTRODUCTION

It is well-known fact that the floating inductor is one of the
important elements in circuit design, such filters and
oscillators.  However, it is impractical to fabricate a large-
valued inductor in the integrated circuit technology because its
characteristic is far from the ideal behavior, and it requires a
large chip area. Although on chip inductors in spiral is a new
research area. they still occupy a large chip area and have low
quality factor (Q). and their values are very small, usually in
order of 1 nH. Therefore, to overcome this problem, several
floating inductance simulator circuits using various high-
performance active devices have been reported in the technical
literature [1]-[9]. However, all of these reported circuits have
either more than two active elements, or more than two passive
elements for floating inductance simulation.

Recently, the current-controlled conveyor transconductance
amplifier (CCCTA) in BICMOS technology was introduced in
2014 [10]. The parasitic resistance looking into the x-terminal
(R,) of the circuit is used to advantage in current-controlled
circuit parameter, because it is easily adjusted by an external
biasing current. This advantage allows the implementation of
numerous electronically tunable  circuits without requiring
external passive resistors, which is especially important for
integrated circuit implementation.

In this study, a circuit configuration for simulating floating
inductance using two CCCTAs and a single capacitor is
introduced.  The circuit has considerable advantages in
compact structure, and resistorless circuit design.

This work was supported in part by the Faculty of Engineering, King
Mongkut’s Institute of Technology Ladkrabang (KMITL).

978-1-4673-9749-0/16/$31.00 ©2016 IEEE

Worapong Tangsrirat
Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang
Bangkok , Thailand
drworapong(@yahoo.com

The equivalent inductance value of the realized floating
inductor can be adjusted electronically by changing the basing
currents of the CCCTAs. The performance verifications of the
proposed inductance simulator and application are
demonstrated through circuit simulation.

II. " CURRENT CONTROL CONVEYOR TRANSCONDUCTANCE
AMPLIFIER (CCCTA)

Basically, the concept of the CCCTA is a combination of
second generation current-controlled conveyor (CCCII) and
transconductance amplifier.  Its electrical symbol can be
shown in Fig.l. As shown, the CCCTA device consists of two
input terminals (y and x) and two output terminals (z and o).
The x-terminal has a parasitic serial resistance (R,). where its
value usually depends on an external supplied current. The y-
terminal is the high-input impedance terminal, while the z and
o-terminals are two types of high-output impedance terminals.
The property of the CCCTA can be described by the following
matrix :

i3 0 0 0 0fi
Vel (RS 0, 0w, (N
A | 90, 0pd || &
i 070 g, 0w,

where R, and g, are the finite parasitic resistance looking into
the x-terminal, and the transconductance gain of the CCCTA,
respectively. Here, R, and g,, depend on the external DC bias
currents /; and /. respectively.

Vo= |y o F—=ov,
i CCCTA i
Vv o——— x Z ——oV:

Figure 1. Circuit symbol of the CCCTA.



Figure 2. BICMOS realization of the CCCTA [10].

The possible BICMOS realization of the CCCTA is
shown in Fig.2 [10]. The circuit mainly consists of second-
generation  current-controlled  conveyor  (CCCII)  and
transconductance amplifier. It is designed by combining
bipolar and CMOS technologies in order to utilize the main
advantages of each technology, i.¢.. higher transconductance,
higher frequency, low power consumption, and small silicon
area. The groups of transistors Qy-Q,, Q:-Qy, which are
assumed to be well matched, act as transconductance
amplifiers to convert the voltage signal to the current signal.
The current mirroring has been achieved by simple current
mirror circuits (M;-M,), (Ms-Mg), (M--My) and (M,5-M,).

If the y-terminal is connected to ground, the parasitic
resistance looking into the x-terminal (R,) of the CCCTA can
be given by :

2

R KRN
ddp

it

()

,

From eq.(2), the resistance R, is controllable electronically
by adjusting the bias current /.

In the same way, the small-signal transconductance gain
(gy) of the CCCTA derived from the transconductor Q;-Q,
can be expressed as :

_iy _Tp

(3)

Em

vy w2y

Also note that the g,-value can be controlled electronically
and linearly by changing the fx-value.

Vlo

Figure 3. Proposed resistorless induetance simulator.

ML PROPOSED FLOATING INDUCTANCE SIMULATOR

Fig.3 represents the lossless floating inductance simulator
circuit consisting of two CCCTAs and one capacitor.
Assuming the circuit is working at frequencies much less
than 1/R.C (w<< 1/R.C), where R, is the parasitic resistance
at z-terminal, and taking g,, = g,,; = s, the input impedance
of the simulator is obtained as :

Em

Ziy =8L,, =

m = l’q (4)
where R, is the parasitic resistance R, of the i-th CCCTA (i =
1, 2). Itis evident from eq.(4) that the realized equivalent
inductance value is found to be :

190



R, +R,)C
L‘,qzi{ nt )
8w
Obviously, the value of L., is electronically controllable by
adjusting R, and/or g,,. Additionally, if v; = 0, a grounded

inductance simulator can also be realized from the
configuration of Fig.3.

)

IV.  CIRCUIT SIMULATIONS AND APPLICATION

To verify the performance of the derived inductance
simulator of Fig.3, the circuit has been simulated with
PSPICE wsing standard 0.35-um  BiCMOS  process
parameters.  The circuit was biased with £1V supply
voltages. The transistor aspect ratios (W/L in um/um) were
chosen as : 7/0.7 and 8.5/0.7 for all the PMOS and NMOS
transistors respectively.

The proposed circuit of Fig.3 was simulated and
compared with the ideal inductor. For this purpose, the
following component values were taken as : Ry =R, =2.6
KQ (141 =1 =20 pA), g1 = guo = 0.96 mA/V (I = [ = 50
#A) and C = 50 pF, which results in L., = 0.27 mH. The
simulated typical voltage and current waveforms of the
floating inductance simulator circuit of Fig.3 when a 1-MHz
sinusoidal signal 1s applied are shown in Fig.4. From the
results, it can be measured that the phase shift between the
current and voltage is about 93°, which is in close

correspondence with the expected value equal to 902,

Voltage Current
(mV}) ()
100 e et

=100

“-I 0 s
Time (us)

Figure 4. Simulated voltage and current waveforms

for the floating induetance simulator of Fig 3.

Also, the frequency-dependent impedance of the
simulator is shown in Fig5. It may be noted that the
simulator operates correctly along the frequency range 20
kHz to 4 MHz Fig6 also shows the frequency
characteristics of the inductance simulator for three different
values of R,, where R, = Ry = R, (I, =1y = 1), The
simulations were performed by varying 8, = 5.2 kQ (I, = 10
HA), R, =2.6 kQ ([, =20 pA), and R, = 1.04 kQ (L, = 50
4A), to obtain L., = 0.54 mH, 0.27 mH. and 0.108 mH,
respectively.
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To demonstrate an application of the proposed floating
inductor of Fig.3, it is employed in the RLC bandpass filter
shown in Fig.7. The floating inductor circuit of Fig.3 is
rcalized using the following component values : ("= 1 nF,
Ry =Ry =066KkQ2 g, =g, =g =09 mA/V, which
results in Ly, = 13.74 mH. Fig.8 shows the frequency
responses of the bandpass filter of Fig.7. which appears that
the ideal and simulated magnitude and phase responses are in
good agreement for a set of selected values over several
decades.

Furthermore, ~ to  demonstrate  the  electronic
controllability of the proposed floating inductor, the value of
L., in Fig.7 was changed to 13.74 mH. 3.43 mH and 1.52
mH, by adjusting the transconductance gain g, to be 0.96
mA/V, 385 mA/V and 8.68 mA/V, respectively. This
tuning leads to obtain the center frequency f. = @/2, = 91.5
kHz, 183.2 kHz and 275.2 kHz, respectively. The simulated
magnitude responses of the bandpass filter in Fig.7 with
clectronically variable I, are depicted in Fig.9. From the
results, the corresponding 7, are obtained as : 95.6 kHz,
181.3 kHz and 267 4 kHz, respectively.
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Figure 7. RLC bandpass filter.
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Figure 9. Simulated magnitude responses of Fig.7

V. CONCLUSION

This work presents the resistorless floating inductance
simulator circuit with electronically tunable feature based on
using only two CCCTAs and one external capacitor. The
cquivalent inductance of the presented simulator can be
adjusted electronically by changing bias currents of the
CCCTAs.  PSPICE simulation results wverify that the
performances of the proposed circuit and its application are
in good agreement with the prediction of the analysis
performed.
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Abstract—This work presents the circuit configuration for
realizing a canonical current-mode multifunction biquad filter
with single input and three outputs (SITO) is introduced. The
presented filter uses a single current-controlled conveyor
transconductance amplifier (CCCTA) and only two grounded
capacitors, without using external passive resistors. It is capable
of generating the three standard biquadratic filtering functions,
i.e. lowpass, bandpass and highpass current responses
simultaneously, without changing cireuit configuration. The
proposed filter can also be tuned electronically by external bias
currents of the CCCTA. The circuit is analyzed for the non-
idealities of the used CCCTA and possesses attractive low
sensitivity performance. PSPICE simulation results are found to
be in good agreement with the theoretical analysis.

Keywaords-  Current-Controlled Conveyor Transconductance
Amplifier (CCCTA); universal filter; resistorless circuits; current-
mode circuifs,

1.

The realizations of simultaneous multifunction filter are an
important class of signal processing circuits and solutions with
applications in the touch-tone telephone tone decoder, the
phase-locked-loop FM stereo demodulator, and the crossover
network employed in a three-way high-fidelity loudspeaker [1].
For example, the crossover network contains all the three
standard biquadratic filter functions, i.e. the lowpass filter (LP),
the bandpass filter (BP) and the highpass filter (HP) [2]. With
increasing emphasis on the cuwrrent-mode multifunction
biquadratic filters with a single input and three outputs [3]-
[ 1], they still used at least two active components for their
realizations. In the circuit design, it is important to keep the
number of active components at the nuinimum for low power
consumption and manufacturing cost.

INTRODUCTION

In 2005, an alternative new active building block so-called
current conveyor transconductance amplifier (CCTA) [12] was
introduced to emerge as a flexible and versatile active building
block for the synthesis of analog signal processing circuits,
especially in current-mode operation.  Accordingly, various
interesting applications employing CCTAs as the major active
clements were developed in the technical literature, particularly
in the areas of active filters and oscillators [12]-[14]. Recently,
the current-controlled conveyor transconductance amplifier
(CCCTA) which is a slight modification of the CCTA, has
been developed [15]. In the CCCTA structure, the parasitic
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resistance looking into the x-terminal (R.) is used to advantage
in current-controlled circuit parameter, because it is easily
adjusted by an external biasing current. The advantage of this
feature provides the realization of several electronically tunable
circuits without needing any external passive resistors, which is
especially preferable to monolithic circuit implementation [15]-
[18].

This work describes the current-mode multifunction filter
with single mput and three outputs. The presented circuit 1s
constructed with a single CCCTA and two grounded
capacitors, which is resistorless structure, The proposed circuit
can simultaneously realize all the three standard types of
biquadratic filter functions, i.c. lowpass (LP), bandpass (BP),
and highpass (HP) current responses, without modifying the
configuration. It also permits orthogonal electronic adjustment
of the natural angular frequency (@) and the bandwidth (BW)
with externally applied bias currents of the CCCTA. Tracking
error analysis along with performance verifications by PSPICE
simulations have been included.

1I. DESCRIPTION OF CURRENT-CONTROLLED CONVEYOR

TRANSCONDUCTANCE AMPLIFIER (CCCTA)

Fig.1 shows the electrical symbol and equivalent circuit of
the CCCTA. As can be seen, the CCCTA has two input
terminals namely y and x, and two output terminals namely z
and o. The x-terminal has a parasitic serial resistance (R.),
where its value usually depends on an external supplied
current.  The y-terminal is the high-input impedance terminal,
while the z and o-terminals arc two types of high-output
impedance terminals. Ideally, the CCCTA can realize simply
by the cascade connection of second generation current-
controlled conveyor (CCCII) and multi-output operational
transconductance amplifier. From above described property of
the CCCTA, its operation can be expressed by the following
matrix :

i 0.0 0 0] i

v, M LD ]| 0
i oo ol |

il O 0 g, 0] v

where R, and g,, are the finite parasitic resistance looking into
the x-terminal, and the transconduetance gain of the CCCTA,
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respectively. Here, R. and g,» depend on the external DC bias
currents /4 and /g, respectively.

“a “1
i H,

;  — «—
Vvo——y of —— Vo
i CCCTA i
2 Z
Vio—— x z b—oV,
(a)

) tg v )

Ly A H,

Y o——r L——o0 0F
i R, i
X o— —

= it
(b)

Figure 1.The CCCTA

(a) electrical symbol — (b) equivalent circuit.

II.  ProOPOSED SITO CURRENT-MODE FILTER

In Fig.2, a simple filter implementation, which is single-
input three-output (SITO) configuration, using a single
CCCTA and only two grounded capacitors is presented.
Routine circuit analysis shows that this configuration has the
highpass (HP), bandpass (BP) and lowpass (LP) current
transfer functions as:

L

HP= I0(5) s 2)
I.(s)y D(s)
el
e Sy o &
1,(s) D(5)
£
and 1p= L@ ARG ) )
I, (s) Di(s)
where D(sy=s+—— 4 - Em_ (5)
R.\(YL R\‘(‘lC:

The natural angular frequency (@) and bandwidth (BW) of
the proposed filter are given by respectively :

:
(0 = (=3} (
o \fR,f(‘.c"2 {6)
1
and BW = —— %
RK\-(I
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It can be observed that we can tune the values of the filter
parameters @, and BW by controlling g,, and/or R..

b b

Tin

oy .
[ X ot iy
J'le—-g CCCTA o — 0

igp
o Ill
Figure 2. Proposed single CCCTA-based SITO current-mode filter.

V.

In this section, the effect of the non-idealities of the
CCCTA on the filter performance is considered. In case of the
non-ideal characteristic condition, the port relations of the
CCCTA given in eq.(1) can be rewritten as:

TRACKING ERROR ANALYSIS AND SENSITIVITY STUDY

il [o o o o]i
el ol 10 0l ®
i a 0 0 0fw
iai 0 0 tpggm 0 vo;r

where o denotes the current tracking error from x-terminal to
z-terminal and / represents the transconductance inaccuracy
from z-terminal to o-terminal.  Thus, taking the non-idealities
of the CCCTA described in eq.(8) into account, the parameters
w, and BW for the proposed universal filter in Fig.2 are
modified as:

W, = ofg, )
R.CC,
and BW ] (10)

b R,\'(“l

The sensitivity analysis shows that the sensitivity of the
parameters ¢, and BW with respect to the various active and
passive components are obtained as:

W, g, _ o, !
S =85 —.ng_z (L)
o, ), o, 1 12
Sp =88 =82 =3 (12)
B _ QB
and Sy :SQ =-1 (13)

From the above calculations, it is observed that all the
sensitivities are within unity in absolute value.
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V.  SIMULATION RESULTS AND PERFORMANCE

DISCUSSIONS

The proposed SITO current-mode universal filter in Fig.2
has been simulated with PSPICE using 0.18-zm IBM BiCMOS
real process parameters. The CCCTA used in simulations is
given in Fig3 with £0.9V supply voltages [18]. The circuit
mainly consists of second-generation current-controlled
conveyor (CCCII) (Q1-Q> and M,-Mjo) and transconductance
amplifier (Q3-Qs, Ms-Ms and Qs-Qs, Mg-M5). The transistor
aspect ratios (W/L in pm/um) were chosen as: 5/0.5 for all the
transistors. From this structure, the serial parasitic resistance at
the terminal x (R,), which is controllable electronically by the
bias current /7, is equal to:

(14)

In the same way, the small-signal transconductance gain
(gw) obtained from the transconductor Q3-Qs (Qs-Qs) is
expressed as:

iy = IB

v, | 2y

(15)

o
S

From above relation, we see that the gy-value can be
controlled electronically and linearly by changing the /5 value.

The SITO resistorless current-mode universal filter of Fig.2
was simulated. The active and passive component values have
been chosen as: R, = 1 kQ (L; =52 pA), gn =05 mA/V [z =
26 gA) and €)= 3 = 50 pF, to obtain the filter responses with
Jo=@/2m =221 MHz. The theory and simulated frequency
characteristics for HP, BP and LP are shown in Figs.4-6. The
fo as measured from simulations is approximately 2.1 MHz,
which is 4.98% in error with the theoretical value. The total
power dissipation was found to be 0.34mW. The typical input
and output waveforms of the BP filter at the frequency of f=
2.21 MHz is plotted in Fig.7. In addition, the total harmonic

distortion (THD) variation on the bandpass output response foi
varying input current amplitude at f, 221 MHz was
investigated, and the simulation results are shown in Fig.8.
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Figure 4. Simulated frequency characteristics for HP filter of Fig.2
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Figure 5. Simulated frequency characteristics for BP filter of Fig.2.

Figure 3. BICMOS CCCTA used in simulations.
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VL

This paper presents a canonical single-input three-output
current-mode multifunction filter. The filter is based on a
single CCCTA along with two grounded capacitors, and it can
simultaneously realize lowpass, bandpass and highpass current
responses from the same circuit configuration. The f, can be
made tunable electronically by using external bias currents of

CONCLUSIONS
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the CCCTA. PSPICE simulations using 0.18-um IBM
BiCMOS parameters support the validity of the proposed
circuit.
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Abstract— The circuit topology for the realization of a low-
component count current-mode universal biquadratic filter with
three inputs and single outputs (TISO) is described. The
described structure employs a single current-controlled conveyor
transconductance amplifier (CCCTA), and only two grounded
capacitors, without needing any external passive resisotrs. By
properly selecting the relevant input signal, the circuit is capable
of generating the five standard biquadratic filtering functions, i.e.
lowpass, bandpass, highpass, bandstop and allpass current
responses. The proposed filter can also be electronically tuned by
external bias currents of the CCCTA. The circuit is analyzed for
the non-idealities of the used CCCTA and possesses attractive
low sensitivity performance. Simulation results are found to be
in good agreement with the theoretical analysis.

Keywords— Current-Controlled Conveyor Transcenductance
Amplifier (CCCTA); universal filter; current-mode circuit.

1. INTRODUCTION

In recent years, a newly reported active building block.
which 15 «called a  current-controlled  conveyor
transconductance amplifier (CCCTA), has received much
attention [1]. Several realizations of active filter based on
CCCTA have been developed in the literature [1]-[4]. They
have also been demonstrated that the CCCTA is a versatile
active building block for communication systems and analog
signal processing applications. Despite the current-mode filter
with multi-input and single-output terminals are now available
[5]-[10], their structures suffer from the excessive use of
numbers of active and passive ecomponents, and the lack of
electronic adjustability..  From the point of ease of IC
fabrication proeess, it is preferable to realize the active filters
by utilizing a minimum number of active and passive
components.

In this paper, a low-component count current-mode
universal biquadratic filter with three mnputs and single output
(TISO) is introduced. The proposed filter requires only one
CCCTA and two grounded ecapacitors and  provides
electronically tunable filter, which 1s especially interested
from the IC fabrication point of view. By proper choosing
the input signals, the circuit can realize all the standard
biquadratic filtering functions, i.e., lowpass (LP), bandpass
(BP). highpass (HP), bandstop (BS) and allpass (AP). from the
same circuit configuration. The natural angular frequency (&,)
and the quality factor (Q) can be electronically tuned through
adjusting the bias currents of the CCCTA. All the incremental
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Worapong Tangsrirat
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parameter sensitivities are low. The performance of the
proposed circuit has been simulated with PSPICE utilizing
0.18-zm IBM BiCMOS real process parameters to verify the
theoretical analysis.

i i
4 e -—2
Loftr—1 ¥ ot —0 Vo
i CCCTA i
1 — ) «—
B X Z B——o
(@)
£, "
—o‘ ot
i
-—
—o 7
= i
(L)
Fig.l CCCTA

(a) electrical symbol  (b) its behavior model

II. CURRENT-CONTROLLED CONVEYOR TRANSCONDUCTANCE
AMPLIFIER (CCCTA)

Fig.1 shows the electrical symbol and behavior model of
the CCCTA. As can be seen, the CCCTA has two input
terminals namely y and x, and three output terminals namely
z, o+-and o-. The terminal x has a parasitic serial resistance
(R,), where its value usually depends on an external DC bias
current.  The terminal y is the high-input impedance terminal,
as the terminals z and o+ are two types of high-output
impedance terminals. Ideally, the CCCTA can simply realize
by the cascade connection of second generation current-
controlled conveyor (CCCII) and dual-output operational
transconductance amplifier. From above described property
of the CCCTA, its operation can be clearly indicated by the
following matrix :

978-1-5090-6477-9/17/$31.00 ©2017 IEEE
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where R, and g, are the finite parasitic resistance looking into
the x-terminal, and the transconductance gain of the CCCTA,
respectively. Here, R, and g, depend on the external DC bias
currents [, and [, respectively.

The schematic realization of the CCCTA based on
BiCMOS technology is shown in Fig.2 [4]. It is mainly
composed of second-generation current-controlled conveyor
(CCCII) and transconductance amplifier. It is designed by
combining bipolar and CMOS technologies in order to utilize
the main advantages of each technology, 1e., higher
transconductance, higher frequency, low power consumption,
and small silicon area. All of the transistors Q,-Q-, Q:-Q, and
Qs5-Qg, which are assumed to be well matched, act as
transconductance amplifiers to convert the voltage signal to
the current signal. The current mirroring has been achieved by
simple current mirror circuits (M;-M,), (M;=Ms), (MgM;),
(Mg-M,o) and (M,;-M,;;). When the y-terminal is grounded,
the parasitic serial resistance at the terminal x (R,) of the
CCCTA can be derived as :

2
ReAET 2
== (2)

It

Similarly, the effective small-signal transconductance gain
(g,) of the CCCTA derived from the transconductor Q;-Q,
(Qs-Qg) can be given by :
J /) =
g :f: ﬁ 3)
As indicated in (2) and (3), the values R, and g, can be
electronically tuned by changing 7, and /3, respectively.

III. PROPOSED TISO CURRENT-MODE BIQUADRATIC FILTER
Fig.3 shows the proposed filter implementation, which is
three-input single-output (TISO) configuration, using a single
CCCTA and only two grounded capacitors. By properly
injecting the relevant input signal currents, the single output
current function realized by this configuration is found to be:

D(s) s = (sC R, + g, [ + gl
D(s)

)

Iom (s)=

where D(s) = SZR_‘.(]Q +5Cy+ g, - (5)

From above expressions, it can summarize that :

1) The LP response is obtained with [, = I;; (an input
current signal), and /,, = [ = 0;

2) The BP response is obtained with 7, = /,; = I, and I3
0;

3) The HP response is obtained with [,
and ;= g,R.Cy:

4) The BS (bandstop) response is obtained with 7, = [,; =
Iy=1I;and C; =g, R.C\;

5) The AP (allpass) response is obtained with I;, = [,; = I,
= I and C; = 2g,R.C);

Clearly, the configuration of Fig.3 can be used as a three-
mput single-output - current-mode universal filter that can
realize all the five standard types of the biquad filter functions.

M!" \“IE Jin

o X 0-

~ —
Ll’}’ CCCTA ot
—— y z * r

Fig 3 Proposed TISO current-mode biquadsatic filter nsing a single CCCTA.

=Ip=1I3 1, =0,

hil! F{

vV

Fig.2 Internal structure of CCCTA used in this work.
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Also from (4) and (5), the natural angular frequency (@,)
and the quality factor (Q) of the universal filter are given by

- g.’l! 6
“ Ry ©
and - [&RC )
o c.

Eqs.(6)-(7) indicate that the values of the important filter
parameters can be adjusted by controlling g,,, and also show
that the parameters ey and Q for all the filter responses are
independent. However, the non-interactive filter parameter
control can be suggested as follows. For the fix-valued
capacitors, the @, can be adjusted arbitrarily without
disturbing O by simultaneously changing g, and R, and
keeping the product g,R, constant. On the other hand, the
parameter (0 can be tuned without disturbing @ by
simultaneously increasing g, and R, and keeping g,/R,
constant.

IV. NON-IDEAL PERFORMANCE ANALYSIS

This section considers the effect of the CCCTA non-
ideality on the filter performance. In case of the non-ideal
CCCTA performance, the terminal characteristies described in
(1) can be rewritten as :

i,] To_0 0. 0]
o | (R 1 0 Ofl v, (8)
i a0 0 0fw

i

ot

Dl fbde i O 1

where « denotes the current tracking error from terminal x to
terminal z, and 4 represents the transconductance inaccuracy
from terminal z to terminal 0. Hence, taking into account the
non-idealities of the CCCTA described in (8), the filter
parameters @, and O for this case are modified as:

Ny L ©
RC.C,

afie, R.C (10)

and 0=
¢ c.

From (9) and (10), the sensitivities of @, and O with
respect to varlous active and passive components are
calculated. It is clear that all of the parameter sensitivities are
equal to 0.5 in magnitude.

V. SIMULATION RESULTS AND DISCUSSIONS

The performance of the proposed current-mode universal
filter given in Fig.3 has been evaluated by PSPICE simulation
based on using 0.18-zm IBM BiCMOS real process
parameters. In simulations, the CCCTA given in Fig.2 has
been performed with +1 V supply voltages. The transistor
aspect ratios (W/L in gm/um) were chosen as : 5/0.5 for all
the transistors.

Current gain (dB)

-80
10k 100k M 10M 100M
Frequency (Hz)
Fig.4 Ideal and simulated frequency responses for LP, BP and HP filters of
Fig.3.
20
—— Simulated
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ok 100k i 10M 100M
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.
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240
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— h
T 00 ¥ i
§' # '
T i f
5 o V) \\ i
i 160 X \ :
120 : &
4 \‘l
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|04 h
10k 100k M 10M 100M
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Fig.5 Tdeal and simulated frequency responses for BS filter of Fig.3.
(a) gain characteristics (b) phase characteristics.

As an example, the proposed filter of Fig.3 is designed to
obtain filter responses with f, = @,/27=1.60 MHz and O = 1.
The circuit components were chosen as : R, = 1 kQ (/, = 52
HA), 2, = 1 mA/V (I =52 pA), and C, = C, = 100 pF. From
simulation result, the total power dissipation of approximately
515 p4W is obtained, which is a low value. The simulated
frequency responses for LP, BP, HP, BS and AP filters
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comparing with the ideal ones are shown in Fig.4-6,
respectively. From the results, the corresponding f, of 1.51
MHz is observed. As expected, there is a close agreement
between ideal and simulation. With the same designed
component valves, Fig.7 shows the simulated transient
responses for the input current (7,,) and the output current (7,,,)
of the BP filter, in which a 1.60-MHz sinusoidal input current
signal with amplitude of 20 zA (peak) is applied to the filter.

In order to investigate the large signal performance of the
proposed filter in Fig.3, the dependence of the total harmonic
distortion (THD) at BP output upon the input signal level at
1.60 MHz has been observed. Fig8 illustrates the THD
variation result, The plot indicates that the THD wvalue
remains reasonable levels (THD < 2%) if the peak input
current level is lower than 20 uA.

Gain Phase
(dB) (degree)
20+ 0

—— Simulated ||
|-~ Tgea

104 100
Wi

04 200

&) 4
M 10M
Frequency (Hz)

204 400

10k 100k 100M

Fig.6 Ideal and simulated frequency responses for AP filter of Fig.3.

30—

et}

Current (uA)
(=]

o 05 ] 15 2
Time (15)
Fig.7 Time-domin responses of #;, anf i, for the BP filter at 1.60 MHz.

VI. CONCLUSIONS

In this work, a compact three-input single-output current-
mode universal biquadratic filter is presented. The proposed
filter is based on the use of a single CCCTA and only two
grounded capacitors, which is a resistorless structure and
suitable for further integration. By properly setting the mput
current, the circuit can realize lowpass, bandpass, highpass,
bandstop and allpass current responses from the same circuit
topology. It also exhibits electronic controllability of both @y
and Q through the bias current of the CCCTA. Both its active

and passive sensitivities are low. Computer simulations with
PSPICE based on 0.18-um IBM BiCMOS real process
parameters confirm the workability of the proposed circuit.

10

T 10 15 20 25 30 35 40 45 30 35 60

iy, (pA) (peak)

Fig 8 THD variation of the BP response versus an input signal amplitude.

ACKNOWLEDGMENT

This work was supported by King Mongkut's Institute of
Technology Ladkrabang (KMITL).

|

(10]

REFERENCES

M. Siriprunchyanun, W. Jaikla, “Current controlled current conveyor
transconductance amplifier (CCCCTA): a building block for analog
signal processing”. Electrical Eng.. vol. 90, no. 6, pp. 443-453, 2008.

W. Jaikla, A Noppakam, S. Lawanwisut, “New gain controllable
resistor-less current-mode first order allpass filter and its application”,
Radioengineering, vol.21, no.1, pp.312-316, 2012.

W. Tangstirat, O. Channumsin. T. Pukkalanun, “Single-current-
controlled sinusoidal escillator with current and voltage outputs using
smgle current-controlled conveyor - fransconductance amplifier and
grounded passive elements”, Rev. Roum. Sci. Techn., vol.60, no.2,
pp.175-184, 2015.

W. Tangsrirat, “Simple BICMOS CCCTA design and resistorless analog
function realization”, The Scientific World Journal, vol. 2014, Article ID
423979, 7 pages, 2014, http://dx.do1.org/10.1155/2014/423979.

A Toker, S. Ozoguz, C. Acar, “Current-mode KHN-equivalent biquad
using CDBAs”, Electron. Lett., vol.35, pp.1682-1683, 1999.

E. O. Gunes, A. Toker, and S. Ozoguz, “Insensitive current-mode
universal filter with minimum components usimg dual-output current
conveyors”, Electron. Lett., vol.35, no.7, pp.524-525, 1999.

H. Y. Wang, C. T. Lee, “Versatile msensitive current-mode universal
biquad implementation using current conveyors”, IEEE Trans. Circuits
Swst. I : Analog and Signal Processing, vol.48, no.4, pp. 409-413, 2001.

S. Ozcan, O. Cicekoglu, H. Kuntman, “Multi-input single-output filter
with teduced number of passive elements employing single current
convevor”, Computer and Electrical Eng., vol.29, pp.45-33, 2003..

H. P. Chen, P. L. Chu, “Versatile universal electronically tunable
current-mode filter CCCIIs”, JEICE Electronics Express, vol.6, pp.122-
128, 2009.

W. Tangsrirat, W. Surakampontorn, “High output impedance current-
mode universal filter employing dual-output current-controlled
conveyors and grounded capacitors”, Int. J. Electron. Commim. (AEU),
vol.61, pp.127-131, 2007.



Yo-urmana

% S a a
AU-LAaU-ULNa

=b.
©
e

UsgiRn1sAnY

205

U8

b3
e

LN I YnsUY
Aadui 13 Aueneu w.a. 2514

T1ULaN 242/47 auuUsenadluas d1ualuilod 9LNowoIUaULAY FII9
YUY 9abUswalg 40000

a U

dsansfinsszaulSyaes ndngasimnssumanstnga @1vianssy
dannsetinduaglvsanuan paedrnssumelulad audnananItuwme-
lulagsyusmasayys Un1sfinw 2537

dnsansfnussiudSyeln HanNgnIFINIINAENTUUMTR @121
AAnsTuBENNTaTing AaEdrmnssumMans aantumaluladnszasunaidn-

AaMIIANAnTEUs Un1sfinw 2555



	2-19 ปกใน-ประวัติ.pdf
	1. ปก คำนำ สารบัญ
	1
	2

	2. บทที่ 1
	3. บทที่ 2
	4. บทที่ 3 [color version]
	5. บทที่ 4 [color version]
	6. บทที่ 5 [color version]
	7. บทที่ 6
	8. ภาคผนวก




