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ABSTRACT

This thesis’ presents, a_design/of capacitance to_time period converter for
capacitive sensors using second generation. current’ controlled current conveyor
(CCCIN) base on operational transconductance amptifier (OTA). The-proposed circuit
converts a capacitance from capacitive senser into time period. The-obtained time
period is linearly proportional to capacitance from capacitive sensor. Tirne period can
be elgctronically adjusted to appropriate. range by changing the external current of
OTA. The proposed converter provides simple configuration. and tow cost. The
experimental results confirming the. performance . of the proposed circuit ‘are agreed

with the expected value. Moreover) its application is atso given.
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. Cy—
Ve(nT + Z) = _"—CR‘(VR? - Vm)+ Vi (2.2)
; > C 2
, [
.
V;
L. g
1 Mo
M.
VRQ ’ b j}——_o q)l
Cr l <] M
b1 o—e— M, sl 3
¢2 o— M, Ms M;
ZRI ~ V.
R Cy Va Op amp o
M3 +
M4 VOS
Vi
43
An)
4
(0%
A
VC * Vox
v w
‘ :
& 6 '
g (VR2 =V )+ Vi
Cr

()

3R 2.2 yeasudasdrr gl ndunssiulniuuuyiulse
(n) vdenlaazunsy

(@) dyaranednaliafisuiudygmunidng

Mnaunsh 2.2 ssiuldhnunveussiuliiedweilfsustuiurmiug inihusiovi

MIAIRILUTEUY Laznsdsunlasesdygratemmestiulunudyaraunin



2.3 29vsulasinnuginidnduainudiivniauslng Cheng-Ta Chiang was
At [5]

a ar d:‘!' o ) o 0 Q L3 [
nAdeillminauetnsuvasimnugiiinduanudd miurugesuuuivlsey
Inglindnnisues Switched capacitor Fawngdwiunisilussnuuursasiudnunsves
NI uamRslugun 2.3

Veltage to frequency comverter

___________________ 9
!

!

D 0 L™ 1

I,_%. cky

s N . . — R

Digital Compensation Circuit

A 4
Digiral
Detector H Control H Freg I____> i

out

JUR 2.3 2sulasimrnnliidunanud

mng"dﬁ 2.3 agiwineasiesdmuglwidumadituausyseneulusin 3 1993 fe
wasudasiraruglddndunsssuluila sseswdasussiulwiniduagtuagiseseaee
dmiudyaruiinea (Disital _compensation circuit) aslushieivendnadludiuaes
Fyanuneurdonminiy Tasdunsiiatuess 2993 fe F9asudasArninuglidnu
wsaiulnihuazrsasuUasissiulwindunmnud Tnsanunsavnalisasd 7, Ténai

c,-C
V;l = %(Vm - Vm) (2.3)
.

e ¢ fe Aanniwihinseialdnnsuee suuuifuussy
Cr, Cr @ AAg I TildEneBs
Ve A usedulnunsiy

Vi AD USRS 1D

lasiadwnvesissulasainugininduussiulnihaznarafudunavensasuag
useiulriiluenuddeszneulufeastuiinsadilimufvussquasaing suussuiiisu



Fuoad wazanaunasy (D-Flip-Flop) Inldndnns Switched capacitor fsaunsamal
WSIRULEIAWR 7, Yarsasuiaisadiuiunnudléned

C a' I =
V.(m)=V,(n=1)— C—' v, e ck, fanuziduaedngs  (2.4)

o

5

C o - )
V.(my=V,(n—1)+ C—‘ v, dle ck, Hanusluasindn  (2.5)

2

We  n A9 59U 7 YBINATIIAMTINTUYBIIRTBUTNGA
V. Ao ussuesmnuesaasudasanugluinduuseiuliihvie v,

Tnedmuam C/C, TiliAuseunal 5 89 10 Winwes C/Cs aaasyinlinsesiu 7, danisdiu
quiisiuseudnisu (Threshold veltage) ¥, wssiiwSsuiisudgu nels ¥, lAga
A9 ¥, azdmali Vi daonuziuselnguasiidadaan 7, vhliandurasuiianisvin

o < [ a v o 1 LY st o
Wagllio Ve, Naniusiluasings aanuyissy C; Al ssnueavilintes0aulaulaam
Tinansiueenignvesesvuend sunrdiuvesdganaluusaslmunaldesueiouniuandld
Aagu 2.4

Al el a$ K| O
R\ (= Y I N

Uik

T

Z N
'

Ckza |
Ckz
V(1) =V —1)-Q(V -V
Vo " =Volht C3 C Rl) |
!
\ .
—_ e — . N D=y o L L e AR Y N . | __l_
e |
VoY= V,(n=1)+ =L (V. Vi) }
C, 1
I 1 !
] T T .
Freq out : | : T
V, —-
i
1
]
!

Qs

5UN 2.4 suntudygalundazlvun

aansomAATIN WA F vsnsnsudasussiulviduenualédsal



] 1 C vV, -V,
F:lziz 1 = :—X—] £ i (2.6)
T 2T, 2NT. 2T(M o J 2 CyV, —Vy
4 I/Rl Cl
We N Ae Swnuadiy
T.  fe munawesdganauniinuessuy
PNANNST (2.3) fu (2.4) aunsovmdeadiewine F 1
F':lxﬂxc“'_ckxVR2 R‘f 2.7)
2.6 Cy Ver =V

INAUNTT (2.7 uam‘lwmm']mﬂ's'maﬁlmLLleNuﬂUﬂ“nﬂ'nm‘lwﬁ'mLﬂaauuﬂaa Wevinms
mmmuﬂsauq

2.4 29vsudasAranugiwiuduaaandreiadinaualas P Bruschi uas
Az [16]

muﬁ%’aﬁ‘lﬁﬁﬁLaumw'iLLiJaqﬁ'mng‘lwﬁwLﬂuﬂ'nun"mﬁ'aﬁ Togldnalulad CMOS
wildluniseanuuy U'SanlmaxLLnﬁJ‘umN%LLamlﬁﬁ'agﬂﬁ 2.5(n) Aviuaty ok (Dudyanu
WM (Clock signal) diFndiloifia (Duty cyele) iy 50% iiounuangulessaesudiy
Useq 2 ¢ A9 Cp Mas.Cy 38liA AC =Gyt Gy mumwaanuﬂsmmwmaﬁnﬂlﬂ amamu
I NAYDI995HYA p wanslRSgUR 2.5(m) 22 :um'\mwnnuammmmwmuaammmm

° v o

ﬂ'J’NWEiﬁ‘U‘lJ’ngJJﬂU AC IﬂEJ‘i]&’ﬁJ'J\‘ﬁ]ﬁﬂ']LUﬂaimeﬂma’lmaﬂ\'i (Ramp generator, RG) YMWUM

Y o - = < - < S v X & Ky
aswazgzy"nzugﬂﬂaua'mmaau Vi{(®) mmﬂ‘umﬂaumumaauwaiﬂqmuazﬂuaanuammwm

v

e

wiln ck Amuald c4 Hunsesvenenasianssualisnsiveewingu 0.5 uSen S41 uas
542 \Huainduuvensd (Switch array) ilassaieneluwandlasgud 2.5@) waz cMP 15

13BuLiBUBmAes3Taduans (Low hysteresis comparator) @13n3083U18A1SY Y
¥892995 ALl
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(n) vBenlaazunsy
() einduuuansd

(n) dyanadlunsasinue
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SA2 1S«
Cx Ix ) Ie
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— > ' SR ER
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4'?‘ fl nn o
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pas1svaIraug i AC ezudaniunssua I, fneasesveenaniInIEud CA

AUNTTUARAIAUAUNUST TENIN AC HuNSELE I, asTiAvinny

1 1 dV, -
Ioy=—(, =5 —AC 2.8)
ca=5Ux—Ir)=o— (

nENNTh (2.8) andiuldin mnseud I, TeeINIssvEERanInIELaIsLUSRURSIIU
s NaIrANg N lnefuiulsey C wfiansuseamenssud e, Ip was Iy %uagﬁu
daTuEMSUTesEdng SA1 was S42 dlenssua I, uaznssud I, Wudad fviuasii
wnsan sl

Iy > max|f | (2.9)
wag ALy > 1 +max|le,| (2.10)

AN IOWEUANNISNITUITBINIENTUUE Tex ORI

AC i3 v, e dy,
Qer S 15 )2 _[ “di ZACAY, (2.11)

AUALR AV, ABIUNGRSILSIAUL ¥, 9ngsntiegon (Peak-to-peak amplitude)

T, AsATUUBIdaMUIRAY

Wousey Ve iiinaufergsaniiganinanuasdyaneniin ck widwaiildan CMP uag
aednuuuInm (NAND gate) asildnuiluruandsgud 2.5(n) dyannieidwn p fildosvils
g S42 wWasuanusuazaing S41 wwAsuanusauiundyyuuIing ck
@16We p vziianusiuuinauniiaiunsaiu 7e ssaamtioanimseiiaiu 0 Je9zUdou

#01us ennsalguaunsMsysesenssua I ey

0, =-2d, (2.12)

legmvszqarantalinasiuiugud (Op+0c) annsamanunewadidvintu
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AVs

7=AC (2.13)

Iy

ynaunsi (2.13) waasliiiuinauniaiad « Aldudsiulaensaiurasiiswesiianug
Iihvinseinldiwuges AC

2.5 uviegd

Tuunilldnanisiegimsrsudatiauginiuduuseivlni 2esudasen
A dumud 2seswasmmanginfindumaunirefad dmsuugesuvuiiv

v va o < 3 LY = J
Uszyiladinsinauslusia laens 3 19esaaniuulsnsiudnumeyednnasnu ssluusas

Ay Y o - ' P>
WNAIUVDAVDLAYLLANA 1IN %Qaquqﬁﬂaiﬂlﬂﬂﬂﬂ'\?}ﬂﬂ 22

a31e7 2.2 deidaidevensesudaiAenaglnihdmsuumesuuuiiuyusegnlainig

Jauslusin

wiinveenasulaAiaug v
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fagdSnisdannsedindiia

Idenuazliidudasydenu
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< ¢ v
SanudeIanlluang

unnastrludasiuiungss

“Tassaiinsastivunaivg

wazldaunsglaniiuau

wdaslaara38naa
Hdnwseiind

Adgunsalwadvives

flanea ViEnus
CdsApudedudouriili
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svswlasiaruyiifiduauniieiad | - @wnsayuatdnsins | - Sgunsaldniiuaiunans

f




Ui 3

W L od é’
ANENUALAZHANNITINIUNUFILYBIUABN 9IS HOATN

3.1 na17un

Tuingniinusatuihiiauenssuvasimaugliidueunaiiawnsoufuald
meTBvdidnnseindlaglivdnnisvensesamdaiailiunines 1esiitnaveysznou
ludegunsaiueniiv 3 § Ae Safmdnives (Multiplexer) 1935 CcCCll Thiblafiteanldlu
nsEBNIULKaz 1Y IS BUs Ud YR (Window-comparator) Wuutdinnsnines (Schmitt
trigger)  elunumnslussansuasidilalunisesnun gaiuluunilezvendiati
AmauTALagndnnipihinurarasesawmiadainunnesseiuielusleeanas
seadalawmeskuuitanedu essinmdnnsidnavelwineninusaduiliinginssuadne
fiuvasesadalarosuuusianaty 2993 CCCIl wazasasiusvuifiovdyqan sulutins

20NKUV193 CCCIHngltastafiianagn1sussenalaeulas ias e iNana U NBIv0IIs

3.2 29395098 atand ShuUTIHantaTu

199500dBalaasLULS Lan et ulIRsas AL DAt AR I USLAB S WUUNTIIA LA

Fyranewnmdu dyaradnben sandliaegui 3.1 §resesddaamasuuuisaniaty

[

Wu9ashiviaulugaalsesuaus (Saturation: : Vi) WU ¥8NA1S5HIIUAD LilBlIIAU

N 7, danluaedngusvihliianisussaisaiiudsey € vnlfuswiunnason 7 de
LY Uazlilpu S URNASOUL Fe AANInNNNITYSaINAULSIARENAPNUUIN + Ve 890
WseRuAYR ¥, Wasuiliuaedne dnlisifiudsee ¢ \iamsmadsey uswiusnases
Ve WHA1ANA WazlionsInu Ve anaesauiioandmusinuansinnuay -V, LSssuobng Ve,

o (Y] [ a (Y] (Y] [ LY 3 ¥
wwdsunduiniuaedngs FyauustuanATasiafiudsey Ve uazioens V,, Landlang

U1 3.2



C V(_‘ R
IR
B Op amp b—o Vou
+
AN

3U# 3.1 199TReadaiamesuuuIuanetuy

«— Tor—>e— T

Voo

Vour

A

e

Y

*Vsai

Ve

~Vsar

=0

JUT 3.2 FunTuusIURNATBNANAUYTEY Ve UASIRNA' Y,

3.3 299siSsuisUd I

]
<

219U U ud gl Fdans un SIS s uLisue

dygaiauenindynudunm
seninsansdygn dygralwufidunnniinu Tasazsudunaiiluseuzdanuazlfianding
L

Yudyauiinea Fedulngazldseunenduniufnanmasgui 3.3

Ve

Op amp o Vo
Va

o 4

o—————

3UT 3.3 sasifSeuiiiudnyanu
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NNFUN 3.3 anansamaiuseiu ¥, Tivindu

V,= (VA Vg )Avol (3.1)
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I
0)7. = gm = B (ﬂ26)
C,+C, 2v(C,+C))
Wldruuusiodt f vesnad o, faudu
o, 1
fr=—L= 2 (n27)

27 4w, (C,+C))

Tunsaimslénuastefelasnstaunduiuuay (Necative feedback) agldruuusion
wuuteunau (Closedoop bandwidth, £, (CLY) ) drwvirfa
A

7. (CL)= mfc _ (n28)

PNATRTIVENUTITY Ay, Tuasnasn - (120) Fldeuuuddaiunounduluaunnsi (n2s)
awnsamupuldfensgualudanmeusn 4 hbilinsinasiemeliussandldanluns
duanginasnsasdyaiuiulieniiv (Active filter) fianunsausuainuusanvildans i
Bdnnseind [21, 22]

gain(dB)

0dB

5UT N5 aspuauBmIANRTET9saNle
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Tuguit n5 uanmansvausmamuivedlefiiessninmsnsivens (Gain) fusuuusing
luwenvssaen39iu (Logarithm)

dg/ 3 dl Y o U ¥ dl = } gj 1 Y o ¥ 6 v ¥
wnanstluenansnanulidmsunisidnuienisnwintu ldeyaslmiluldusslowisunisen

Lidnsallagmsdu dnvivhudilvidaudasion uavdesesdediadiveaenarsynasaninisiluly



dy 1 dl Y o U 14 d‘ = 1 5 1 Y o ¥ € Y ¥
wnanstiluenasianulidmsunisidnuienisfinwivintu ldeygnlriluldusslevisunisen

ludnsdllagnsau Snvivhudilvidawdasilon uavdesgedadadivedenarsnnasaninisuiluly
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U1. NFIATISINIAIAIINEIUNIUBUNAVB 199 TAURTIAUBE1edeTaeTd
Tafite

il

FUR UL esmasussusgeelayldledie

Me9slugUN BT ANENRUGYIN LA £ LASHARIILTIN ¥, -V, B slauaunis
1671

il :gm](Vy_Vx) (51111)
NSEUE i, aEUSIATUNIY R Maluldrusesu 7, Siawindu

e e 2 (01.2)
wnuraumMs (¥1.1) asluaunisi (v1.2) auduiusassiiuseiu 7, uas 7, aunsadeu
aunslein

_ gmRy

= 14 (91.3)
1'i'gmlRL g

X

ANUFURUTVDINASNUTIOY ¥, — ¥, UAZAUAUNIUBUNS 7,y 209l0Ti0  @unsaLliey
AUNTIAAD
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rin] =— (6014)

unuAENNSA (01.3) asluaunisi (v1.4) 99lg

iinr vV — gmlRI. V = ]
1-‘}-gmlRL g ]+ngRL

v, (91.5)

inl = y

PRTLATUATUNIBUNR R,, VBININMUTIUBE WU U1 anansaBauaumsla

(91.6)

25
(T
1%

A1)
)3
s

& < A Y o @ £ d‘ = O 1 Y o £ ¢ v 1%
nasiuenansianulidmsunisidanunenisfinyivingu leygsaliiluldusslevdaunise

[V
v aa

lidnsdilagiiadu Snriavnuiilvanulasilon wazdednadadadivesenarsynasaninsiiluly
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2. N15IATISVVINANDUAUBININAINAVI935A1ULS IR UBg1998 1ne
14lafis

zl

! ! o-—
fRL

FUN v2.1 1esayavesdymramunadnd iU 1RSIl iuesdelagldledie

NMIDTIUFUN 2.1 @mnsammduiusveans ol s) was V() ialuviueadentuiu

MARWIN N2 Feazilaunnsiin
Vi) 22,87 () -V (s)) (22.1)

wieunuenBuiiunug z, aldiannluaiersnsvedeiie [19] asluaunasd (v2:) aglé

Vx (S) - gm]RoL

= (v2.2)
V()R Cors+gmRy, +1
AMUALA g, Ror >> 1 azanunsavseinauaauduiusiaiu
V.(s R 1
x( ) — gml ol — (?123)
Vy (S) RoLCoLS+gmlRoL _S_+]
wcl
o 1
s o, = Em Em Bl (¥2.4)

CoL B C,+C, B 2V (Ca +CL)

MNNTRATIEIHARDUAL I NANATTE I SINULSIUeE s laen1s i sauyaves

o < ° v s P 8/ 1 = o A v o
dayguuanad v NesIuLswulugun 02:1 ezldaeanuddsauntsi (92:4) Fadivi
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Mylnswiniansuausmemailaglkmeui umukwasaesg tihuessanda
ﬁ'ummmﬁwumuwaﬂwaﬂmauaﬂﬁqgﬂﬁ 92.2 LANNTOIATIZVVINBADUAUDIVITAIIND

Taufe U Aldnanuud Feanunsaesurelasai

IBI

JUT 92.2 1avanyavesdauuhadnd iU asaaiissusseielng1leiie

e R, Aempnufuniulshoriwavesdefiiotuturrdvimesiuennsuent
thunsieiiedinrvesletia
Co. Fornpmglriflhusitosimsvedleiiamuusveugliiimesluanmeveniiian
sefiesmaadladio

MMvImaksnuegnnelagldlonaluzun a1l audnRusaEnI NSy v, waz ¥, uang

feaunsy (3.7) dadigulein

R
v, =8l p (42.5)
gml‘RL +1 -
mmwﬂugﬂﬁ 2.2 AMBURLAUY Z, NAviafY
RoL
Z, =R, /IC, =— o (92.6)
) R,C, s+1 )

uJ‘%'EJULﬁamaﬁ]smmmﬁu‘l,ugﬂﬁ 3.9 fUFUN 22.2 gansaunuen R, 9ie Z, feduaunisi

(22.5) aunsawieulnulddu
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EmRu :
V. (s) _ mZ, - (RoLCol.S+ 1) _ EmRoL
V()  gmZ, +1 Em R 1 Ry CorS+8mRy, +1
(R,.Cors+ 1)

(22.7)

AMUA g R >> 1 avannsoUssinammuduiusssning V(s) was V(s) danviu

dun159 (12.3) wazNanauauamM AR UaLNST (12.4) Ao

V (s R 1
x( ) - gml oL — (‘1128)
Vy (S) RoL CoLS + ngRoL i +1
a)cl
o 1
$la e Em Emi Bl (22.9)

CoL % Co + C'l, 7 2VI (Co i CL)

Ul IMsias s ieae R AN e UL AR WAt MasE A uazAQn
Tumsimsigsiinanay faulunisimssimuansvatas A Bl uFses 9a 914537

GR)
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3. AnneimAnudunuBunnvenwsauussiumuuUfulslngls
Todlle

U7 93 19mmusiuuudsulslesldtedie

MMeTRLsuuUTnilusun vl asnsaluuaunsiauduiugsewnenssud 4,
NUHAFIILIIAY V-V, 1o

58 (Vy 11 Vx) (93.1)
SsUE i YN IAAWSINLY, F8iAwWinu
Ve=n) (¥3.2)
wnuaumsa (v3.1) adluaunsi @3.2) agld
MW=rgm v, -V, (93.3)

MnAuauTAvedlafiie Aruduiussevninnssua i Aukadausdiy V-7, awnsaidou
aunsiendiu
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i =8m,-V)) (v3.9)
wuraNn1sTi (v3.3) adluaunsi @3.9) a¢ld
iy = 80 (18 7, =V, )-V) (43.5)
n3Bua 7, Mvasusdumu R liAaussiy 7, Srwhitu
V. =Ri (v3.6)

X X

' = < [
UNUANEUNTN (93.5) adluaunish (23.6) asla

Vx — [ gmlngrlR JVV (“U37)
1+ngR+gmlgm2r1R -

ATENTUE FEWININARIUSIAL 7, | ke unauduns »,, agslefioannsadou
aun3la

VoV .=r i (23.8)

» x — 'inltin

wiuAaun1si (3377) askuasiing i @3.8) asle

R
V‘, _ Em &2 ]Vv = rinliin (‘U39)
. ]+gm2R+gm]ngrl‘R r

- AR UIBURR R, YevemuussiuuuUsulsasdsuduaunsien

oy
g Ve (1+g,,.zR+gm1gm2r1R] (¥3.10)
Tin

in - rinl 1 + g,,,2 R
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4. MINATIHINHAABUALBIMNIATNTIRB RTINS TULUUUSUU s Tne 14
Todite

NN
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oS

lC Zo1,
“i - i

sUR @4 sEmUMIRsEiRaReUdLBRTIIRYE TR UUU U el
1% Todie

o Ry, AeAnP IR UL IRA Y8 OTA, MILAUmANF e anEuendt
1 sefileFHemes OTA,
CoL ﬂamﬂ’nm‘lw“ihumma'mwmm OTA; Mnuiuruliihwasvannieueniivhan
mammmwmaa OTA;
rin W8 Cp ﬂammmumuu,chLmzmmaﬂw%umﬁﬁmmﬁq Vi

MNMTUAT B INARDUAUBIN NAIIBUE RS ABILSITLagsEluTed 92 Tu
Fiaes Ihunlfunsiagas vimwamavauaamammn‘uamwammmemwuﬂswiﬂm
Imwﬂusﬂw U4 FWSURITIATISI mmmsn*mmamauauaamammn Igetsd) annnsasenu
LLNﬂ‘ULLU‘UUi‘U‘UNIﬂai‘ﬂaﬂt’eﬂu'iﬂ“/l 341 RS Tewdnalsenu ¥, was ¥, uanada
aunsi (3.23) Fadouldin

V = gmlngrlR

X

v, (v4.1)
1+g8,,R+g,.8,.nR °

Q']ﬂ’N’\]i’i‘U‘Vl U ABURLAUS Zy ﬁ']il’]'iﬂL‘ZJEJuﬁﬁJﬂ'ﬁlWﬂ

R
Zy(8)=R, /IC,, =— ok (v4.2)
L (5) - - o CorS +1

druaduiunug Z, aunsaideuaunisles
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r
n(S) RC,s+1

L‘U‘%EmLﬁamwsmmmﬁﬂugﬂﬁ 3.11 fiugun ¥4 awnsaunue R 169 Z, was r e
v Y P P M v &
Z;, 23UuaNnTsh (94.1) anunsadisulvladu

Vx (S) — gmlgn12ZinZaL
I/_v(s) 1 +gn12ZoL +gmlngZ' Z

in“ ol

gm]granIRoL
(rlcin‘RoLCoL )S,?- +(rlCin + RoLCoL +gmlrlc'inRoL)y +(] + ngRaL +gmlgm?.rlRoL)

(v4.4)

JNEUNTTN (V4.4) Inguwuvannistviasls

1

V (s A ’
Vx( = 160 A""+l (44.5)

L ($) 4s® + Bs+1 AN
A A
Lfi’?] y: .4 gmlngrlRoL (°U46)
; 1+gm2RoL +gmlgm2rlRoL
A= n C'inRoL C.ol, (?147)
14.8,3R, + 88l Ry

\A3h+4 B = 4 Cin + RoLCoL + gm2rl C'in‘RoL (°U48)

1+ ngRoL st gm]gm2rlRoL

Warifuanelou (Transfer function) vesssuUUSURUADS (Second-order system) Haumadu

9

Output
wpuls) @ (44.9)
Input(s)  s° +2¢w,s+o;

Wiguieuaumsit (v4.5) fu (94.9) 9218 @, FadunansUaus WA YETE3995A7Y
wssnunuUUSuUaiAviniu

" V4

1 = \/1 +g’"2R0L +gmlg'”2rlROL (5114 10)

A "CoR,,C.;

in=*olL™> o
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NAUNTTA (¥4.10) WWBFWMUALE 1+ guaRor << gmuonRor SOTUANATTR (94.10) @13750

Ussanadlendu
v, = |SmEnz (44.11)
CinCoL

AWMU guo=_ g Uow G, Henlndifeiu ¢, Wesmiumenuglvtiussiiondiya
vadlofiie fuiur @, asiiAniiy

@ =_g£ gm]

; =_om__ (24.12)
C'o], Ca + CL

AU (¥4.13) agptildin waneuaussvnimifivenasmuisiiuegisieluguil 3.9
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Abstract—This paper presents a simple design technique to
realize the capacitance-to-period converter for capacitive sensors.
The principle of the proposed converter utilizes the characleristic
of astable multivibrator. The circuit configuration is simple and
Jow cost. The proposed converter can linearly convert.the sensing
capacitance to time period. In addition, the-conversion gain of
the proposed circuit can be adjusted by electronic means.
Experimental resulis verifying the circuit performance are
agreed with the expected values.

Keywords-Capacitancedo-period “converter; OTA; | capacitive
sensor; astable multivibrator; interface circuit

I. __INTRODUCTION

Capacitive sensors are applied for measurement of many
different types of physical quantities such as-displacement,
acceleration, pressure, humidity, flow, and liquid 1ével. Many
techniques to convert the change of capacitance of sensor can
be found in the literature [1-5]. The implementation of
capacitance to time interval or frequency converters [3-5] is
one of the techniques for interface the capacitive sensor. Two
carlier approaches [3-4] require excessive “number . of
components. Moreover, these approaches have been introduced
in the term of integrated ciremt Therefore, an inconvenient
will occur during ‘implementing - of these. approaches. The
alternative \approach based on CCII [5] has been reporied.
Nevertheless, this approach employs ' excessive number of
passive elements. In addition, the conversion gain of most
approaches mentioned above is unadjustable. If the conversion
gain can be electronically tuned, the advantage will be gained.
Presently, there is-a much aftention to| usc “operational
transconductance amplifier (OTA) in -the" design of analog
electronic circuit. This is. due to that the behavior of OTA
provides the transconductance gain-linearly controlled over
more than four decades [6]. Moreover, OTA is'a commercial
available and low-cost device. Iniaddition, the circuit-building
block designs using OTAs can provide the electromeally
adjusting property [7-10). Therefore, the realization of OTA-
based capacitance-to-period  converter _will, obtain the
economical attention. The aim of this paper is to present a
technique to implement capacitance-to-period converter. The
obtained time period is proportional to"sensing capacitance
from capacitive sensor. The conversion gain of the proposed
converter can be adjusted by changing the external bias current
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of OTA. Experimental results confirming the performance of
the proposed converter are also included.

II. CirculT DESCRIPTION

Fig. 1 shows the principle of the proposed capacitance-to-
period converter based on astable multivibrator. The principle
in Fig: 1 is implemented using switch SW, controlled by
conirol-'signal V., second generation curmrent-controlled
current-conveyor (CCCII) A,, and window comparator A,. The
switch SW, will connect to +},rand —V,.; when the control
signal ¥, is in the state 1’ and “0%, respectively. The CCCII
A, based on the use of OTA functions a voltage-tocurrent
converter [10]. Window comparator A, provides the output
voltage V., in the form of “1” and 0% for positive supply
vollage “and negative supply voltage, respectively. The
operation of the principle in Fig: 1 can be expanded as follow.

i

Y
cecn

SW

Ve

z

=

Figure 1. Principle of proposed capacitance-to-period converter.

For the assumption, the output ¥ is in the state “1”, SW,
will connect to +V,, The voltage .V, is equal to V. A, will
transfer the voltage ¥} at port y to the voltage V} at port x with
unity: voltage gain [10], ¥V, =), = V. The voltage V. is
converted to current iz by the resistor R. Then the current iy
canbe expressed as

o Ve

R“R R

The current igis copied to the current ic at port z with the
current gain X [10}, ic = Kiz. The current ic flowing through
capacitor Cgzy causes the voltage J- across capacitor Cezy 15
rising up as

(O]



€ast

1 . !
o= _‘- ' dreV 0=k I L dr+¥:(0) @
s Csen ° CsnR

where }'(0) is mitial voltage. A, compares the voltage }-with
the threshold voltage V5. If voltage - is greater than Vp,
then the output voltage I, is changed from the state “1” to
“0”. At the same time, SW, will connect to -}z Then the
current iy is equal to —F,,/R and the current ic at port z of A, is
changed to opposite direction. The voltage J/- across capacitor
Cgx is cansed to reduce. When the voltage V. falls down to
the threshold voltage —'n, the output voltage of A, is changed
from the state “0” to “1”. The commutated operation is
occurred. If the magnitnde of threshold voltages Fr, and Vrp of
A, are set to equal as | V| = |-F'n} = |V, then the rising and
falling time of the voltage V. are symmetrical. The operating
waveforms of Fig. 1 are shown in Fig. 2.

— T —e—T . —>
Voo
Pour
-Fa: -
g
Vr
Ve \ /\
v L

Figure 2. Operating waveform of Fig. 1.
From Fig. 2, dsing time T and falling time T can be
determined from Eq. (2) as

v,
- V,.(0)
.WNR

3)

!
Vi = KIC
0

At the point of ¥e(Tey) = F5, the rising time Te; can be written
as

Ta= 2y CsanR @)
XV,
ref
Also the falling time T¢ can be stated as
vig
Iex= HT CsenR )
KVoor
Then period of oscillation 7 can be given by
Te=Ta+Te, =—Mfr CanR 6y
Kv,,

Period T¢ can be simply measured using constant elapsed time
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method [11]. It should be noted that the frequency can also be
considered. From Eq. (6). the obtained time period T can be
rearranged as

)]

where Gs is the conversion gain of the proposed converler. It
can be seen that the obtained time period T~ is proportional to
the sensing capacitance Cy and conversion gain Gs can be
adjusted by changing the current gain K. From Eq. (7), the
measured capacitance can be shown as

_ Ky Te
SN 4R

1
—_— 8
G ¢ t))

The current-controlled current conveyor, CCCII based on
OTA [10} is shown in Fig. 3. The terminal relations of CCCII
canbe characterized by

i, [ow0 oy,
Y, =] 1%0 0 i ©)
ie] [0 X eln

where K = Ip/I5, is the current gain of CCCII. J5, denotes the
external bias current of OTA,.

Figure 3. Cutrent-controlled cumrent conveyor based on OFA [10).

Schmitt trigger is 'used | for windew comparator A, in the
proposed converter. If the output voltage V., is in level “1™,
the threshold voltage is equal to'+1I/n For the voltage Vo is
greater than voltage 7, the output voltage }.., will change to
state “0”-Then the threshold voltage is equal to —J. Similarly,
if the voltage V. is less than wvoltage —Vr, then the output
voltage ¥, will change to state “1”.

1.~ EXPERIMENTAL RESULTS

To verify the performance of the proposed converter, the
circuits in Fig. 1 and Fig. 3 were experimentally implemented
using commercially available devices and circuit parameters as
summarized in Table 1 and Table 2, respectively.
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TABLEL DEVICES USED FOR IMPLEMENTATION OF FIG. | AND AG. 3 239, v . v v —— —r
Device Part Number 25 Ly W00uA
Switch (SW,) CD4053 2001
OTA (OTA,, OTA; OTA) CA3280 71757
Schmitt trigger (A,) CD4093 % 150
o
& st
3 Iy =200A
TABLE IL PARAMETER SET FOR IMPLEMENTATION OF FIG. ] AND FIG. 3 g 100}
=
Parameter Value 1sr
Voo, Vs 5V sor
Vay v 25,
Inn 500pA N N
> t 2 3 4 35 6 1 & 9 10
Iz 400pA Sensing capacitance (nF)
(b) Yaried capacitance Cegy from InF - 10nF
Flg?' 4(3) - 4(b) show _"he plo!s of m,ea sured time p eriod Figure 4. The polts of measured time period against varied sensing
agamst the sensing f::xpacxla_noc Csen varying 100pF - laF a.nd capasitance Cam with R = 1KQ.
InF — 10nF, respectively, with the resistance R="1kQ. The bias
current [z; was set to three different values to achieve the 150 — — . : . . :
current gain K and conversion gain G, as shown in Table 3.
125F
TABLE III. ‘THREE DIFFERENT VALUES OF /5; FOR FIG:4 AND FIG. 5
T 1o0f
Fig 4 (R =1kQ) | |Fig5 (R = SkQ) =
Iss X 2
Gs Gs % 75t
3 T ? g
400pA 1 5.4 xI10 27x10° i Im 20008
200pA. 0.5 10.8 x10° 34x10 =50+
3 10}
100pA 0.25 21.6x10 108 x10 g < 20007
25
Similarly, Figs. 5(a) — 5(b) demonstrate the plots of obtained
time period where the resistance R is'set to 5k€2 Tt can be seen 0 T (T PER 3 [THE
that the conversion gain of the proposed converter can be { 75 P g"‘ TN 06 PR QO
- o - 4 ensing capacitance (nF)
electronically varied by changing the|external bias curmrent of
OTA. (a) Varied capacilance Cgav from 100pF — InF.
1500, s r . . . : v . v
25.0, - : 5 . v : :
X 3 1 1250}
20.0r g In=100uA

=
o
g

Z
(=3
-

In= 200 A

Measured Period (us)
Id
.
Measured Period (us)
2
=

1.0t 4 500

7.8 4
250

sof 1

25t ; ’ : &
6 1 _2 3 4. 5 6 1 8 8 10

0 ol 02 03 04 05 06 07 03 05 1 Seasing capacitance (F)

Sensing capacitance (nF)

(b) Varied capacitance Cssy from InF — 10nF

Figure 5. The polts of measured time period against varied sensing
capacitance Csgy With R = 5kQ.

(a) Varied capacitance Czy from 100pF - InF
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kstop_ |

“ALCRT 7 S 0onv
() measured result for Cow=S00pF
Figure 6. The obtaioned time response for R =5kQ.

208

70

International Conference on Engineering, Applied Sciences, and Technology

November 21 — 24, 2012, Swissétel Le Concorde, Bangkok, Thailand

Figs. 6(a) — 6(c) illustrate time response of the proposed
converter with resistance R = SkQand K = 0.25, where the
sensing capacitance Cszy = 2nF, InF and 300pF, respe\,tlvcly
It is apparent that the time period T¢ is proportional to the
sensing capacitance Cgzaz

IV. CoNcLusioN

Capacitance-to-peniod converter for capacitive sensors has
been presented in this paper. The circuit configuration is simple
and employs commercially available devices. The proposed
converter can linearly convert the sensing capacitance to time
perod. Moreover, the conversion gain can be electronically
adjusted by varying the external bias current of OTA
Experimental results venfying the circuit performance are
agrecd with the theoretical value.
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ABSTRACT. A simple design lcchnique for realizaiion of a-capacitance-to-period con-
verter based on operational transconductance amplifiers (OTAs) ispresented in this pa-
per. The proposed principle uiilizes the behavior of astabl ltivibrater.  The config-
uration of converter is implemenied nsing commercial availoble and low cost devices.
The obtained time period is-proportional 10 sensing copecitance. The conversion gain of
proposed scheme can be changed by electronic means. Circuit-performances verified by
experimenial resulls are agreed with the cxpected values.

Keywords: Capacilance-to-period converter, OTA, Capacitive seusor, Interface circuit

1. Introduction. Capacitive sensorsare applied {or measurement of many different types
of physical signals such as displacement, aceeleration, pressure, bumidity, and liquid level
|1-4]. There are many approaches to implementing the interfacing circuits for capacitive
sensor [2,5-7]. The technique for interface capacitive sensor using capacitance to vollage
converter |2] has been introduced. Nevertheless, this approach’ requires excessive num-
ber of components. The alternative technique based on.capaciiance to thne interval or
frequency converter-{5-7]-has been reported. Unfortunately, two earlier-approaches’ [5.6)
require specific design building blockes that are uncommercial available -devices. More-
over, the conversion gains of these approaches {5-7] are changed using passive element.
If these converters were implemented with feature of electronically tuning capability for
conversion gain, then the advantage of converters will be gained. The economical atirac-
tion in the analog circuit design is one of the important factors to be‘considered. It is
known that operational transconductance amplifier {OTA) contains the feature of linearly
controlled transconductance gain over more than four decades [8}.-The circuit building
block based ‘on the use of OTA can provide the electronically tuning capability [9-11].
Moreover, OTA is a commercial available and low-cost device. Therefore, the realization
of OTA-based capacitance-to-period converter will obtain the economical attention. The
aiin of this paper is to present a technique to implement capacitance-to-period converter
using OTAs. The obtained time period is proportional to sensing capacitance from capac-
itive sensor. The conversion gain of the proposed couverter can be tuned by changing the
external bias currents'of OTAs. Experimental results confirming the circuit performance
are included.

2. Circuit Description. The proposed capacitance-to-period converter using OTAs is
shown in Figure 1. OTA; and OTA; are the voltage-io-current converter and the voltage
comparator, respectively. The circuit operation can be explained as follows. The voltage
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1116 N. KANJANAPART. T. CHEYPOCA, V. RIEWRUJA AND W. PETCHMANEELUMKA

al node D (Vp) applied atl non-inverting input of OTA] is converted Lo Lhe outpul current
iy with transconductance gain g,,; 8] as
i o= Gm I/’D (1)

where gm; = Ip;/2Vy is the transconductance gain of OTA;, I'y; and V- deline the external
bias current of OTA; and the thermal voliage, respectively. The obtlained current 4, sent
to nelwork Ry-C..-Ra forces voltage ¥, and Vp at node A and B, respectively, 1o equal

RI(R'2Csm)-"' + 1) N

o= N2 senT U T 2
Y (B + Ra)Comms + 1 @)
and
_ R2ng"s ’ E
VB = RComs +1°° )

where Ci, is the sensing capacitance from capacitive sensor. The waveforms of voltage
signals V4 and Vp are shown in Figure 2. The voltage Vp.is converted into the current 7,
via OTA, with transconduetance gain g,,» as

iy = gm2T/B (4)
At the same time; OTA, acts as-the comparator helween the current iy .converted from
the voltage Vp and the previous saturation current 5. Therefore, the proposed converter

llsz

-
Fou
o

Time

i
|

FIGURE 2. Waveforms of signals at each node

73



Peviod (mg)

[
<

Poriod (mn3)

Period (ms)

ICIC EXPRESS LETTERS. VOL.7. NO.3. 2013

T51= 20008

L : 1 . L L
100 200 360 400 500 600 TOD 800 SO0 1000
Csa (pF)

(a) Varied ecapacitauce Ciep from 100pF-1nF

0 1 L 1 2 ) y ) ) L
1 2 3 4 5 6 7 8 9 10
Coo: (0P
(b) Varied capacitance Cyen from InF-10nF

30

T0 -

60

50

490

20
10
0 L 4 ] 1 1 1 1 1 3 1
10 20 30 40 30 60 70 30 90 100

Csn (WF)

(c) Varied capacitance Cy.n from 10nF-100nF

FIGURE 3. Measured time period versus varied sensing capacitance Cj,,

117

74



1118

N. KANJANAPART. I. CHEYPOCA, V. RIEWRUJA AND W. PETCHMANEELUMKA

Nonlinearity ervor (%)

1 ] 1 1 Il 1 1 1

13
200 300 400 500 600 700 800 200 1000

(a) Varied capacitance Gyep from 100pF-1nF

4k

| -

gl
100

8

6

Nonlineanty ewor (%)

-8 1

Coz: (0F)
(b) Varied capacitance Csey from InEF-10nF

Nonlincaity eor (%)

K 1

CeerF}
(). Varied capacitance Cisen from 10nF-100nF

FIGURE 4. Nonlinearity error of Figures 3(a)-3(c)

75



ICIC EXPRESS LETTERS. VOL.7. NQ.3. 2013 1119
gencrates square-wave voltage V,,, by conversion of the saluration enrrent 7, into the
saturation voltage Vo, (Vour = £Vi) [7]-

From routine circuit analysis, the obtained time period T from V,,, can be expressed

as
R+ Ry -

T=2 “sen Ry)l b b O
C‘ (Rl * 2) " (g:::lgvrIZRlR‘ZR-l) (O)

or

41/:%(R| + Rz) ) R
T=2C,mn(Ry + Ry)In | — 1=/ 6
w4 R (T ©)

From Equation (6), it should be noted that the achieved time period is proportional to
capacitance C,,. In addition, conversion gain of the proposed converter can be electron-
ically adjusted by changing the external bias currenis of OTAs.

3. Experimental Results. To verify the performance of the proposed converter, the cir-
cuit in Figure 1 was experimentally implemented using commercial available OTA CA3280)
and resistors with 1% tolerance:The supply-voltages were.set to +10V. The values of
resistors Ry = 50k, Ry = Ry = 5kQ and R; = 10kQ were chosen. The bias current.
Iy was set to 500uA. Figures 3(a)-3(c) demonstrate the obtained.period against. varied
sensing capacitance from 100pEF-InF, InF-10nF, and 10nF-100nF, respectively. The bias
current Ip; was set two different. values, 20p2A and 200pA Figures 4(a)-4(e) illustrate the
worst-case nonlinearity error-of the measured results in Figures-3(a)-3(c), respectively.
From Figure 4, the maximum- worst-case nonlinearity error is less-than2%. It can be scen
that the conversion gain of the proposed converter can be tuned-by adjusting the external
bias currents of OTAs.

4. Conclusions. In this paper, the realization techuique of capacitance-to-period con-
verter using OTA for capacitive sensors has been presented.’ The proposed scheme provides
a simple configuration and low cost. The conversion gain of the proposed-converter can
be electronically adjusted by changing the external bias enrrents of OTAs. Experimenial
results verifying the cirenil. perforimance agreed with the expected values. The measured
crrors well below +-2% are observed.
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