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ABSTRACT

This thesis presents the three-input maximum, median, and minimum circuit, which
operates in current mode. The realization method is simple and suitable for fabrication using
CMOS technology. The median value is obtained by the use of the incorporated maximum and
minimum functions into the same scheme with parallel processing as the basic unit connected
with current mirrors. The design strategy is based on the MOS transistor bias at the edge of
conduction in saturation region to provide the low distortion in transfer characteristic, the high
accuracy, and the high-speed operation. Therefore, the proposed circuit is suitable for real-time
systems. PSPICE simulation results verifying the performances of the circuit are agreed with the

expected values.
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9131071 2.8 Av1sanii Tnua 1P, uaz 1P, 9218
ipg =i +1, (2.22)
fps = e #4 (2.23)
INNININUVDINVTAZNBUNTZUT CM, , CM, 1Az CM, 1z 18
ipy =ipy =ipy =ip, =iy +1, (2.24)
ins =ipg =ipg =iy +1, (2.25)
Ansannszud iy, inua A o8
lag =ip —Ipz = lmg =l (2.26)

- ' ° U o ] 1 o
NNauMsh (2.26) e i, > i, 9218 i, >0 Wwihldaussduanasensenienveia-

inl
= E.'\ J o L] '
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: ’u’;ﬂ‘ ;lmi > lml (227)
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NITALNOUNIZUA CM, 1Az CM, dzazRouUNsZUd i,, 1oz i, 1dilnua B uazInua

audey 1218

. - 3 - — - . 2.29
Ppps =dpy ¥ipy =iy + 1+ ( )

65451
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Iy =dpy —ipy =10y + 12 — Iy (2.30)
ANIBUT i), waz i, vgnasiounszudlavaesazdounszua M, uaz cM, Tid

Tvua D uay E mudey oz ldaumsminssua i uaz i fo

max min

I =ipys = "z =l iy (2.31)

max

imm = II)U - ]2 = Irn.l' - '20 (232)

s. ' '
WauNUMNINANMT (2.26) uaz (2.27) aaluaums (2.30) uaz (2.31) is:'lﬁ‘mnszuﬂqeqﬂ

" b
HAZAINIZUAR YRR

boin =dpyy =13 =84y =iy (2.33)
I. _ {i.ln.’ ;im) > imn'
max ) . ) .
Iml ”m! 2 Imz
. o ‘ml ;Ir'n.? 2 Iml (2-34)
Imm = Yia - .
Im} ’lml > IMJ
i
nl max
» i/p Max
Max/Min cell,
i i
n2 1 . "
_’ & >
» i/p Max o P i
i Max/Min cell
l|l13 : |2
Max/Min cell, .
lI'I1I|'I
. —
» ip Min

3N 2.9 urudamsimanuessmmgage Anae wazmdga viia 3 Bunadimiudyn o

nIsLa
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v
' o -

BHUAINITIINUYDINIIMIAIGIGA AN LAzAIAIgA ¥ia 3 Buwadmsy

dyapunszualuzdn 29 Usznevdioisesmimigega uazdmiga 3 29esminnaesiunu
d.. " ar ' ;
WO INSZHARINAIAIANNTIAD 111

i =i, +i, =i (2.35)

med ml

agq Y = u . . a a -, " o
avudinszuadunn i, >i,, >i,, Wudunavesglii 29 uaell i, waz i, Wuedna

inl

AINTZUAGIYAUAZAIGAYDS Max/Min cell, Taohi i, fu i, 1iunszuadige uazgegai 1d
INNVIHIANGAGANASAIGA Max/Min cell, 122 Max/Min cell, ANIuanInae 9zm1 1dnn

aumsh (2.35) Tao#i i, uag i,, unszuagagauazdiga 114002993

2.6 unary)
INAIDENNITMIAIGIZA  NITMIAAIGA  WITHIAGIYA LATAWNGA  WITN
1 4 4 ; d' a ' A : o
Migaga Anan uazmdige Meninauelueda ihuifivediunilavearsssiimninaue
1 A' " : =t sy ] a a 9 = &
Taougagaesinauniuliguauiduandaiull  Taoaweiden 25 Fuuasesm

MR AINAN LAZAINIGA NITININUAWMINNITMMYIGA LazAIMIgAra 2 DUy
Apswiuagdui IfifanuAanaaazay oilunisasnavesnnnuAawanazay 3914
fimsWanu99sMIAIgega AN uazmdigayiia 3 Bunye dmsudyyunszua uazld
° a a ‘,AUJ 4 a a < ' o e = - o

rnaueluInntinustivu Faluuni 3 esuetainguaesininneenuuyluImetinus uag

Tuuni 4 ﬂ:ﬁ‘]umﬁmﬂ:ﬁﬁmsnu::msﬁnw HAZHAMSIDOUHDUMININIUYDIIINS
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3 a a d
NN NIF NN nus

3.1 na1Ii

“iuwﬁ”ﬂ:ﬂfinﬁqnq'mwsﬁxi‘luﬁ'zuﬂsxnawm WNAIIRA AN tazAwIgA
inaueluSnoiingg Fudazieesiimihfiuandiefu 2esfinaiine 2esazfounszua
CMI 2993 RouNsZIT CM2 1AYNISMIMGIRA tozAmgasia 3 Bunadmiudyan

9 - o o U gi ' = Yo o 9 ' d’
NITUT UUIN uaxwanminNm'uﬂqnqmwmnm’mmumﬂaﬁmu"lﬂmmmawa"lﬂu

3
3.2 2995aTNOUN T
Ly . ﬂ ; - s & A

NVIALNOUNTLUA (Current mirror) [12 , 13] 1WUINTHUTUNTIAYINTUHINMS
il 19iu09esdeolurasars g winwe wu 1Hduunasduiianszuansfi (Constant
current source) AMANAYDINNIATHOUNSTUANAVZ A I NI TUAMEOIAWAIIN AN ZIE
a a ° o '
Buna anudumuduyad uazanudunueayags lavdsssaziounssuassiin

¥ [}

USIRUING — YT ArUDIUBANIIUTAS NIdod NI uazi Iinszuad Tnaruuruuua

(Channel) 15003 ZUMATUIIAUNINY

T Lo

" b4 & o
UM 3.1 uamaesaziounszuauUURUT MY HARUIYLILA

3 3 a d
1103109 3.1 naasazReUNsTUAUUUNUF W FTADUNTUIUA (N-channel current

mirror) Taoluvasduiianszuansi i Wunszuaduna uaz i, Wunszumewya &

o o

Amualdueaniiudmaes M, uaz M, Mo lurrnhnszuadudne ldnnuduius

'
a o

STMINATIUA i, Haznszud i, D Vg, 2 v, =V, nmanauluriinssuadud

oul

E
ANNITIUANMIOATIFINYBINIZUADIANARDNSTUABUNA [AA ST
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Tow _ {L.'Wz J[ Vas — Vi ] [1 + 4,V s )[ H0:C o2 } 3.1
L WLy Avis = Vi 1+ 4V st A #0iC s

A =) @ o a P = o
e Vi A9 UTIANYAITUIAUY (Threshold Voltage) ¥0uBANI LT MIADS

Ao AMuyauLaUTNeRITFUNIIADS (Channel Length Modulation
Parameter)

p, A9 AMWANUABDIRINAI (Surface Mobility)

Cox oAy IWhiinaeenlsd (Oxide Capacitance)

W fio AnuAdveuyuLMa

L fiD ANVEVOIFULUD

[ ¥ 0 ¥
WieaninueansmFmaniisaesialavia e gnaisasuuuiulessaundeugfudniy
= o ar =

- o n’: u 1 Y o't =
UOANTUFAADINITDIANIANUANMINAY waziimwiniiwes luFalnseaadig (Physical

u,: ] o - L= ar ar 5‘0‘ é
parameters) IAUWA YU V, ,u, | Coyiitunialndifivedu dnfuaumsi 3.1) aunse

v
Woulnuldaai

Iow _[ LW, |1+ AV ps2 (3.2)
Iin WL, \1+ AV,
0V, =V, MR
iu_u.f _ LW, (3.3)
in WJ‘L2

J " a [ [ - J "o '
VNAUMSA (3.3)  WANNEATIFIMVeINITUAMOIANANUNTTUABUNAYL YuegAumnm
' - é o o
e uazANuINYRITeIMAAUNszuadITsafmualdlunsesnuuy  Mimuald
9 c‘ o [ ) c{a o v d. -~
WL, = W)L, wdngldnszuaiodyaminunszuanduna Tao M, wimihiaiiou
L { - 1 an a o o " 0
unasnInszuanInoIAye 1nildnaranmuuddieansudmans M, hameglurig
nszuaduAleg ldanuduiusmuaums (3.3) aniu V,, dsdgamiliaeesieu

1ot aumunzaudo

Viss = Vs — V5 (3.4)
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' o a wa
a0 lsnam Tumad§iidnavesnuo1veaus e (Channel length modulation effect) 93]
ANTNAADNITMNINUVDINAINNLANTZHAAIN WIIUINTANUOANIIUTAADS ADIAD
o w o 1 4 " a
AUNIWAUNIZUTATUVD M, NAUNTZUMATUVE M, NADIUDA T IRUIATY- BT v

" v 4 : : e
M, AL A UATU-BD3 YDA M, @Mueanud V,, = v, 1o Vi WUYUA i, 92
A 4 v ¢ . 44 4 4 a
INNYUAIUANIVATUNIULDIANA (Output resistance) VDI M:(g,,,) NINUYU FIT W05 UY
9 o 1 o ar o &l' d' " A o 5 4 ]
18dagUn 3.2 dmdu M, i vy, asinmils (v, grimualaonszue i, #lnaru

M,)

Slope=g ,

e —————

\ 4

<
<
@
<

Ds2

314 3.2 uauianiodyavedssaztounszualugii 3.1 Tunsdl M, uaz M, aunarii

L 3

Yo A

_ [ 9/ o
1037 3.2 ansamsnnud ey R, 1adail

- AVnsz _ iy V.-u _ 1 (3.5)
Ru - B - ru) = ===
Alnur lmu g o2

{ ' & = « ar '
vz V,, Ao Early Voltage Y99 M, 33A1 ¥, ¥0310aN5 1UF a0 11 siua1ua1n11u017

[] = o n’: 4 " o 4 U ]
VDIFDINNUAUNTSLD ﬂauulﬁ'm’faemsmmmﬁ'm‘nmtmﬁ‘vgﬂﬁﬁmmﬁ'&ammmammu

L)
= ot ] = a
svsaznounszua Iaolduoani T aae s NIFDIMAAUNTLNALIT  DINNANNITVDIINDI
getpunszuaina 1 edy amsothuesnuuul3esiiu 299saziounszua CMI1 uaz
NvsAzRounszud CM2 ievhunlszgna lulsmimigage Anan uazAmdmgamitaue

v
5 waziduans 11
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3.2.1 1995AENOUNIZIE CM1
= ¥ - d a o
nngil 3.3 iWuneesaziounszua cMi1 UszneudioueamsuFamoiviiai M,, -

) (c‘: v o o [ :

M, lasvunauazvivesavoweansudaneinimudedndioiunlvus X daiy
“ v o o ] ° a8 W '

Vot = Vo = Vo W8 My - My, Innuauwadiunazdinulurinihnssuadudieg 18

iy ==l ==i (3.6)

mn = outl out

310 3.3 299sazRounszua CMI

3.2.2 2995azNOUNIZIE CM2

CM2
MPI MIQ”—] MP3
| |
) I 1 |
Iin .
O -2 Ioutl
>
ioul2
L =0

31N 3.4 299sazRounsTUE CM2

N3N 3.4 veamsuFmans M- M, uag M, - M,, fhusesazfounszuaiiil

@ [ ' oar 5 ° a o ]
DATINMITINTUNIZUTMIAVHUININNITNINIUUDIUDANI TULDAD T M,,- MP_‘ ‘Hﬁlﬂu')“ﬁ

) o o v
ﬁxﬂﬂuﬂizalﬁﬂnﬂmlﬂ‘lﬂﬂﬂﬂ:'lﬂ

)

’frr =l = Inw)

(3.7)
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¥
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. H,CoxW 2 2
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2L
] a ¢ w o a s - ¢
$V03) K AD ANITUTADUANUAULTNITIUIADIVOINDANI TUNALAD T

' @ { = 4
Vi i ANTIAUNINA-FDI AUDINDANT T AIADS

VDD
MI] MZJ M3J lB
:!: g | — v
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i
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-

=
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13U 3.5 WhnsesmmigagaluTnuanszuaiia 3 Sunadeiinuauians dakuiianm
¥ '
1o [15] 2esdesdmivdayau 1 Sunmlszneudiouemmiudmaes viiaduimau 3

iAo M, , M, , uaz M, uazunasnionszud lunea I, veansmudmans M, sxilviia

N

a & ' o & o ' e < o 9 - o
useau lunea v, Fatlusnafidmilalianlszanaiiy 3V, Fagiinueansugmnos

' 1 ¥
M, - M, 9nluneafivenvesnmsihinszue Mo Idguauianisdsiunssuaiinnuiion

o

vouas duveaniudmans M, uaz M, aoilulsssaziounszuauuuuIniiionsinig

o < o
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fmuald minszud i, WusnszuaduwegegaiivsaidvadionSouivuiuninssuaduys

i, waz i, Wowduaums1én
i, = max(i,,i,,i,) (3.9)

msnavesnszuadumn i, i, uaz i, wihliifaussduiiviasufusesd v, | v, oz v,
YOIWOANTIUTMADS M,, , M,, LAz M,, muAIRY Fufumussduasy - vefa v, fifaeIn
m3 Inavosnszuadunwagage i, wilmgeqailofoudumussduasy - ¥oda v, uaz v,
ileaninvunaveawemsdaaes M, , M,, , M,, uaz M, seddioiu dafusussdud

1n 2 21

o = o ' dy =L
NG — FDITUDIUDANITULTLADIIHAIU wum:ﬂu

Vasi = Yasat = Vassr = Va (3.10)
1 - 4 - P
MINAUNISH (3.8) D4 (3.10) AN WTAADS M, , M,, , M, uaz M, ziiAnszumasui
»
N Al

(3.11)

Ipp =lpy =lpy Tlpg =1

NIZUAATY i), N IMaruNIMFmaes M, luranszuaduda sxiliussduna-sesaves
a 4 a1 a J a J U ar o q’ ﬂ ° 1Y)
NIUFNADT M, DANRNIN  MINUANYeIR LT IAMNA-sei alsziunai Iiued

- ' "o ° [ i &
nmFeaes M,, ogluannz hivhnszua lwiwesdvanums Inavesnszuaasu iy,

' o ° o o ] "o
Tnadweemsmdaaes M, swilduoansudmass M, ogluannelivhnszua

wuRenu Tao@owiuaums 1an

=0 3.12)

Ipaz = 1ps2

A'i = - 9 . . cay
dennsun Inua v, ez ldminszuaasu i, ImAal

Ing =lpiz +ipg +ipg; (3.13)
A " P Y
WWOLNUAIINTUNIIN (3.12) m‘lu (3.13) ilzvlﬂ
Ipa=1Ipi2 =1, (3.14)
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NIMIMNUVDINITASNOUNTZIT M, Uiz M, mnszumasy i, segnazienilnua

¢ o ¢ .
lﬂTﬂT!ﬂ ANHU ﬂ-lﬂ'izllfﬂﬂ'lﬂﬂﬂ 1

mery

i

max

sy

= 'iI = max(i,,l';,i_:)

3.4 2993MIANGIYA HAZAMNIGAYIA 3 DUNA

(3.15)

NN Immgagariia 3 sunaluzlil 3.5 awsmbumiaunduaesmaigaga

uazdmgadmiudyanaunszuayia 3 duwadagn 3.6 Westeud My 1 dygudunn

& = d a d o o
Usznoudas M, - M, FuduueamsuFameiviiadu S 3 @ uaz M, - M, 11y

- d a o LY = o 4
yoanIuFmAes iR 119 2 A2 uaznsudaaes M, , M_, M, , M, uag M, imyhiiiu

4:‘ LY L ) L A ' ] ar dy
jiﬁiﬁzﬁﬂuﬂizllﬁﬂﬁﬂﬁ'ﬂﬂﬁﬁ\'lN'luﬂizllﬁl'ﬂ'lﬂ‘U'HUQ MITHIMPIFATIMIVNITUTINIGD

' b4
#nsan ldmwdnanuide 3.3 daunsmamdigaannsoeiueladal

Mu Ij.
I

ID“l"._|

MIJ MZJ M]]

:'I —1 —

r || ||
hole el Al ml By )y ol
i o PR 5 5

31N 3.6 2asmAgaganazmgAstia 3 Bunn

smualdduananszuadunayniiiaudiuan  nszuadunanimgagauaziiga  fio

. . o_ a =S Y
NISLET 7, LAY 7, MuUIAU wum{‘luﬁnmﬂmw

i, = max

(i,i,,i,) waz i, = min(i,,i,,i,)

(3.16)

AsIRUIATY — weia v, MAAvINM3 Inavesnszuadunagega i, sxlimgegailamouiy

1 o y = d a o
A7 LULIIAULATU - Wﬂgﬁ Vv, UDT v, lﬁﬂéﬂ"ﬂﬂﬂﬁﬂiTu‘ﬁﬁtﬂﬂi‘lﬂ‘lﬂlﬂu

- P

NAUNIY

N M

MZI
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¥

= w o Vo J o o = o -]
M, uaz M, Ifusessuna-sosaninu Aoawseau v, Mldueansugmaosimariiil

mnszuaasunuale luhnszuadudl fo

Ipir =lp2i =1lp3y =lpa =¥ (.17)

td
@

ol Inuaduna v, sz ldmnszuadunauiorda Asil

(3.18)

Li = — o

VNTUMST (3.17) Az (3.18) TININAYUTUMIVOIRNTEUMATY i, YDINDANI T

o '
wes M, 149
iprg =0, dpyy =0 =) WAT Iy, =) — 1, (3.19)

NNAMEIRUING — Fesadinesauiu IimsaeuaussdemnszuaduyagegalusInhnszu
Sudniu ussdueda - sy v, snfumusefugega ileannnszumasu i,, Hngaga
Sumiy i, —i, MSMUANYOIR I IR ING — FeTaveIBENI T MADS M, , M, fiap
oy M, Jugrahnssuaduds widlusavhiuommaudaaod M, uaz M,, ogluanioe

¥
Tz Anfunszumasy i, oz i,,; swiinuiu

ip;s =ipys =0 (3.20)

danarsa Ivua v, vz ldsmnszumasy i, awim

Ipe =lpys tipys Tlpys =1 — 1 3.21)

WAUNUANNTUNITN (3.20) aaluaumsn (3.21) wagannaumsn (3.19) wouaums ni
181

Ipe =1Ip3s =lpsg =1 — 13 (3:22)
o = o &4 ﬁ 9 Aaw
NAMTNINUUDINIUFTNDT M, , Md uag M, , M, a1 UNITTELNOUNTSUTNUDATING

(O " e 4 ° S . . as
darinuiiunila 2esazfiounszuaisaesiivzaziounssua i, uay i, 1Udilnua

o ° o w o V] o o % Hn Y oA
DIANANIYA AR ﬂ11ﬁﬂ1ﬂ33“ﬁlﬂ’]ﬂﬂﬂﬂ’]qﬂ doim 'ﬂ.lﬂ o
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bin = Ipad —Er = Epe —Ipe (3.23)
WounumNauNITN (3.17) uag (3.22) aalu (3.23) a2 1d
iw =i, =i, —i;)=i, =min(i,,i,,i,) (3.24)
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ABSTRACT
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ﬁi’ﬂﬁaﬁafjﬁqqqu’ﬁadiﬂ’lwﬁLﬁnnmﬁneﬂummﬂmqqqm?m'hqn'lé‘uﬁmasiwLﬁmm'wﬁu AmiulAT
MINIAuINTIIAIGEA ANAN uazArigAmETuAIABITY (S. | Liu uazAmse, 1997) unwasi
s lubinusdiy Juiliinanausueameiligs uazseanldfinninguersasm
AIgagA, AINAN ua:n‘ﬂﬁi'\qnmu'lmaanﬁmﬁu#ﬁmu‘lufnunns:un (M. Kaewrongkool URTZAMLE,
2002) ‘%mq’rﬁq:Mnamﬂuﬂummqm'mﬁ'ﬁqq uﬁmu'luqqqrﬁﬁmua’liqqﬁmﬂmqqqnua:ri'w'hqn
w2 fune dedmiAviTliiarwdanamazan iaihinreanatesAma M RANRIRELAN
unmmﬁﬁaﬁmuﬂmmanunmqqmwmgaqn ANBUATAIAIqATTA 3 funmadwmiudryqyinnsrua
flrzmosmauuumumdaadmatulainrudnnefuuiuen fsmnsainamne Wumsaselnies

o JI -l -
HATIININARBUAINNABIUAZANTINU BRI e T suntn PSPICE (@euuuumminey

TEINAT

NOBHUATHANNITINOIY
Tun1seenuuusasiniiaue Witmualifueanmu3amefnifiamaunadiunnlssnsuas
finninewlugnsduda dmfusinszusarussamesmmdnmefiviaauluisiangn sannsodoud
aunsléidail (P, R, Gray Ut R. G. Meyer, 1993)
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A AMsudAuAnuALINIMIAe T IR Nt AN LT AR T

iy (vm.—V,,)2 =K(Vas"Vr)2 (1)
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C\P 9IngU7 1 dhinwnndrgegaluluuanszuasiin 3 Sunsddauauianimdeduiiiauiey
A1 (Chaikla A. bazANL, 2003) nardesdmiudygin 1 Sunmlszneudtenesnsuianefriliaidu
AU 3 F9AD M, My, unz M, uazuvdeironszualuued I, nindswes M, asinliifauseiuluuen
A ‘i«flummwmuuqumﬂ:"mmmﬁnu 3V, wrm‘lunrmmmmM M, qnluuaammmnw
WINTEUA mﬂwﬂuamauunmrdququm-uﬂumwmﬂuuaﬂm dounsudamei M, uar M, Aeilly
warsstounszusuuuuaniiigasnsdeiunszuaniniunile nainauTesasitinsieInATes
wnumuﬂﬂﬁ‘hmanuimwaumviﬂnr:uaﬁuwnnuﬁ'lgqqn'ludfnﬁuﬁ'qﬁquﬁ 1 aansaesusldw

ivuali Anszus i, dudinszusdunagegaiiiseidendenBouifouiuanszusdumn i,
uaz i, Feudluannislddn
i, = max(iy, iy ,i,) (2)
msluaveanTzusBung i, i, usy i, avinbiiAnundismsuiTeda v,, v, uaz v, 18mMIndsinef
M, My, AT M,, AINATAL Fafususasuamnvafa v, #tﬁmqnms‘luamn?vuaﬁuvgmqoqn i, asl
mqaqmuamuunumu.:munmu 1978 v, uaz v, esnrinaremdamef My My, My, usz M,

X
sadidanriu muumurmu'nme--n'ammmnu‘nmmm’mmu azfiAndu
(3)

Vesn = Vosa = Vosy =V,
Aneungi (1) B (3) nendawmed M,y My, My, UaE M, afiAnnszusinsuiivini dail
Ipy =lpy =lpy =ip, = {4)
nITUALATY 'rD.. ﬁ‘lua:hum’mimmf M, Wutaeduin azinliussfune. sefavemsmidamnes M,, A7
WAy Mnfisdureusiung- sefatviuusinlimsdanes M,, aq’luﬂn'vr‘lumn?-ua Tu
mummmnunw‘lummns:Lm_tmu oy WWAHIUNINIARES M, avirlimsudawmed M, egly
anzlibnszuaiuidoniu Tnodewdusunisléa

Ipy =ipy, =0 (5)

- o~

dlefivrsnaiilaum v, alddnnszugnn ip, HAA

Ipg, =ipyy +ipy +ipy,
WiaunuAINgNnITi (5) aalu (6) Al
(7

—

{pa=lp =}
o o

° y ‘ v - -
VINMINNUIRINATASHBUNTIUA M, Uaz M, Anszumiasy i, szpnasveuluiluumendvwe fody
ANTTUALR AR i AxiiATl

i i, = max(i, i, ;) (8)

max = 4
WIIMAPRFAURTAGATTA 3 Bunn
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mumﬁrgry'\mnrumun 3 BunARgUR 2 wartenduiy 1 dryansunmlrznoudoy M,-M, Faiilu
neansnAsmeisiagu (NMOS) S7u7u 3 M uas MM, iqmuuﬂﬂnﬂuiﬂmanunw AU 2 1
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A Current-mode Multiple-Input Minimum Circuit For Fuzzy Logic Controllers

Yot Mettasitthikorn, Chamaiporn Pojanasuwanchai ,Vanchai Riewruja,
Anuchit Jaruwanawat, and Prasit Julsereewong

Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Ladkrabang, Bangkok, Thailand
(Tel: +66-2-739-2406-7; E-mail: vanchai@cs.eng.kmitl.ac.th)

Abstract: This paper presents a current-mode multiple-input minimum circuit. The proposed circuit can be implemented by applying
De Morgan’s law. The circuit diagram is simple and modular. It operates using a single 2.5V supply and has very low dissipation.
The realization method is suitable for fabrication using CMOS technology and all transistors are operated in their saturation region.
The performances of this proposed circuit were studied using the PSPICE analog simulation program. The simulation results show
the approval of this circuit that it has adequate basic performances for a real-time fuzzy controller and a fuzzy computer.

Keywords: current-mode circuit, minimum circuit, CMOS-based circuit, fuzzy logic controller

1. INTRODUCTION

The applications of fuzzy logic and fuzzy algorithm in
real-time systems are accepting much attention [1]. In recent
years, the demand of the real time systems in term of high-
speed operation, high-efficiency performance, and lower
power consumption arises causing a strong motivation to
implement fuzzy based hardware. In literature, the hardware
implementation of fuzzy systems can be categorized into the
digital approach [2] and the analog approach [3-5]. The
digital approach is superior to the analog approach in
accuracy, extension, and ease of design. On the other hand,
the analog circuits have higher speed and lower power
consumption than their digital counterparts. The most
significant fuzzy logic functions for realizing fuzzy systems
are the maximum and minimum circuits. For fuzzy systems
employing, these two functions are used in many applications
[3-5]. In the past, the realization of maximum and minimum
functions in analog circuit form have been implemented
using either a second generation current conveyor (CCII) [3]
or an operational transconductance amplifier (OTA) [4] as a
basic active circuit element. These approaches require diode
function as an electronic switch to eliminate undesirable
signal to provide maximum and minimum operations.
However, the high-speed performance of these approaches is
limited by the delay caused by the transition between “on”
and “off” state of diodes. The dynamic range of the OTA-
based maximum and minimum circuits are also limited by the
input stage of an OTA. Other approaches are based on the use
of CMOS circuit technique to perform maximum and
minimum functions [5, 8-10].

For implementing a fuzzy logic controller or fuzzy
processor by employing maximum and minimum functions,
the multiple input maximum and minimum circuits are
needed [6-7]. The problems of using the binary tree structure
based on the two-input maximum and minimum circuit [8] to
implement the multiple input maximum and minimum
circuits are accumulated errors and low operation speed. To
minimize these disadvantages, the one-stage multiple-input
maximum and minimum circuits have been proposed in
literature [9-10]. The disadvantage of these approaches is the
change between the saturation and non-saturation region of
the operation regions in MOS transistors that causes the
distortion on the output signal and limits the operating speed.

In this paper, the current-mode multiple-input minimum
circuit based on De Morgan’s law [11] is proposed. The
proposed circuit can be implemented using an n-input

69

maximum circuit and n+1 complement circuits. Where n is
the number of current input signals. The proposed circuit
operates using a single 2.5V supply and provides high
accuracy and high-speed. Simulation results supporting the
characteristics of the proposed n-input minimum circuit are
also included.

2. CIRCUIT DESCRIPTION

From basically design of the proposed circuit, the
transistors are all matched and operated in their saturation
regions. The drain current of NMOS transistor operated in
saturation region is expressed as [12]

: G W
Ip = “_2"1_("0.\- -V )z =K (ves = Vs )2 O]

where K, vgs, and Vp are the device transconductance
parameter, the gate-source voltage, and the threshold voltage,
respectively.

2.1 Principle of minimum operation

The minimum operation is related to the maximum
operation by De Morgan’s law as [11]

min (i, iy, ) = max(5,Z,....7) )
where * is the fuzzy complement operation.

Consequently, the minimum operation can be implemented
using the maximum operation and the fuzzy complement
operation. The fuzzy complement operation can be expressed
as

i, =1, 3)
where Iy is the reference current corresponding to fuzzy-grad
1. As Eg. (2) indicated in, the minimum output current i,
can be written as
imin = ]R = ‘-m:n (4)
According to Eq. (3) and Eq. (4), the complement circuits can
be implemented using the current mirrors.



104

ICCAS2003 October 22-25, Gyeongju TEMF Hotel, Gyeongju, Korea
VDD
M, M,, M,
4 = =
i 1
1 M, lD“i My, lnu 1
o—>|

i ¢

7

1 M'c linu J VB
Vn E
=

=
Mz

M‘h"’l M, |

Fig. | The multiple-input maximum circuit

2.2 Multiple-input maximum circuit

The current-mode n-input maximum circuit [13] with a
very sharp corner in the transfer characteristic is shown in
Fig. 1. The transistors are all matched and operated in their
saturation region. Each maximum cell for one input variable
is composed of three transistors, M,;, M;;, and M;;. The
transistors M;, and M, function as the current maximum
selector. The transistor M, and the bias current source Ig
provide the bias voltage Vg approximately equal to 3Vr,
where V7 is the threshold voltage of the transistor. Therefore,
the transistors M;,-M;; are forced to the edge of conduction to
minimize the crossover distortion. The transistor M, acts as
the diode. The transistor M, is connected to capture the
maximum current to output node. The maximum operation of
this circuit, based on the shared pgate-to-source voltage
corresponding to the saturation value imposed by the
maximum input current, can be discussed as follow.

Suppose that there is only one maximum input current
among i, i3, , in, and the current i, is the largest current,
which can be stated as
iy =max (i, iy,....i,) (5)
The drain-source voltages vy, v3, ., v, of the transistors M,
M2, , M, established by the input currents iy, iy, . i
respectively. The drain-source voltage v, is established by the
maximum input current i,, thus the voltage v, is the
maximum voltage. The gates of transistor M,;, My, , My,
and M, are connected together. Then their gate-source
voltages can be given by

Yasu = Yosa =+ = Vo = Vi (6)
Based on Eq. (1) and Egs. (5)~(6), the transistors M,
M), , M., and M, have the same drain current as
Ipy =lpy = e =iy, =l =y (7
In saturation, the current ipy; flows through the transistor M,
increasing the gate-source voltage of the transistor Mj,.
which effects the transistor M,; to cutoff. Similarly, The flow
of ip;, through the transistor M;; causes the transistor M;; to
cutoff. Therefore the drain currents iy, i3, . and i,; can be
given by

(8)

Ipna =lpy = = lip,y, =0

70

Considering at node v,, the drain current ip, can be expressed
as

in. =g Hipgg oo tipe 9)
Substituting Eq. (8) into Eq. (9), we obtain
e =lpz = (10)

The current ip, is mirrored into output node by the current
mirror M, and M,. Then the maximum output current iy, can

be given by

e =6 = max (iy,iy,...0i,) (1)
The above discussion supports the maximum operation of the
multiple current signals.

2.3 The proposed circuit

Fig. 2 shows the proposed current-mode multiple-input
minimum circuit, which consists of the n-input maximum
circuit and the complement circuits. The transistors are all
matched and operated in their saturation region. Each simple
minimum cell for one input variable is composed of five
transistors, M;;-M;s, and the reference current source I, The
trunsistors M;;-M;; function as the maximum cell. The
transistors Mjs-M;js form as the unity gain current mirror,
which reflects each input current i; to the complementation
node v;. The drain current of transistor M;s can be written as

Inys =1, (12)
Considering at complementation node v; the input current of
each maximum cell i can be expressed as

(13)

i = 1y =i,

At output node, the minimum output current ip, of the
proposed circuit can be given by
imin = "R —imm: (l4)
It should be noted that the proposed circuit in Fig. 2 has De

Morgan’s law-based minimum operation as defined in section
2:):
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Fig. 2 The proposed multiple-input minimum circuit

3. SIMULATION RESULTS

The performances of the proposed circuit as shown in
Fig. 2. were observed using PSPICE analog simulation
program. The BSIM MOS model of the 0.5pm CMOS
process was used for the circuit simulation. The dimensions
W/L of the devices used in the proposed circuit are shown in
Table 1. The bias current Iz and the reference current I were
set to 10pA and 50pA, respectively. The single supply
voltage Vpp used was 2.5V.

Table 1 Dimensions of the MOS Transistors

Transistor W (um) | L (pm)
M;;, M3, My 5 1
Milr Mval 5 2

Fig. 3 shows the transient response of the proposed one-
input circuit for the input current i;,. Where the input current
i;n was varied from OpA to 120pA. The reference current I
was set to 100pA. The dynamic range of the proposed circuit
is 100puA. The results show that the transfer characteristic of
the proposed circuit is linear over an entire dynamic range.
Fig. 4 and Fig. 5 show the simulated transient response of the
proposed three-input and five-input minimum circuits,
respectively. The triangular input currents are 50pA peak
amplitude and 10ps time period. The results show that the
output of the proposed circuit is almost consistent with the
ideal case’s. The maximum error is about 0.134% of full
scale value (50pA).

To estimate the propagation delay of the proposed three-
input minimum circuit, the transient performance of
minimum operations were observed. The simulation results
are given in Fig. 6, where the input current i,,, were the step-
down function currents, and the input currents i, i;,; were
fixed at zero. The simulation curves in Fig. 6 show the results
when the current iy, were the step function currents from
10pA to OuA, 20pA to OpA, 30pA to OpA, and 40pA to
OpA, respectively. It can be seen that the propagation delay
of the minimum operation of the proposed circuit is about
7ns. It is evident that the proposed circuit has correct function
and good performances.

120uA i
n —
80uA iT
oul
40uA 4
0A T T T T T
0A 20uA 40uA 60uA B0uA 100uA  120uA

Fig. 3 Transient response of the one-input minimum circuit
for the input current ij,.
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25uA .
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0,
IAl)! Sus 10us 15us 20us 25us 30us
Time
(a)
SiuA 1
25uA
-— i_‘.
0A
Os Sus 10us 15us 20us 25us 30us
Time

(b)
Fig. 4 Transient response of the three-input minimum circuit

(a) three triangular input currents
(b) the minimum output current
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Fig. 5 Transient response of the five-input minimum circuit
(a) five triangular input currents
(b) the minimum output current
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Fig. 6 Step responses of minimum operation
4. CONCLUSION

Based on De Morgan’s law, the minimum operation is
described. Using this technique, the CMOS-based multiple-
input minimum circuit for fuzzy logic controller has been
proposed. The proposed circuit was designed with 5n+3
transistors, where n is the number of inputs. This structure is
simple and modular, so it can be easily expanded to meet the
requirement of the number of multiple-input signals. Under
single 2.5V supply voltage, the dynamic range of the
proposed circuit can achieve up to 100pA and the
propagation delay is about 7ns. The maximum error is about
0.134% of full scale current. From these simulation results it
can be concluded that this proposed circuit, has sufficient
basic performances suitable for a real-time fuzzy controller
and a fuzzy computer.

1.520us
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