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ABSTRACT

The Goal of this thesis is to present the design of CMOS-based square-rooting circuit for
analog signal processing, which is suitable for current-moded integrated circuit form. The
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Abstract

A current-mode clectronically tunable phase shiiter based
on CMOS technology is presented. The proposed circuit makes use of
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ABBTRACT
In this article, a simple integrable circuit for Implementing & temperature compensation clrcult
for CMOS OTA I3 Introduced. The propased ciroult makes use of a CMOS trenslinsar principle to
pravide a bias curmant for OTA, which is [wsrsaly proportional to the absoluts temperaturs. As applied
with CMOS OTA, the temperaturs sensilivity of the OTA Is compensated and the transconductance
gein can aiso be changed lineaddy with the bias cument. Performance of the scheme Is confirmed
through PSPICE aimulation results,
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A CMOS SQUARE-ROOTING CIRCUIT

Amphawan Chaikla, Tipapan Lee, Prapsth Ukakimapam,
Vanchai Riewruja and Kongsak Anantahinmrat

The Faculty of Engineening, Kimg Mongkut's Institws of Technokogy Ladkrabeng,
Ladkrabang, Bangkok 10520, Thailand
(Tel: 66-2-733-0757; Fax: 66-2-739-0757; E-mail: vanchai@cs.cng kmitl.ac.th)

Abatract: An integrable circuit technique for implementing aquare-rooting circuil is presentod in this article. The
proposad ¢iroant achieves a wide-band capability and con be operated with a low-voltage supply power. The reslization
method is based on the use of the characteristic of MOS translinear principle and svitsble for fabricating in a standard
CMOS digital process. The accuracy of tha circvit iz also high over the entina dynamic range. Simulation results
demonstrating the characteristic of the propoacd circuit are included.

i. INTRODUCTION

A squard-rooting circuit s o useful cirouit building
block uzed in analog measurement and instrumentation.
Many applications can be found in [1]. In the past, ooz
fundemental approach to realize @ squarecoot function
is based on the vse of an operational amplifier (op-
amp) together with a bipoler tmnsistor wo from e log

and antilog amplifier [2]. Thiz approach provides the

logarithmic principle to realizc a aquare-root fimction.
Another appronch is tased on the ux of op-amps,
snalog switches and resistor-capacitor time oconstant.
However, the fraquency performance ashieved by these
approaches ig limited by the narrow bandwidth of an
op-amp topology. Aliernatively, an approach based on
the charnctenistic of the tmmslinear configurstion of
bipolar juncticn transistors, which suitable for
mmplementing in monolithic integrated circuit form, hes
been shown to realize & square-root function {3]. The
sdvantage of this technique is a wide bandwidih due to
the cirouit operating in ourrent mode. In addition, two
appronches have been reported an the reatization of o
square-soot function using MOS tesasistors, The first
spproach is basad an the usa of weak inverted MOS
wensistor [4]. This approsch obdaina fow power
consumption and low voltage operation. In contrast, the
accwwacy aod the requenoy performoance arc hmited by
the small tramscondhustance value of the weak inverted
MOS transistor restriction [5]. The second approach ig
based on the use of the sccond-gencration ciarent
comveyor (CCII) connected with noa-sahumted MOS
tonsstors aod op-amp [6). The  high-frequency
Imitation of this approach is dug 1o the finite gain

bandwidth product of the opemp and pamnsitic
capaoitanoes of the nonsaturmted MOS transistors.
Recently, @« MOS translinear configueation to realize 8
square-footing circuit is introduced in the Litaratura [7).
This spproach achicves a high sccuwacy and wide
bandwidth. Unfortunately, this approach requires a
high-voltage supply power for i(s operating which is
undesirable for implementing in & standesd CMOS
digital process. Tha aim of this articla is to propose a
CMOS square-rooting circuit that can be implemented
in mixed analog-digital cirouit on the same chip using a
standard CMOS digital proocss.

2, CIRCUIT DESCRIFPTION
Figure | shows the basic principla of the square-

rooting circuit composed of a MOS translinear
configuration formed by transistors M,-M,.

Iy l Iz
1 Mz ! M‘
1 1
1o
Iln
My — M,

Figwre 1. Prixciple of square-rootmg cirenit
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Figure 2, The proposad sircut

The constant curremt sousce fg provides g biag curment
for the trensistors Mi-M,. It is required that the ratio of
channe] widths and lengths (W/L) of the tranvistoss
M;-M, ars equal to four times of tha tranaistors M)-M,
and all transicloss operata in their saturstion region. If
the input signal current 1, is applied to the circuit, ben
the relationship of the current Ipg, o end L, since the
cieremt I and In, are oqual magnitude, can be
expressed as

I =l ={g +Ih)+2\h:ﬁ:

whare I[n; and Ipy are the drain currents of the
trangistors b, and M,, respectively. From equation (1),
if the currents I ond L, in the first term of the right
$ide are compensated, then the result 15 a square ot
function of the input current L,

U]

The proposcd squarcooling circuit is shown in
figure 2. The transistors Mg=-M; and M2 function as @
negative current Jimiter. The constant current sovece 1
and transistor M, provida the bias voltage Vi which is
epproximately cqual to 2V, where Vo i the threshold
woltage of MOS transistor. Thercfore, transistors M,
end My are foroed 10 1ha adge of conduction by the biss
voltage Vg 10 minimmze the orossower distortion
Transistors I-M, and My,-M;, form a square-footing
ccll a8 shown in figure 1 and unity gain current mirror,
respectively. The operation of the proposed cirouit can
be explained as follow, If the negative inpt curvent
La<0 is applied to e oircuit, the oumnt L, Oows
through transistor Mg, which csuses tha voltage at node
A 1o decrease and brings transistor My to cutoff. In the

same way, if the positive impust current 14,0, the carrent
I flows through transistor Mz, which brings transister
M to cutoff The current mirror My-M, forces the
current Ipg and gy equal to the current I, Then the

current Ipg and Ip, can ba stated as
0 1, <0
Tos = Ios {I_ o} o)

vihere I, is the drin cunent of the tramsistor M,. The
current I, is transferred by the wnity gam current mitror
M;-M; 1o the sqpare-rooting csll. The comstent cuerent
source I, provides the bins current for ths square-
rooting ccll. The cument Iy is mirrored by the unity
gain cument mirror MM, to outpat node C and the

current Ins can be written as

Ips =1 + 1, + 2§ i

At the output node C, the mput current I, is meflected
by the unity gain current mirror My-M,; to compensste
I, in the tetm of the night side in equation (3). The
constand current source ly=l; provide to eliminate the
output cumrent offset. Then the output oumrent [,
beoomes

&

Tox = {2 fln =G,

which means that the owtput current L, is a square-root
of the input sigoal owrant Iy with (e cumcnt gain

c-qmltoGorZJI;.

)



3 SIMULATION RESULTS

The transfer characteristio and high-frequency response
of the proposed circuit were observed using (e
PSPICE analogue simulation peogram. The comstant
curent source Iy and 1=, are sct to 10pA and 25pA,
respectively and Voo=3V. The 0.7um CMOS process
pecemeters were usad for the cirenit smvlation. The
ratio of channel widhs end lengths (WIL) of the
davices used in thie circuit sra aa follow: Wipflyg=
WL =20pm/1.2um, Wyl =16um/1.2pm and the
other devices ar sat %0 dpm/l.2pum. The DC transfer
characieristic of the proposed circut i shown in
fignre 3. Figure 4 shows the transient responsa for
IMHz triangular wave input signal cuament. The
frequency response of the proposed circuit is shown in
fgire S, The tandwidth of abowt 138MIz is observed,
It is evidert that the proposed circant exhabits a high
accuracy and wide-band capability.
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Figure 3. DC tranafer characteristic
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Figurc 4. Simulated transicn) response
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Figurc 5. Frequency response of the proposed cireas
4. CONCLUSION

A current-controlled square-rooting circuit has been
imtroduced. The proposed circuit is simple and suitable
for implemeotation in & standard CMOS  digital
process. The sinulstion results have shown that the
circuit parformanca is highly accumts over the entire
dynamic range.
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Two-Input Max/Min Circult for Fuzzy Inference System

P. Laipasq, A, Chaikls, A. Jarwwanawar, P. Pannil,
T. Loe and V. Ricavuja

Feculry of Engineering. King Moaghk®s Instinute of Technalogy Ladkrabang,
Ladkrabang, Bangkok 10520, Thailand
{Tel: 66-2-326-9989; Fax: 66-2-326-9989; E-mail: vanchsi@cseng knditl.ac 1h)

Abstratt: In this paper, 8 cament mode two-input maximem (Max) and minionsm (Min) operations scheme, which is a asetul buikding
block for analog fuzzy inference systems, is presented. The Max aod Min operations are incdcpocated in the ssne scheme with paraflel
processing. The proposed scheme comprises 2 MOS class AB/B configuration snd cutrent mirmoes, ks simple structure can provide a
high efficiency, The performance of the scheme exhibits 8 very sharp transfer characseristic and high accuracy. The proposed scheme
achieves a high-speed operation and is suinable for real-4ime systems. The simulation results verifying the performances of the scheme

are agreed with the expected valucs.

Keywords: Maxisoum and Minimum Opertions, Cumrem Mode Cireuit, Corrent Limiter

1. Introduction

Using & current repeeaeniation of the fuzzy variable in frey logic
operaticas is.a matyral snd ¢ffective way for performing complex
fuzzy inference like fuzry based control, furry reasoning ete [1].
This direction of furzy logic bhardware implemenation wis
ociginated by Yamkaws [2)-[3} Reoently, the cument mode
sppioach stimulaed meny resesrchbes to follow this way rowasd
the on chip implementation of currem mode fuzzy logic systems
[4]-{5]. The Max and Min cperations are most frequently used in
fuzzy inference sysiemis. The applications of furzy inference in
industry, robotics, image processing and home clestronics are
receiving mach stieation [6). However, the spproach of the fuezy
informstion processing using digital computers is limited with
respect o the speed of processing, power consumption, design
methodology snd the complexity of sysicm An amalog current
mode cirouit can peovide the sdventages of high-speed operation,
low power consumption, high frequency response and
implememing in small chip area (7). The realizations of Max and
Mincpuuionshmbscimﬂtﬁomsoﬁrhwbtm
implememed by using either am operstionsd transcooductance
amplifics {OTA) [8] or a sccond pencration current conv:yoc
(CCII) 19] as & basic active circul elensent. Another

for implanenting in CMOS  technology EIO}-{12]
However, the Max and Min operations of theae approsches so fir
have been implemenied either Max or Min operations. If we
incotpocase both Max asd Mim oporsiioas into the same circuit,
the advantage will be gained. The putpose of this paper is o
propose 3 CMOS clreuth 1echaique for realization of Max/Mlin
circuit. The propoescd scheme achieves both Max and Min
fanctions, which operste in the same time. The proposcd schame
is simple and far speed operation, The new current nwde two-
input Max/Min circuit can be opemted using +/+24V sopply
powet. The perfo es of the proposed circuit were studied by
the use of the PSPICE amilog simulation program. The
simalation results confirming the Stewit performances have high
accuracy and high-specd operstion, which is compered with the
previcus spproaches.

1. Cirealt Deseription

The proposed CMOS-based two-inpun MavMin tireuit is shown
m figure |. The transistors are 3ll match and operate in their
satoration regions. The transistors My-Ms (OM,), M;-My (CM;),
MM, (CM;) and My-Myg (CMY Aunction s a tmity gaio
positive current mirror. The transistors My, -Mx (CMs) MM
{CML) and MMy (CM;) function as a uaity gain pegarive
current mirror. The transissors Myy and My, Rmction as & current
fonmmd.uth:umm.pcmdenﬁxcdblummm
node IP, and 1Py, respecuvehy which in this case is

dy at carth p 1. The transivtors M -Mx form sa
e!ectmmc switch. The transistor My, and the bias currem source

§ genevaic & constant voltage to provide a pre-bias My, and
My, 5d bring them 10 the edge of conduction. The cperation
of the proposed circuit can be exgplsined 15 Pollow,
Appgumm-muw(xcuumm and [P,
we have

iDI lll+li mn
igy=in +1, @
The positive current mirrors CM, and CM; and the negative
aurrent mirvors CM, and CM foroe i) = ips, iy ™ o b ™
ings and g = ipye ively. The cument ing it mitrored

iro node A, mode B and node € by the posibve current mirror
CM,. Then, from cqns (1) snd (2) cen be rewritten as

Ly =g Sipyy =iy Zipy =i Ty Tl )

i =iy Tl =l +1 4
Applying KCL st node A, we obiain
gy =lpre ~dpa =g =iy 4

Duting ipa > iy or 3 positive differonce input comront iag > 0,
the positive differcace input current ius > 0 Nows through the
wansissor My, thar canse the source-gale voltige of rhe
wransior My 0 incresse and the gatke-source voltage of the
wensisior My 00 decrease effecting by 10 cusofl. Similarly,
the flow of » negative difference iRput cutrent iar < 0 through
the tranglstor My, caises the transissor My 1 cutoff, Therefore
the cunent iop and ips cam be given by

e "™

iy ™ 1 (6)
0 i > i
0 sheo >y

inog = 4 1G]
1 sy i
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Fig. 1. The proposed ciecuit
> .
The positive cusrent miror CMy sud the megative curreat i =lf1- Agwr l_ASm_U_ i +1 ) .
mitror CM; reflect ines 884 inc 10 the maximum cutput node - 8 g in2 " 72 2
{noda B) and 1h minkmum output noda (node €), respactively. L\ — O .- 4
Applying KCL st thees nodee, [hen the muaxinmm cureat (T,
CUPAY iy 86 the MIMIMUID OULPIR CWITENE Ry ©AN be stated (lgnu'gul [lgm'SuI ]] " a3)
a
n
iy = Vi = 0 ) “ Bm
Substituting eqns. (6) and (7) o (8) and (9) respectively, dhe For &gy < liay Case
currem I, amid 8, ¢an be wrilten as 4 i
W A o
,im : iuﬂ - iin' lui;- 1- gm)’ ]-Agmll ‘i;z+]z) - ]2
. | [\ Bwr -2 i
"\ e N ((Ipeped )l | )
i et 14 [[ Bm3-Ems }( BmBme ]] d
. s . +
1. S -
. X it ot ASml A'Smll 1 +]
Lo = ¢ {n 2
R .

It is clearly saen that Ui proposad cincuit hag he maximbm
and the mmiomm operations of two-input cumcnts,

3. Clrcnlt Performanee

Tiw {82a) circuit parformence so far has bean besd on the
sssumptions that the ourrent mirrors heve the wity gain and
transistors arc perfectly matched. However, in a pmactical
nalization, ssveral non-ideal pecformnces ars pressntsd. Tha
mejoe factor that shonkd be comsidercd is the tromsistor
mismetch. From the circuit in figure 1, the maximun outpet
CAUTRHE pgy 2md the minitimam oUtpMl Clrnwl Lo, can be

sppeoximntely gives by
For lm’ ‘lng C€RSD
A‘-ll
Emnt 'lz (12)

I G e B

('m "'Iz)

.

end

i.,,=[ $u lﬁlI Lan ]-1, (15)

('uu +, )

~heTe B i5 the tramscondwctzmoe of the tansistor M sed AR,
s the transconductance amoe betwean the trangigtors M; and
M;,,. From aqus. (12) to (15), if gy = fog = 2.95XI0°AV,
Bt = zmxm‘m.g.,-g.. 2980 AV gop = 1.594x10°0
AV, gp= 2SIXI0VANN, g1 = 1BXL0ASY, gy~ 1.56x107
ANV, gy = LO2XICANV, A gy ~Apg - G.03XICAN,
Ager = 0.0300"AN, Ap,, = 0.06x10°AV, Ap.,
= 0.01x107°A/V andA gy = RMXITAN, tan |, for i
(boer OT i) = g 52, the pevcrutage of the output cwiment
cror is abowt 5%, and BHOIT Rue (o OF la) = fuz the
parceutany of ths oMput cirrant error 28 about 2%. Tt akowld be
noted Gt (e acoumulated onor of &, seifars more then the
output cwrent <rror of iy
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4. Slmwlation Rewalts
The performances of the proposed circuit were studied by the

ue of the PSPICE amalog sinmlation program. The BSIM
MOS modat of the 0.7um CMOS process was wsed for the
circuit sitpulation: The dimension WiL of the devicss used sec
10sum/ipm, the bins cumrests §; and I, e 3ot W SOMA ond
Voo = -Vgs =~ 2.4V, Flgure 2 shoma tha simuisad tranaleat
reaponnse for the 1kHz siwusoddal, where &y, emd ;5 are 20pA
peak anplitude with 45° plaee shift Figare 3 shows the
gimuisad tansent nespote for tes triangulse ingt signal
carrent, wieoe iy, and i, 3 20p1A peak amplineds and 1.0ms
time period. It is evident that the performance of the proposed
cirenit axhiblts a high accuracy and high-spesd oparation,
which is compared with the praviows repomte.

£ Conchrion

A cerenf mode two-input MaovMin cironit is presemted. The

purpose of his paper is to proposs 3 CMOS cireuit techaique-

for restization of both Max and Min opecations inlo the 2xm
circuit scheme. PSPICE Amelog simulation program
confirming the circuit parformancas have high sccwracy amd
high-2pedd epesationd.
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ABSTRACT

An 3lgorithmic gray code analog-to-digial
converter {ADC), whick is basod on gray codimg, i8
peoposed in this article. The realization myethod
makes use of a MOS current limiter to provide 2
bigh-speed apermion and low accumulated error.
The 4 ADC is simple, small in size and
suitebls for fabricstion using a standard CMOS
process.  Simutation  results showing  the
performances of the proposed circuit are also
included,

1. INTRODUCTION

An analog-to-digital convester is onc of the
important circuit building blocks in mixed anakog-
digital systems. K can be found in many
spplications such as radlar systems, TV and video
systeis, digital telephony, computerized  control
systems and instrumentation systems, An ADC Isa
simall part of the wtal system, therefore, it shoald be
small in size, low-power consumption, best speed
performance and simple circuit configuration. In
high-speed ADC, the parallel copversion toethod
offers the best speed performance. However, the
paralic! conversion ADC has 2 circuil complexity
mdspcndsa!argeportionofﬁmmipmln
recently years, there has been a strong, motivation 1o
implement both of analog and digital circuits on the
same chip vsing a standard CMOS digital process.
1t has been shown that, among the exiting ADCs,
the algorithmic ADC offers the advantages both
circult performance and small in size of chip area
[1}-{4]. The cumrent mode algorithimic ADC based
on binary code has been proposed in Literature U3
[2). The configuration of these approaches is simple
and can be realized with a minimum of chip arca,
The conversion technique based on binary code
requires a subtract funclion (O gencrale 3 sawtodthe
like waveform for 8 continuously increasing input
signal. However, the sawtooth-like  waveform
contains a broad frequency spectrum that causes the
distortion on the subtracted signal and fimitation of
a high-speed performance. This is due to the finite
bandwidth of the subtract function circuit. To
minimize the disadvantage of the binary code
algorithmic ADC, a gray code algorithmic ADC bas
been buroducad [31[4). The realization of a MOS
gray code algorithmic ADC can be implemented by

the use of current mirrars, current comparatars and
analog switches [3] The limitation of accuracy and
conversion speed of this ADC is owning 10 the
delay and distonion which are respectively caused
bydwcumntnﬁmopemcdindmamm
overlap operation of the analog swilches. In this
articke, a CMOS gray code slgorithmic ADC is
introduced. The realization method is based on the
wse of 8 MOS current limiter to generalc a gray
coding. The proposcd ADC provides a high
accuracy, high-speed  operation  and  Jow
accumulated emor.

2. CIRCUIT DESCRIPTION
2.1 Principle of gray ¢ode ADC

The flow chart of a gray codc algorithmic
conversion is shown in figure 1¢a), where lor is a
reference signal and 1, is an analog input signal
which has 2 value between zero and the reference
current s The input signal L, is amplificd by a
factor two to generate a signal 25, The 21, signal
is compared with the reference lngs. If 21, is less
than e the digital cutpet is st to zero and 2l
becomes the analog output signal. Otherwise, the
digial output is s¢t 10 on¢ and the analog output
signal blhmg,memdbyabu-mmwm.from
21, This amlog output signal can €ither fed back
to the input or on 1o a following identical cell to
gruerate another bit of a resolution. Consequently,
e wansfer characteristic of the gray code
algorithmic  analog-to-digial  conversion is a
triangular-like waveform for contitivally mcressing
the input signal as shown in figure I(b). It should
be noied that the alporithmic ADC siarts its
conversion from the most significant bit (MSB) and
coatinues its action successively bit by biL.

22 MOS current limier

The MOS current limiter I3 shown in figure 2(2)
I5}-{6). Constant valtage source Vy provides a
fixed potemtisl at node A. Transistor My, and
current source Ty provide the bias voltage which is
approximately equal 1o 2Vry, where Vg is the
threshold voltage of MOS ransistor. Therefore,
wransistars My and My are forced to the edge of
conduction 1o minimize the crossover distortion.
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° Y 1, 1
(b)
Figure 1. (a) flow chart of gray code algorithmic
oonversicn
(b) ransfer function of gray code
algotithmic

Transistors MM o and M;-M 5 form a unity gain
current mirror. If ix> 0, the cumren iy flows through
trensistor Mg and is reflacted to node D by
transistor Mg-Myp. Tihen the cureents 2t node C and
node D are ip;; = 0 and ipyg * ia, respeaively. For
the case of iy< 0, the current flows through
transistor M,. Current mirvor M-M,; forces the
current ipge ™ §a and then the current ipy; is equal to
zero. The DC wransfer charncteristics of the MOS
current limiter are shown in figure 2(b) and 2(¢)-

‘e

_—'Cip;

N '—M‘"—%'—v" (b)

— »

— 1A
w5
u.g:l— M.
oy

(a) «©)

Figure 2. MOS cwrrent lhmiter
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23 The proposed ADC

The propased ADC is shown in figure 3. The
function blocks in dathed-line frame of figure 1(a)
is replaced by a current comparator M -My, M-
M,y and & MOS current limiter. Transistor M,
functions as a cirrent follower and provides a fixed
potential &1 input node. Transistors My-M, and M-
M, where the channel width of wansistors My-M,
and M, arc nwice of transistors M; and My,
respectively, form & current mizvor with current gain
cqual to two, Consider the circuit in figure 3, the
current &, i3 an input signal and l.c is & reference
current, the operation of the circuit can be
axplained as follow, The current i, is amplified by
a factor two by using the current mirrar MM, The
ntw cumret 21, i3 compared with the cunent Ly at
node A, Then the current i, can be staed as

igm2i=ly m

If 2ig < Ly, the curremt iy Is negative and flows
through the current limiter. The unity gain current
mimmor MM, reflects the current 21, to en output
node B. Therefore, the analog output current iy,
becomes

fos = 24, @)

The current Ipys 13 reflected by the curremt mircor
M -My to be equal to the current i, and compared
with the cumvent ipy, where ing; is oqusl to zerg.
Therefore, the digital outpul Vo is set to low. For
the currens 2§, > 1,4, the current i, is positive and
flows through the transistor Mg The current iy is
reflected to the analog output node B by the curremt
mirors Mg-M,, mnd My-M;s The analog outpan
curvent iy, beoomes

fo @2 =2i,=21 =2, )

For this case, the current I s 2ero and the
curvent ipn is equal to ix. Thus the digital outpul Vo
gots high. The analog outpul cuwrent i,, can be
stzed as

2i 2i <!
P T Lot S
2 =2i, for 2iu>iy

The N blt cesolution can be achieved by
cascading of N propased circuits with the analog
output of one ¢ircult connected to the analog ispt
of the following clrcuit as shown in figurc 4.

3. SIMULATION RESULTS
The performances of the proposed clrcuit were
cbserved through the use of a SPICE analog
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Figure 7. Frequency response

4. CONCLUSION

A CMOS integrated circuit technique for realizing
an algorithmic amalog 1o dighal converter using
cutrent limiter has been introduced in this article.
The DC wansfer characteristic of ihe proposed
ADC shows a good linearity and low distortion
over the entire dynamic rauge. A N-bit resolistion of
an ADC can be achicved by cascading of N
proposed circuit. Simulation results confirmed the
ciscuit performances have been demonstrated.
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