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ABSTRACT

This thesis presents the multiple-input maximum and minimum circuits for analog
signal processing, which operates throughout in the current domain The proposed circuits
have the simple realization method and are suitable for fabrication using CMOS technology
form as versatile building block. All transistors are operated in their saturation regions. The
characteristics of the proposed circuits exhibit the low distortion in the output signal at low-
level input signal. . The performances of the proposed circuits were studied using the PSPICE
analog simulation program. The simulation results verified the circuits performances, i.e.

dynamic range and accuracy are agreed with the proposed principle.
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A multiple-input maximum circuit in current-mode is deseribed. The realization methud i suitable for fabrication using
CMOS technology. The proposed circuit has a very sharp ansfer characteristic aml 6 useful bullding block for a reul-
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‘Fukui University, Japan

Fuzzy Multiple-Input Maximum Circuit in Current-mode

Chamaiporn Pojanasuwanchai, Chaleompun Wangwiwattana, Amphawan Chaikla
Vanchai Riewruja, Prasit Julsereewong

Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang,
Ladkrabang, Bangkok 10520, Thailand
(Tel: 66-2-739-2406-T; Fax: 66-2-739-2406-7 cxt. 103; Email:vanchai@cs.eng kmitl.ac.th)

Abstract: A modular current-mode circuit, which provides the maximum of n analog inputs, is described. The realization
method is suitable for fabrication using CMOS technology. The proposed circuit has a very sharp transfer characteristic and is
useful building block for a real-time fuzzy controller and a fuzzy computer. The performances of the proposed circuit were
studied by the use of the PSPICE analoyg simulaticn program. The simulation results verified the circuit performances are

agreed with the expected values.

Keywords: Current-mode circuit, Maximum circuit, Fuzzy Control

1. Introduction

Since fuzzy mathematics was established, it has found
applications in expert systern, pattern recognition, robotics,
and industry contrel, ctc. Fuzzy systems were
implemented using software or hardware. The
conventional software zpproach is large in size and its
operation speed is low particularly in real-time
applications. It always needs ADC and DAC interface for
input and output to deal with real-time problems. This
interface slows down the whole system and makes its
accuracy dependent on this ADC and DAC. For this
reason, hardware implementation of fuzzy systems with
high specd and high efficiency will be need for real-lime
use such as image and speech recognition. The fuzzy
operation circuits proposed so far can be categorized into
the digital approach " and the analog approach *** The
digital approach is superior to the analog approach in
extension, and ease of design. On the other hand, the
analog circuits have higher speed and lower power
consumpnon than their digital counterparts,

The most significant fuzzy logic functions for realizing
fuzzy systerns are the maximum and minimurn functions.
Fuzzy systems emgloying these two functions are used in
many applications > ¥, The realizations of maximum and
minimum functions in analog circuit form so far have been
implemented usin% cither a second generation current
conveyor (CCII) ¥ or an operational transconductance
amplifier {OTA) ¥ a5 a basic active tireuit element. These
approaches require diode function as an clectronic 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 ranges of the maximum and
minimum circuits using OTA 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 circuits **%.

For implementing a fuzzy logic controller or fuzzy

-571-

processor by cmploying maximum snd minimum
functions, the multiple-input maximum and minimum
circuits are needed * . The problems associated with the
current-mode  two-input maximum and minimum circuit
for fuzzy logic controller ” are accumulated error and low
operation speed ®s @ resull of using the bioary tree
stracture to implement the multiple-input maximum
circuit. To reduce the accumulated error, the onc-stage
n-input maximum circuits have been proposed in the
literature * . These approaches are taking the advantage
of the fact that MOS transistor operated in saturation
region conducts the maximum current for a given gate-to-
source voltage.

This paper aims to present another hardware realization
of the multiple-input maximum circuit based on the same
principle as in * . However, we exploit this idea in a
difference way to provide high accuracy, high speed and
wide dynamic range. Simulation resuvlts confirming the
characteristics of the proposed maximum circuit are alsa
included.

2. Circuit Description

A common approach for maximum circuits is the
common-source configuration as shown in Fig. 1. This
implementation is very popular in bipolar designs ™ ",
The two-transistor version of this implementation is the
weil-known differential pair. The common node X follows
the maximum input veltage with an offset that can be

Fig. | Common-source implement of maximum circuit
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compsnsated for by various circuit technigues, such as a
replica bias. This maximum voltage-follower gives rise to
3 blunt DC mansfer characteristic, with important
crossover distortion.

The plinciglc of the multiple-input maximum circuit in
current-mode ” is shown in Fig. 2. Each maximum cell for
an input current is composed of two-transistor current-
controlled current conveyor ', M,, and Ms. The current
ipa of the diode connceted transistor M, is used as the
current source for this circuit. The maximum eperation of
this circuit, based on the shared gare-ro-source vollage
comrespording 10 the ssmration value imposed by the
maximum input current, can be discussed a5 following

M, lim
%E
M?' oy [

il il -

B

fuz
2 .l

Fig. 2 Principle of the multiple-inpul maximum circuit

The basically design of the maximum circuit, the
transistors are all matched and operated in their saturation
regions. The drain current of a MOS transistor operated in
saturation region is expressed as ¥

i MG W
o ”T_f("a: AR ((A) 1)

where K, vgs and Vp are the device transconductance
paramcter, the gate-lo-source voltage and the threshold
vohage, respectively. Suppose that i) is the largest input
current among all of currents, i), = max(i,, iz,...,1,). The
drain-source voltages vy, vy,..., v, of the transistors M,
May,..., M., established by the input currents i, iy,..., iy,
respectively. The drain-source voltage v, is established by
the maximum input current §,, thus the voltage v, is the
maximum voltage. The matched transistors M,;, Ma,. .,
M, and M, have the same gate-lo-source voltage vy, so
they should also have the same drain currcnt, ip, in
safuration. Af node X, this current is compafed with the
Mz, Maa,...., Ma drain currents, ipyz, ipize.., ipas.

At steady slate, the output currenl iy, is a replica of the
maximum input current, in this is casc i). The
corresponding transistor M,; is in sawration. In another
branch, the input voltages v3, v,,..., v, arc high, transistors
Mz, My,.... Mgy are in the non-sawration region. The
differential voltage vag between the drain-source volage
vy and v; fulfills the relation as

3 \lr"
pagfpi—'b'.i}[lenj d=23..n (2)

The drain currents of transisiors Mys, My;,..., My are
Epy =gy (3)
and

L=y =0 (%)

fyn =iy =
Because the output current is

o Slpgy g+ ¥ ing 5)
It follows that

iy =ipyy =iy, =i = max (i, iy,....7, ) (6)
The above discussion confirms the maximum operation.
However, the large voltage swings 2t input nodes induce
distortion on the output signal and limit the operating
speed. .

The proposed mulliple-input maximum circuit, with a
very sharp corner in the transfer characteristic, i1s shown in
Fig. 3. The circuit makes use of a MOS class B/AB
configuration. Each maximum cell for one input variable is
composed of three mansistors, M,;, M, and M, The
transistors M;; and My function as the curreot maximum
selector. The transistor M, and the bias current source Iy
provide the bias voltage Vi approximately equal to 3V,
Therefore, the transistors M;;-M,; are forced to the edge of
conduction to minimize the crossover distortion. The
transistor M, acts as a diode. The transistor My is used 10
capture the maximum cument to oulput node. The
operation of the proposed circuit can be explained as
follow.

VDB
My, My M, o
pul = = g
i e i
iy M, imziz i M, l i M, in-:
o— i {; & ¥y {i"““' c‘—-b' Ve JIE ;
n My, T Mo i ’
} g : oz | ry £|—b1
Y

o

T T !

Fig. 3 The proposed multiple-input maximum circuit
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Suppose that the input current i, is the maximum
cwrrent among iy, iy,..., I, The drain-source voltages v,,
Vauooy Va OF the transistors My, Mys,..., My, are established
by the input currents iy, iy,..., i respectively. The drain-
source voltage v, is established by the maximum input
current i, hence the voltage v, 1s the maximum voltage.
The wansistors Mz, My..., My are regarded es the
differential circuits, Then the current ip, will flow through
the transistors of the differential circuits with maximum
input voltage, the dran cument ig; of transistor My, is
equal to ip, and another drain current ip; of tansistor My
is equal 1o zero, Because the gates of transistor M, of the
maximum cells are connected together, the volage v, is
related to the maximum voltage vy, Therefore the voltage
v, is equal to the gate-source voltage of the transistor My;.
In this situalion, the transistors My, and M, form as the
unity gain current mirror, so the outpul curTen! iy, is cqual
to the input current i), which is the maximum input
current, Therefore the output current can be written as

b =K (R dyaeenil, ) =4, )

It is clearly seen that the proposed circuit has the
maximum operation of the multiple current inpuls.

3. Simulation Results

The performances of the proposed circuit were studied
by the use of PSPICE analog simulation program. The
BSIM MOS model of the 0.5um CMOS process was used
for the circuit simulation. The dimensions W/L of the
devices are shown in Table 1. The bias current [5 and the
supply voltage Vpp are set to 10pA and 2.5V, respectively.

Table 1 The ratio of charmel widths and lengths

The DC transfer characteristic of the proposed two-
input maximum circuit with the input current i,
continuously changing and the other input current i
changing in steps of 20pA is shown in Fig. 4. It confirms
very small distortion on the output signal. Fig. 5 and Fig. 6
show the simulated wansient response of the proposed
three-input and five-input maximum circuits, respectively.
The triangular input currents are S0uA peak amplitude and
10ps time period. To compare the propagation delay of the
maximum operation of the two-input maximum circuits as
shown in Fig. 2 and Fig. 3, the simulation results are given
in the Fig. 7. The input currents of each circuit are shown
in Fig. 7(a), where the input curtent iy is 1MHz sinusoidal
wave with 20pA peak-emplitude and the input current iy is

- kept at zero. The simulated curves in Fig. 7(b) and the

comparison results in Fig. 7(c), where iy, (Fig. 2) and i,
(Fig. 3) are the maximum output current of the circuits as
shown in Fig. 2 and Fig. 3, respectively, Referring Fig.
7(c), it can be secn that the propagation delay of the
maximum operation of the two-input maximum circuits as
shown in Fig. 2 and Fig. 3 are about 16ns and 6ns,
respectively. The crossover delay is reduced using the
MOS class B/AB configuration in Fig. 3.

4. Conclusion

The current-mode multiple-input maximum circuit for
fuzzy logic controller has been proposed. The proposed
circuit designed with 3n+3 wansistors, where n is the
number of inputs. This structure is simple and modular, so
it can be casily expanded to meet the requirement of the
number of multiple-input signals. From the simulaton
results, it is evident that the proposed circuit has the
correct function and good performances.

Device W/L (um)
Mo, My, M, 571
M, My, M, 5/2
110
i,= 100 uA
i,= 80 uA
80
< i;=60 uA
3 .
. i,= 40 uA
40
i, = 20 A /
0 v v v
0 10 20 30 40 50 60 70 80 90 100
i, uUA -

Fig. 4 DC characteristic of the proposed 2-input maximum circuit
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TAO3

Signal Processing |

Time : 09:00- 11:00 Chalirs : Prof. Ohyama ShinjiTokyo Institute of Technology)
Room : Hyangblpa A Dr. Dal Hwan Yoon{Semyung Unlv., Korea})
09:00 ~ 09:20 TA03-1 09:20 ~ 09:40 TA03-2

Analysis of Knit Fabric Structure with its Voxel Data

Tashinizo Shinohara, Jun-Ya Takayama, Steryi Ohyama, Axira
Kobavashi{Tokyo institule of Technology)

For wenlitying how a sample knit fabric is
woven @ method to obtain positional
information ol each yarn of the sample from
voxel data made out of its x-ray CT
images is newly proposed in this paper.
The positional information is oblained by
Iracing the each yarn, The each yarn is raced by estnaling
a direction of the yarn in a certain small region in which The
yarn can be regarded as straight and moving the region
shightly along the estimated direction alternalely. The yamn
direction i estimated by comelaling the voxel data in the
region with a three~dimensional yam model, The ..

Adaptive Noise Reduction on the Frequency Domain
using the Sign’ Algorithm.
Dalhwa~ Yoon, daekyung —e«{Se~yung My ~oeal

The proposed structure using the
moditied DFT{MDFT) has the minimum
quaniity of operations to enable nontlock
in order to process from lhe siable
convergence. In order 1o improve the
convergence speed is apphed 1o Sign
algarithm that the inpul aulo-correlation malnx s
approximately diagonsiized by using the discrete Fourier
transformiDFT) and nommalized by the time—varable step size
algorithm, In General, the normalizing by spectral power
effect lo improve the convergence speed

09:40 — 10:00 TA03-3
Search Vector Algorithm for BMPC method

Zufo Torumi, Jun-Ya Takayama, Shinj Ohyama, Akira
XobayasniTokyo Institute of Technoiogy. Jupan)

® niroduction’
@ Agorthm of BMPC melhod
® Search vector method

10:00 ~ 10:20 TAO3-4

Design and Implementation of 1IR Multiple Notch Filter
with Modified Pole Zero Placement Algorithm
Kobchai Dejhan, Payao ThoooluanglKing Monghues 1nshiiute of
Technology Ladkrabang.. Thaland), Surapun Yimman,
Walcharapong Hingl, Weerasak Ussawongaraya(ing Mongkuts
Institute of Technology Narth Bangkok, Thaland)

® A design and construction of IR mulliple notcr titer
® The design IIR Notch Filler with Modilied Pe Zero
Placemenl Algorthm

@ Simualion @ The design IR rolch filter by applying least squara
® Cenclusion approximation technique
@ Algorithm design end system simulalion are performed on
MATLAB
® implemented on TMS320C31 DSP board
10:20 ~ 10:40 TA03-5 10:40 ~ 11:00 TAD3-6
A Current-mode Muliple—=lnput Minimum Circuil For A high—speed algorithmic ADC based on Maximum

Fuzzy Logic Controllers
Yot Meliasilthikorn, Chamaiporm Pojsnasuwanchal, Vanchai Riewruja,
Apuchat Jan at, Prasd Jul VHHMITL)

This paper presenis a current-mode mulliple—input minimum
circut. The proposed circuit can be implemenied by applying
De Morganis law. The circuit diagram is simple and modular.
it operales using a single 2.5V supply and has very low
dissipation. The realization method is suitable for Iabrication
using CMOS technology and all Iransistors are operated in
their saturation region. The performances of this proposed
circuit were studied using the PSPICE analog simulation
program, The simulation resuts show the approval of this
circuit that it has adequate basic performances for a
reai—time tuzzy controller and a luzzy computer,

Circuit
Amphawan Chakla, Tetlaya Pukkaianun, Vancha Ryewrug,
Chaleompun Wangwiwatlana, Quedee MasuchunKMITL)
This paper presenls a hign-speed algorithmic
analog-lo~cigital converter(ADC), which 15 based on gray
coding. The reafizaton method makes use of a two—input
maximum circuk 10 prowde a high-speed operation and a
low=distortion in the transfer characterstic, The proposed
ADC based on the CMOS integrated circuil lechnique is
simple and suitable for implementing a high-resolution ADC.
The perormances of Ina proposed circut were studied using
the PSPICE analog simulation program, The smulation-results
veritying the circuil performances are agreed with the

expected values,
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A Current-mode Multiple-Input Minimum Circuit For Fuzzy Logic Controllers

Yot Mettasitthikorn, Chamaipom 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: vanchaif@cs.eng kmitl.ac.th)

Abstract: This paper presents & current-mode multipte-inpat minimum circuit. The praposed circuit can be implemented by applying
D¢ 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 metkod 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 resals show
the approval of this circuit that it has adequate basic performances for a real-time fuzzy controller and a fuzzy computer.

Keywords: cuncnt-mode circuit, minimum circuit. CMOS-based cireuit, fuzzy Jogic controller

1. INTRODUCTION

The applications of furzy logic and fuzzy algorithm in
real-time systems are sccepting 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 litcrature, the hardware
implementation of fazzy systems can be categorized into the
digital approsch [2] and the analog approach [3-5). The
digital approach is superior 1o thc anatog approsch in
accuracy, extension, and ease of design. On the other hand,
the analog circuits have higher speed and lower power
consumption than their digital counterpans. The most
significant fuzzy logic funcrions for realizing fuzzy sysiems
are the maximum and minimum circuits. For fuzzy systems
employing, these two functions are vsed in many applications
[3-5). 1n the past, the realization of maximum and minimum
functions in analog circuit form have been implemented
using either 3 second gencration curreat conveyor (CCIL) 3]
of an operational transconductance amplifier (OTA) [4] 250
basic active circuit element. These approaches require diode
function ss an clectronic swich 10 climinate undesirable
signal to provide maximum and minimem  operations.
However, the high-speed performance of these approaches is
limited by the delay caused by the tansition between "“on™
and "off” siate of diodes. The dynamic range of the OTA-
based maximum sod minimum circuits are also limited by the
input stage of an OTA, Other approaches are based op the use
of CMOS circuit technique 10 perform maximum and
minimum functions [5, 8-10],

Fot implementing a fuzzy logic controller or fuzzy
processor by employing maximum and minimum functioos,
the muhiple inpur 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) io
implement the multiple input maximum and minimum
circuits are accumulated crrors and low opemtion speed. To

inimize these disadvaniages, the one-stage multiple-input
maximum and minimum circuits bave been proposed in
literature [9-10). The disadvantage of these approaches is the
change between the saturation and non-saturation region of
the operstion regions i MOS transistors that causes the
istortion on the output signal and limits the opemting speed.

In this paper, the current-mode mulniple-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+) complement circuits. Where n is
the pumber of current input signals. The propased circuit
operales using a single 2.5V supply and provides high
accuracy and high-speed. Simulation results supponting the
characteristics of the proposed n-imput minimum eircuit are
also included,

2. CIRCUIT DESCRIPTION

From basically design of the proposed circuil, the
transistors are all maiched and opemted in their saturstion
regions, The drain current of NMOS trabsistor operated in
saturation region is expressed as [12]

LG 2
=B (v b ) = K=, ) m

o

where K, vgs, and Vy are the device transconductznce
psrameter, the gate-source voltage, and the threshold voltage,
respectively.

2.1 Principle of minimum operation

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

min (i, ..., 1, ) = max (3, ... 1) @

where ¥ is the fuzzy complement operation.

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

ey 3)
where Iy is the reference current corresponding to fuzzy-grad

1. As Eq. (2) indicated in, the micimum output current ime
can be written a3

T = dp =, ’ )

According to Eq. (3) and Eq. {4), the complement circuits can
be implemented using the current mirrors,
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Fig. | The multiple-ioput maximum circuit

1.2 Multiple-input maximum cirenit

The current-mode n-input maximum circuit [13] with a
very sharp comer in the transfer charscteristic is shown in
Fig. |. The transistors are all matched and operated in their
saturation region. Esch maximum cell for oae input vanable
is posed of three transi M, Mp, and M;. The
transistors My and My function as the cument maximum
sclector. The mnsistar M, and the bins current source Iy
provide the bias voltage Vi spproximatcly equal to 3Vy,
where Vy is the threshold voltage of the transistor. Therefore,
the transistors M;,-Mj; are forced to the edge of cenduction 1o
minimizz the crossover distortion. The transistor M, acts as
the diode. The transistor M, is conpected to capture the
maximum current to output node. The maximom operation of
this circuit, based on the shared gate-to-source voltage
coresponding to the saration value imposed by the
maximum inpus current, can be discussed as follow.

Suppose that there is oaly one maximum input current
mong iy, iz,.++ i, tnd the current i is the largest current,
which can be stated as

i =max (.00, ) 5)

The drain-source voltages vy, vs,..., v, of the transistors My,
Myy,.... M;) cstablished by the input currents iy, i,..., iy,
respectively. The drain-source voltage v, is established by the
maximum inpul current iy, thus the voltage v, is the
maximum voltage. The gates of transistor My, Ma,..., My,
and M, are connected together. Then ih-ur gate-source
voltages can be given by

Vo = Vosn = oo = Vi =V, . 6)

Based on Eq. (J) and Eqgs. (5){6), the transistors My,
M- .., My, and M, have the same drain current ss

Ipiy =ipgy = oo =ipy =ip, =4 (7}

In saturation, the current ipy; flows through the transistor My,
incressing the gatc-source voltage of the tassistor M,
which effects the wransistor My; to cutoff, Similarly, The flow
of ipy through the transistor M;; causes the transistor M;; 1o

cutoff, Therefore the dmain currents iz, iys-.., 30d iy can be
given by
ipgy Thppy = o=y =0 (8)
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Considering at node vy, the drain current ip, can be expressed
as

fow = lpny + iy + - F oy ®)
Substituting Eq. (8) imo Eg. (9), we obtaia
fow = Hpy = (0

The current ip, is mirrored into output node by the cument
mitror M, and M,. Then the maximum output current L. tan
be given by

o =y = X (3 oo, ) n

The sbove discussion supports thc maxinum operation of the
multiple current signals.

1.3 The proposed circuit

Fig. 2 shows the proposed current-mode multiple-ioput
minimum circuit, which consists of the n-ipput maximum
circuit and the complerent circuits. The Lransisiors are all
maiched and operated in their saturation region. Each simple
minimum cell for one input variable is composed of five
transisiors, Mj;-M;s, and the reference current sousce ly. The
uansistors My;-M;; function as the maximum cell. The
tansistors My-Mys form as the upiry gain current mirror,
which reflects each input curreat | to the complementation
rode ;. The drain current of transistor M;s can be writlen as
(12)

o s

Iys
Considering at complementstion node v, the input current of
each maxintum cell ':; can be expressed as

(13

At ouwput pode, the minimum output curmenl im, of the
proposed circuit can be given by

T P {14)
It should be noted that the proposed circuit in Fig. 2 has De

Morgan’s law-based minimum operanion as defioed in section
FAR
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Fig- 2 The proposed multipie-input minimum circair

3. SIMULATION RESULTS

The performances of the proposed circuit as shown in
Fig. 2. were observed using PSPICE anslog simulation
program. The BSIM MOS model of the 0.5pm CMOQS
process was used for the circuit simulation. The dimensions
WL of the devices used in the proposed circuit arc shown in
Table 1. The bias current Iy and the reference current [y were
set 1o 10pA and 50pA, respectively, The single supply
voltage Vg used was 2.5V,

Table ! Dimensions of the MOS Transistors

Transistor Wium) | Lum)
M, My, M, 5 1
My, MM, 5 2

Fig. 3 shows the transicnt response of the proposed onc-
inpul circuit for the input current iy,. Where the input curreat
i was varied from OpA to 120pA. The reference current Iy
was set 10 100pA. The dynamic range of the proposed circuit
1s 100pA. The results show that the transfer charactenistic of
the proposed circuit is linear over an entire dynamic rnge.
Fig. 4 and Fig. 5 show the simulated transient response of the
proposed threc-isput and five-input minimum circuits,
respectively. The Inangular input cuments are SOpA peak
amplitade and |0ps time period. The results show that the
output of the proposed circuit is almost consistect with the
rdeal cose’s. The maximum error is about 0.134% of full
scale value (S0pA).

To estimate the propagation delsy of the proposed three-
input mioimum circuit, the wsnsicnt performance of
minimum operations were observed. The simulation results
are given in Fig, 6, where the input current iy, were the step-
down function currents, and the input currents i3, iy Were
fixed ot zero. The sioulation curves in Fig. 6 show the results
when the curreat i, wese the step function currents from
10pA 10 OpA, 20uA to OUA, 30pA to OpA, and 40uA to
OpA, respectively, 1t can be scen that the propagation delay
of the minimum operation of the proposed circuil is about
Tos. It is evideat that the propesed circnit has correct function
and good performances.

120uA 4 ;“ Y
SouA i.T
.
40uh
A u T T
0A 20uA H0uA tDuA B0uA 100uA  120ud

Fig. 3 Transient response of the one-input minimum circuit
for the input curtent i,.

0un
A
e —
Ma T e T ™ ™ 10u
Tima
(2}
aA |
WY
—t
e 0 T8 ™ e Ha Vou
Tree
®
Fig. 4 Transient response of the three-inpot minimum circuit
(a) three triangular input currents

{b} the minmum outpul current
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Fig. 5 Teavsient response of the five-input minimurn circuit
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Fig. 6 Step responses of micimum operation
4. CONCLUSION

Based on De Morgan's law, the mmimum operation is
descnibed. Using this technigue, the CMOS-based multiple-
input munimum circuit for fuzzy logic controller has besn
proposed. The proposed circuit was designed with 50+3
transistors, where b 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 voliage, the dynamic range of the
proposcd circuit can achieve up to 100pA and the
propagation delay is about Tes. The maximum error is about
0.134% of full scale current. From these simulation results it
can be concluded that this proposed cirenil, has sufficient
basic performances suitable for a real-time fezzy conwoller
and 3 fuzzy computes.
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