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DESIGN OF HIGH-PERFORMANCE CMOS CIRCUITS FOR INTERV AL
TYPE-2 FUZZY LOGIC CONTROLLER

SUMMARY

Fuzzy logic has been applied to many fields, froontwl theory to artificial
intelligence. The main application of fuzzy logncangineering is in the area of control
systems. In order to do this, fuzzy logic contndléave been proposed to control
various systems implemented either in hardwareotiwvare. Due to the nature of
fuzzy inference system computations, like possibiif parallel processing and its
intensive calculations, the system is more appatgrio be implemented on a
specialized hardware. Following that, many fuzzgidocontrollers have been
especially designed and implemented for differgmiiaations.

On the basis of fuzzy logic controllers type, twoups of fuzzy logic systems exist in
the literature: type-1 fuzzy logic controller in Wwh membership functions are totally
certain. There are numerous number of works whielvehpresented in this
classification. The second group is called typai2zy logic controller in which
membership functions are themselves fuzzy. Theréraited implementation of type-
2 controllers, while they have realized particldercks of the whole system. Therefor
the dissertation will focus on this type of fuzpgic controller. The concept of type-
2 fuzzy logic systems are the extension of the-tyezzy logic systems which were
first introduced by Zadeh. Experiments show thattipe-2 fuzzy logic system may
achieve better performance in comparison with tygezzy logic system because of
the additional degree of freedom in their membegréimctions.

The dissertation consists of two main parts: foatt will focus on the designing of

high-performance circuits for type-2 fuzzy logicssyms. In this regard, a diamond-
shaped type-2 membership function is designedraptbimented for a first time. Since

the designed circuit is programmable in terms@bas, upper and lower modal points,
so the expert of the system can create other shapgpe-2 membership functions

including rectangular, rhombus, triangular and ézagpdal.

A current-mode loser-take-all circuit is preseniedhe next section. The proposed
circuit consists of a basic cell which allows implentation of a multi-input
configuration by repeating the cell for each addi#l input. A high-speed feedback
structure is employed to determine the minimumentramong the applied inputs.
Additionally, input dynamic range of the circuitrcae efficiently controlled via the
biasing current.

Another designed circuit is a new CMOS four-quatiranalog multiplier. High
linearity, high precision and a wide dynamic ranggginating from the dual-
translinear loop configuration are advantages @f tircuit. Following that, the
applicability of a new linearly tunable OTA as asiea building block for
implementation of computational circuits eitherelm or nonlinear functions is
investigated. The proposed transconductance aemptifovides a constant:ver a
wide range of input voltage which allows the impéstation of high precision

XXili



computational circuits. In addition, the proposeearly tunable OTA behaves as a
bipolar OTA in which its transconductance is lingauned by the bias current,
therefore all of the bipolar based OTA configuraticcan be easily replaced by the
CMOS linearly tunable OTA, while their performanuearly remains the same.

Second part of the dissertation deals with reatimadf type-2 fuzzy logic controller
using designed circuits in the first part. A cutrerode two-input, single-output
Takagi-Sugeno-Kang type-2 fuzzy logic controller implemented in CMOS
technology. Mixed analog/digital realization of tlwentroller makes the design
programmable and tunable (as the advantage ofatiggtlization), while having
relatively low power consumption (as the advantafgenalog design), thus it can be
programmed to employ in various applications. Satiah results of the controller are
presented using HSPICE and level 49 parametersB&) in 0.35 um technology.
In order to compare the simulation results of thietioller with the ideal functionality,
the controller is programmed with a particularcfgiarameters. The simulation results
are compared with the ideal results to prove tfieiency of the controller.
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ARALIK DE GERLI TiP-2 BULANIK MANTIK S ISTEMLERT ICIN
YUKSEK BA SARIMLI CMOS DEVRE TASARIMI

OZET

Bulanik kiime teorisinin ilk olarak Lotfi A. Zadelarafindan 1965 yilinda ortaya
atilmasi ile birlikte, keskin olmayan verilergi@anmesi icin sistematik bir yontem olan
bulanik mantiksal sistemler ggirilmistir. Klasik mantiksal sistemlerinin temeli
“yanlis” ve “dogru” elemanlarindan okan iki deserli kiimeler iken, bulanik mantik
sistemleri [0, 1] kapah arg@inda strekli dgerler alabilen ¢cok dgerli sistemlerdir. [O,
1] kdmesinin sinir noktalari olan O ve 1 gdderi, sirasiyla klasik mantiksal
sistemlerindeki “yan§” ve “dogru” durumuna kan gelmektedir. Bu cok derli
yaklasim gercek dinyada kalasilan bilginin genelde mglak olmasi, keskin
olmamasi nedeniyle, fiziksel sistemlerin tanimlaesmda c¢ok yararli olmaktadir.
Bulanik mantik tabanl denetleyici sistemler, kesdmilanik mantik denetleyicileri
olarak adlandiriimaktadir. Bulanik mantik denettdgii isaret sleme, 6riintl tanima,
siniflandirma ve sistem modelleme gibi farkli midishk sistemlerinin analizinde
kullaniimaktadir. Buna kam bulanik mangiin en énemli mihendislik uygulamasi,
kontrol sistemlerinde olnytur. Farkli sistemlerin denetlenmesi i¢cin hem yaazil
tabanl, hem de donanim tabanl farkh bulanik degeiler gelitirilmi stir. Bulanik
kiime glemlerinin paralel gdleme ve ygun hesaplamalara imkan veren yapisindan
dolayl, bu tdar sistemler 06zel donanim kullanilaraétkin  bir sekilde
gerceklatirilebilmektedir. Bu dgrultuda, bulanik denetleyicilerin yikseksbamli
gerceklenmeleri icin, CMOS, BJT ve BICMOS entegewre teknolojileri ile 6zel
tumdevre tasarimlari gefirilmi stir.

Literatiirde, iki ana bulanik mantiksal denetlegiciifi bulunmaktadir. Bunlardan tip-
1 bulanik mantiksal denetleyicilerinde uyelik forykmlari tamamen belirlidir.
Literatlirde, bu konuda c¢ok fazla gafha yapilmgtir. ikinci grup denetleyiciler tip-2
tur denetleyici olarak adlandiriimaktadir ki, bupyarda Uyelik fonksiyonlari da
bulanik fonksiyonlardir. Gergekte, tip-1 bulanik mile denetleyicileri, tip-2 tird
denetleyicilerin 6zel hali olarak elde edilebilmetir. Deneysel sonuglar, tip-2 tart
denetleyicilerin kullaniimasiyla, daha ylkselgdramin sglandigini géstermektedir.
Bunun temel nedeni, tip-2 turd denetleyicilerin g8k serbestlik derecesine sahip
tyelik fonksiyonlari icermesi ve bu sayede sistekndeelirsizligin daha iyi
yonetilebilmesidir.

Literatiirde, tip-2 tir bulanik denetleyicilerin geklestirilmesi icin sinirli sayida
calisma bulunmaktadir. Bu camalarda da, tum sistemin 0Ozel alt bloklarn ele
alinmstir. Bu tezde, bu turden bir denetleyicinin icgidiemel bloklarin yiksek
basarimli donanimsal gerceklemesi Uzerindgwdasiimistir.

Tip-2 tard bulanik mantik denetleyicilerinin gerf@mkmesine U¢ farkli acgidan
yaklasilabilir: analog, sayisal veya kargla mod. Hangi yaklgmin secilecgi,
uygulamanin gerektirdi sartlara bgli olup, her yaklamin kendine gére Ustunluk ve
zayifliklarnn bulunmaktadir. Analog denetleyiciletirekli-zamanli olarak ¢amakta
olup, surekli zamanlisaretler olan sensér ve aktuatorler gdm ile tam uyumlu
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calisabilmektedir. Bu sayede, gal olarak bulanik olan analogaretleri slemede
etkin olarak kullanilabilirler.

Buna kagin, analog devrelerin sayisal devrelere gore eméreayifligl, esnek yapida
ve uyarlanabilir olmamasidir. Programlanabilir venek yapida olmalari, sayisal
bulanik mantik denetleyici gerceklemelerin en tenistinligl olarak ortaya
ctkmaktadir. Bu gerceklemeler genelde c¢ok kulldniccok amach sistem
uygulamalari icin kullanilir. Sayisal sistemleradk §azla sayida tyelik fonksiyonlari,
bulanik klemciler yer almaktadir. Ote yandan, bulanik vektim ve paralel
sistemlerin gdsterilimi yiksek hizli ve gloluklu islem gucl gerektirmektedir.
Yaygin olarak bulanik mantiklemleri ancak ¢cok karmy&k VLSI sayisal devreler ile
gerceklenebilmektedir. Sayisal bulanik denetlegrail bu karmak yapisi yuzinden
ortaya clkan yuksek guc sarfiyati, bu yaklmn en temel sorunu olarak ortaya
ctkmaktadir.

Buna kasin, sayisal ve analog sistemlerin farkli acidambilderine gore ustin olan
yanlarini birarada kullanmak icin, bu iki yaklan tek bir kirmik icinde bir araya
getirmek yararli bir yakkam olarak ortaya ¢ikngtir. Uyelik fonksiyonlarina ikkin
parametrelerinin sakli olgu 0zel alanlardan ofan sayisal hafiza modulleri
kullanilarak, bulanik bilgi programlanabilir haletgilebilmektedir. Bu tezde, sayisal
ve analog yakkamin bir arada kullanilga, karmaik tir bulanik devre gerceklemesine
yonelik calsmalar yer almaktadir.

Tasarimda kullanilan elektrik buytilgé gore, bulanik mantik denetleyicileri gerilim-
modlu ve akim-modlu olarak iki ana grup altindaiffandirilabilir: Akim-modiu
devrelerin yiksek frekansli ¢giinaya uygun olma, @tk guc tiketimi ve basit i¢ yapi
gibi dzellikleri sayesinde, son on yilda bu tir derin tasarimi konusunda ¢ok fazla
calisma yer almgtir. Bu yaklgimin diger bir Gstinlgt, akim ile bilginin glenmesi
sayesinde, Uretim belirsizliklerinin ve malzemeglegme hatalarinin olumsuz
etkilerinin azalmasidir. Akim-modlu temel mantikkélreler, gerilim-modlu olarak
gerceklgtirilemeyecek kadar iyi lineer davrgal sahiptir. Ayrica, gerilim-modlu
devrelerin aksine, akim-modlu devreler ile toplaveacikarma glemleri kolaylikla
gerceklenebilmektedir. Bu ustunltkleri dikkate ahak, bu tezde bulanik mantik
denetleyicisinde kullanilan devrelerin tasarimingl@m-modlu yapilar Gzerinde
calisiimistir.

Tez iki ana kisimdan omaktadir: ilk kisim tip-2 bulanik mantik sistemilgn ytksek
basarimli devrelerin tasarimi ile ilgilidir. Bu @goultuda, literattirde ilk defa analog bir
elmas-turd tip-2 dyelik fonksiyonu tasarlagtm. Elde edilen devrenin tlingienleri
programlanabilir oldgundan, sistem tasarimcisi tc¢gen, trapez turi gitsdiftip-2
dyelik fonksiyonlarina ikkin devre gerceklemelerini de bu yapiyr dizenlelyere
kolaylikla elde edebilmektedir. Takip eden bolunadken modlu kaybeden-hepsini-
alir (loser-take-all) devresi Onerilgtir. Bu devre her gigiigin yeni bir hiicre ekleyerek
gelistirilebilen bir mimaride olup, 6zellikle cok g#ti devre gerceklemelerine
uygundur. Yuksek hizli geribesleme yapisi sayesirgigslere uygulanabilecek
isaretlerin alt sinirlar belirlenmgtir. Ayrica, devrenin gig dinamik aralgi, kullanilan
kutuplama akimlarinin gerleri ile etkin bir sekilde ayarlanabilmektedir. Bunun
disinda 6nerilen ger bir devre, dort-bolgeli analog carpma devresi@ir devrenin
en temel Ustinkil, bgariminin transistorlerin gévde etkilerine, bigka deysle esik
gerilimindeki sapmalara daha az duyarli olmasevrede kullanilan translineer yapi
sayesinde, devrenin @hr Ustunltkleri yiksek lineerlik, yiksek glaluk ve geny
dinamik aralik olarak ortaya cikgtr. Buna ilave olarak, devrenin translineer
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cevrimlerde yer alan transistorlarigike gerilimlerindeki @lesme hatalarina olan
duyarlg! da incelennstir.

Devrenin yuksek b@arimini gostermek amaciyla, devre dengeli modilsdrekans
ciftleyici olarak calgtiriimis ve yuksek bgarimi d@rulanmstir. Bunu takiben, bulanik
mantik denetleyicisinde durglarici blok olarak kullanilabilecek yeni bir lindigii
lyilestiriimis OTA yapisi 6nerilmitir. Bu devrenin hem lineer, hem de lineer olmayan
temel bloklarin gerceklenmesinde nasil kullanikedsii arastiriimis, benzetim
sonuglarindan devrenin gerbir isaret arakkinda sabit bir gegiiletkenligine sahip
oldugu gorulmtir. Bu sayede, devre yuksek gdolukiu islem devrelerinde
kullanilabilecektir. Onerilen devrenin birgdir avantaji gesgiiletkenliginin kutuplama
akimi ile d@rusal olarak ayarlanabilmesidir. Basit i¢ yapisresande, devre guk
glc harcamasina sahiptir.

Tezin ikinci kisminda, tip-2 mantiksal denetleyininbirinci kisimda elde edilen
devreler ile gerceklenmesi konusu ele algtmiAkim-modlu iki giris ve tek ¢ikgli
tip-2 Takagi-Sugeno-Kang turinden bulanik mantik nedeyicisi CMOS
teknolojisinde gerceklenntir. Karmalk analog/sayisal modlu gergcekleme sistemin
hem diguk guc¢ sarfiyatina sahip olmasini, hem de prograatddir ve ayarlanabilir
olmasini sglamistir. 0.35 um standard CMOS prosesi tabanli HSPI@Ezétim
sonugclarl denetleyicinin beklentilere uygun olaraikin bir sekilde calgtigini
gostermgtir.
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1. INTRODUCTION

Fuzzy logic is a form of multi-valued logic; it deavith reasoning that is approximate
rather than fixed and exact. Compared to traditibimary sets (where variables may
take on true or false values), fuzzy logic varighigay have a truth value that ranges
on the closed interval [0, 1], where O is equatéti ¥he classical false value and 1 is
equated with the classical true value. Fuzzy |dgis been extended to handle the
concept of partial truth, where the truth value mayge between completely true and
completely false. Control systems acting basedhim logic are called fuzzy logic

controllers (FLCs).

Conventional control methods like proportional-gra-derivative (PID), robust
control, adaptive control, nonlinear control methahd etc. have offered various
techniques for designing controllers in dynamideays. These methods are based on
complex mathematical models in which the contretem is described using one or
more differential equations that define the systesponse to its input. However, in
real-time industrial systems, it is often the dhse there exist considerable difficulties
in obtaining an accurate model. Even when the misdslifficiently accurate, there
are many other uncertainties, for example due ¢optiecision of the sensors, noise
produced by the sensors, environmental conditidnthe® sensors, and nonlinear
characteristics of the actuators. In such caseslel¥fcee approaches are generally

preferred for both modeling and control purposes.

Fuzzy logic is applied to problems that are eitthéficult to face mathematically or
applications where the use of fuzzy logic provigeproved performance and/or
simpler implementations. Moreover its main advaesalies in the fact that it offers

methods to control non-linear systems, known tdiffecult to model.

Fuzzy logic was originally developed in the earB6Q’s by Professor Lotfi Zadeh,
who claimed for a new kind of computational paradicapable of modeling the own
uncertainness of human reasoning. In 1965, Zadbhsped the first ideas on fuzzy

sets, the key concept in Fuzzy Logic [1]. Fuzzyddws been developed over the past



decades into a widely applied technique in clasaiibn, control and electronics

engineering.

Apart from the always-possible software implemeatabf FLC in a workstation,
which offers the highest flexibility but the largessponse time, the relative simplicity
of the fuzzy algorithms makes attractive the use hafdware structures for
implementing fuzzy controllers. Furthermore, fuzagic is well suited to low-cost
implementations based on cheap sensors, low-resoluanalogue-to-digital
converters (ADC), and 4-bit or 8-bit microcontrolhips. Such systems can be easily
upgraded by adding new rules to improve performamadd new features. In many
cases, fuzzy control can be used to improve egistaditional controller systems by

adding an extra layer of intelligence to the currintrol method.

In overall, some factors should be considered tidgewvhether a fuzzy-based control
system is effective and beneficial to be used dr fibe conditions in which fuzzy
logic control is recommended can be listed as fedto

1. There is no simple mathematical model for the syst&o the control process is

very complex.
2. The processes are highly nonlinear.
3. Processing of linguistically formulated expert kriegge is to be performed.

On the contrary, the employment of fuzzy logic cohis not recommended for case

where:

1. Traditional control theory yields a satisfying ritsu

2. High speed signal processing should be accomplished
3. An adequate and solvable mathematical model alreadys
4. Very accurate and sensitive processes are required

In terms of inference process there are two maidskif FLC: the Mamdani [2] and
the Takagi-Sugeno-Kang (TSK) [3]. Since the TSKesulconsequents can have as
flexible parameters per rule as input values, thasislates into more degrees of
freedom in the design than a Mamdani FLC, thusidiog the system designer with
more flexibility in the design of the system. Henealization of a TSK FLC is easier

and more efficient than Mamdani type [4]. Hardwaaguirements of such controllers



are less, as well as computational complexity awdgo consumption. Thus, TSK type
FLC is chosen to design in this dissertation.

From the design technique point of view, there three approaches to design and
implement FLC: analog, digital, and mixed-mode. @ing of the approach mainly
depends on the type of applications and requiredisgations, and obviously each
method has some advantages and disadvantagesoassfol

* Analog Implementation

As the advantages of the analog approach, they paaform continuous-time
processing and have the particularity to be wethpatible with sensors, actuators and
all other analog signals. Therefore, they are alslindicated to deal with fuzzy
values, which are analog, by nature. In many casedog circuits can supplant digital
controllers for some applications requiring low mswonsumption, compact and

high-speed stand-alone chips.

On the contrary, analog circuits are much lessiilexand adaptable than digital ones
that are programmable, and they must be designédrgriemented according to the

structure of specific application.

Clearly, analog signals are represented eithepligges or by currents. Since voltage-
mode approach makes it easier to distribute a kignaarious parts of a circuit, it is

more attractive.

As a drawback, voltage-mode fuzzy circuit implidarge stored energy into the node
parasitic capacitances and speed is limited bygehdelays of various capacitors.
They are moreover penalized by a certain lack efigion because signals are

sensitive to changes of supply voltages.

Voltage-mode approach needs resistors to achiediiats and to convert voltages
into currents. Integrated resistors are unfortupateaccurate, cumbersome and

involve significant parasitic capacitances.

Unlike the voltage-mode approach, current-modeaigsalo not need resistors and can
achieve summation and subtraction in very simplg, yust by wire connections. This

leads to simple and intuitive configurations, whiekhibits high speed and great



functional density. Current-mode circuits can asbibit advantages as low power
dissipation and low supply voltage, as good inge#isi to the fluctuation of the latter.

As a disadvantage, current-mode circuits are pesttito single fan-out; therefore
current repeatability is of prime importance and thstribution of signals requires
multiple current mirrors to share out signal amaeyeral operational blocks.
Additionally, matching of transistors is worse thraatching of capacitors or resistors.

» Digital Implementation

The digital implementation of fuzzy logic systenféets several advantages issued
from the sound knowledge of digital circuit designd technology. Digital fuzzy

processors are generally designed for multipurpgdications in order to interest a
maximum of potential customers. They should thuplément a great and various

number of fuzzy operators, membership functionsiafedence rules.

On the other hand, there are some disadvantagéiddal realization. Complex
representation of fuzzy vectors and parallel stngst are however required to obtain
accurate and fast processing. Digital implementatiof common fuzzy operations
leads unfortunately rapidly to complicated, enorsxaery large scale integration
(VLSI) circuits [6, 8, 9].

* Mixed-mode Implementation

Fuzzy logic systems lend themselves well to anahbggration, except for some
control and reconfiguration structures. Severat@veis are thus often integrated on

analog circuits and commanded by digital inputs.

It can actually be attractive to increase the cemgntarity between digital and analog
features and to merge them into a single mixed, chiprder to improve the weak
points of both. A fuzzy knowledge base can be @ogned in a digital memory which
consists of dedicated locations and stores a Jariatumber of parameters
characterizing membership function shapes andantsr rules notably.

Another classification of fuzzy logic systems (FliShased on the type of FLC which
is divided to two types: type-1 FLC (T1FLC) in whienembership functions are
totally certain. There are numerous works whichehanesented this classification [5—
9]. The second group is called type-2 FLC (T2FL&€which membership functions



are themselves fuzzy. Type-2 fuzzy sets and sysgemsralize Type-1 fuzzy sets and
systems. In fact the concept of type-2 fuzzy Iagistems (T2FLSSs) is the extension
of the type-1 fuzzy logic systems (T1FLSs) whichreviérst introduced by Zadeh [10].
Experiments show that the T2FLS may achieve bp&dormance in comparison with
T1FLS because of the additional degree of freedortheéir membership functions
[11-13]. Although T2FLS cover T1FLS in many aspggé&neral type-2 fuzzy systems
are computationally complicated and they canno¢dmly implemented in software

and hardware forms.

In order to reduce the complexity in computationT@FLSs, interval type-2 fuzzy
logic systems (IT2FLSs) were proposed in [14]. Enhészzy logic systems have
attracted much research interest in recent yeaestduheir ability to cope with

uncertainty and robustness in comparison with emgirmf1FLSs [15, 16]. There are
few implementations of type-2 controllers, thereftre dissertation will focus on this
type of FLC.

In this dissertation, new high-performance circuits IT2FLC are presented.
Designing mixed analog/digital circuits provideiexible configuration as well as a
highly accurate performance, where analog circaits employed to realize the
required functions, while the programmable unite anplemented using digital
circuits. The current-mode approach is employedngwio the simple circuitry and

intuitive configuration to design the circuits.

For a first time, design and implementation of anttbnd-shaped type-2 membership
function (DT2MF) is fully described. Also, a new @% four-quadrant analog
multiplier circuit is proposed based on a pair afldtranslinear loops. Design of a
current-mode loser-take-all circuit is presenteddiostruct the fuzzy inference engine.
In addition, the applicability of a new Linearly fable OTA (LTOTA) as a basic

building block for implementation of fuzzy relatenicuits is introduced.

Finally, designed circuits are employed to realiZ2FLC. Simulation results of the
controller are presented using HSPICE and levepa@meters (BSIM3v3) in 0.35
pnm technology. In order to compare the simulatesults of the controller with ideal
functionality, the controller is adjusted with arfeular set of parameters. The
simulation results are compared with the idealltedo prove the efficiency of the

controller.



1.1 Purpose of Dissertation

Designing of high-performance circuits for IT2FL& gresented in this dissertation.
Since most of the circuits consist of the basicrafens (addition/subtraction,
minimization/maximization, and bounded differentie¢ current-mode approach is
preferable in the realization of fuzzy related B®owing to the simple circuitry and
intuitive configuration [8]. Moreover, potential w@htages of high-speed operation
due to low parasitic capacitor nodes and low pavegrsumption highly encouraged
us to employ this technique [17, 18]. Mixed anatiogjtal realization of the circuit
provides a systematic way to program the circuithvd simple interface (as the
advantages of digital realization), while havinghaccuracy and relatively low power

consumption (as the advantages of analog design).

The following list describes the main objectivelod dissertation:

* Proposing a circuit to realize DT2MF having the afaipity of programming in all

aspects: slopes, upper and lower modal points.

» Designing a new multiplier circuit free from bodifext in order to implement the
defuzzifier block of IT2FLC.

* Proposing a high-precision loser-take-all circuithwmulti-input configuration

which is employed to construct the inference engindg2FLC.

« The applicability of a new LTOTA as a basic builgliblock for realization of
analog computational circuits including squaringuare-rooting, multiplication

and division of the signals.

e CMOS Implementation of IT2FLC using the designaduits and comparing the

results with the ideal outputs.



1.2 Dissertation Organization

In chapter 2, the basic concepts of fuzzy setssystems are presented. In addition,
type-1 and type-2 fuzzy logic systems are introduoeclarify the advantage of T2FLS
rather than type-1 one. Moreover, three models $K Btructure are presented in
section 2.5.3. Different methods of hardware redilon of FLC as well as their
advantages and disadvantaged are studied in theulasection.

Chapter 3 will focus on the transistor-level desajrdiamond-shaped membership
function which construct the fuzzifier block of thRE2FLC. The programmability of
the circuit in terms of slopes, upper and lower adgubints will enable the expert of
the system to create other shapes of type-2 mehpefsinctions including

rectangular, rhombus, triangular and trapezoidal.

In chapter 4, first we will review the former wonkegarding maximizer and minimizer
circuits, and the advantages and drawbacks of @eaint are presented. Then a new
high-precision loser take all (LTA) circuit is proged based on a basic cell which
allows realizing a multi-input configuration by esting the cell for each additional
input. A simple high-speed feedback structure datezs the minimum current at the
output. Additionally, input dynamic range of thectiit can be efficiently controlled
via the biasing current. The designed circuit iplayed to construct the inference
engine of the IT2FLC.

In chapter 5, implementation of a four-quadrani@manultiplier circuit is presented.
The designed circuit is based on a pair of dualsiiaear loops. The significant
features of the circuit are its high accuracy agh hinearity, owing to the fact that
the circuit relies on a new dual-translinear toggloPerformance analysis of the
proposed circuit is thoroughly discussed in whioh harmonic distortion caused by
mismatch in the input stage transistors are studiddtails. The effects of mismatches
in the transconductance parameters of the transisidhe dual-translinear loops as
well as mismatch in the threshold voltages duerdasistor body effects are fully
analyzed. Finally, the input / output ranges andedances of the proposed multiplier
are derived. Following that, this chapter dealhwiite designing of linearly tunable
OTA as a basic building block for realization ofabog computational circuits
including squaring, square-rooting, multiplicatiamd division of the signals. In

addition, the proposed circuit behaves as a bif@lgk in which its transconductance



is linearly tuned by the bias current, thereforé @il the bipolar-based OTA
configurations can be easily replaced by the prepoSMOS OTA, while their
performance nearly remains the same. The compgletdation results as well as the

performance analysis are presented to verify tipiicgbility of the circuit.

In chapter 6, complete schematic of the IT2FLCrespnted. Implementation of the
FLC based on the high-performance circuits exptainghe previous chapters as well
as some interface circuits (programmable rule kzaxk type reducer circuits) are

performed, then HSPICE simulation results are caatpwith the ideal results.

Finally, dissertation is concluded in chapter 7 anthe scopes for future works are

given.



2. BACKGROUND ON FUZZY LOGIC

This chapter provides a background overview of yuzets, fuzzy logic, fuzzy logic

controllers and fuzzy hardware. First, fuzzy setotty is introduced, then the basic
structure of fuzzy logic system as well as its dini) blocks are presented. Next,
different types and structures of FLCs are revietddwed by possible methods for
hardware implementation of fuzzy logic related eits. Finally, advantages and

disadvantages of each method are provided.

2.1Fuzzy Set Theory

The classical set theory is built on the fundameotacept of “set” of which an

individual is either a member or not a member.

The membershipa(x) of x a classical s&&, as subset of the univer&geis defined by:

(X)_l iff xOA
A0 i xoa (2.1)

This means that an elemenis either a member of sat(ua(x) =1) or not (1a(x) =0).

A sharp, crisp, and unambiguous distinction exisétween a member and a
nonmember for any well-defined “set” of entitiestims theory, and there is a very
precise and clear boundary to indicate if an eritélpngs to the set. In other words,
when one asks the question “Is this entity a merob#rat set?” The answer is either
“yes” or “no.” This is true for both the determiticsand the stochastic cases. In
probability and statistics, one may ask a quedti@n“What is the probability of this
entity being a member of that set?” In this cakepagh an answer could be like “The
probability for this entity to be a member of tisat is 90%,” the final outcome (i.e.,
conclusion) is still either “it is” or “it is notd member of the set. The chance for one
to make a correct prediction as “it is a membeahefset” is 90%, which does not mean
that it has 90% membership in the set and in thantmae it possesses 10% non-
membership. Namely, in the classical set theoiig,nibot allowed that an element is in

a set and not in the set at the same time. Thusy neal-world application problems



cannot be described and handled by the classitathsery, including all those
involving elements with only partial membershipacdet.

On the contrary, fuzzy set theory accepts partiamimerships, and, therefore, in a
sense generalizes the classical set theory to someat. In order to introduce the
concept of fuzzy sets, we first review the elementset theory of classical

mathematics. It will be seen that the fuzzy sebthés a very natural extension of the

classical set theory, and is also a rigorous madlieai notion.

A fuzzy set is a set with graded membership inréad intervalpa(x) [0, 1]. A fuzzy

set “A”, a fuzzy subset ofX”, is denoted by:

A:Z,UA(x)/ X=U OO X+ 1 (O6) ] (2.2)

wherepa(x) is known as the membership function, aXdl Known as thauniverse of

discourse When X" is not finite, a fuzzy setA” is defined by:
A= [ AT X (2.3)

Let us consider an example for the age of the gewiith the labels of “OLD” and
“YOUNG". In the classical logic, the characteristimctions for this example can be

typically represented by:

1 if x< 40

HyoungX) :{o if x> 40 (2.4)

and

1 if x= 40

#"'d(x):l_#y(’”"g(x):{o if x< 4C (2.5)

It is obvious that the boundary of 40 year in #xample is arbitrary. Independently
of this boundary value, classical logic cannotriptet intermediate values. In this case,

a graph of the membership function for the agegmaieis shown in Figure 2.1.
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Figure 2.1 : The age category in the classical case.

According to the fuzzy logic, the problem of shamd crisp membership functions
can be solved by defining smooth membership funsti©ne possible definition of

the membership functions can be written as folllavsYOUNG” people:

1 if x< 30
50-x .

luyoung(x) = 20 if 30< x< 5C (26)
0 if x= 50

and for the “OLD” people we have:

0 if x< 30
x-30 .

Hoig () =1~ Hyoung(X) =3 == iF - 30< x< 5 (2.7)
1 if x> 50

The graphic representation of these membershiptibmec which are based on the
fuzzy logic are shown in Figure 2.2.

A

Degree of MF

et b e NN, S ~
30 40 45 50 80
Age

Figure 2.2 : The age category based on the fuzzy logic.
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Let us consider a person whose age is 45; consgleéhe classical membership
function, the person is an “OLD” man! However, waolv that it cannot really be
right. According to the fuzzy membership functigmesented in Figure 2.2, a 45 years
old person belongs 25% to “YOUNG” and 75% to “OL@hich is an acceptable
result.

Defining another label between the “YOUNG” and “OL&an help us to have a better
classification of the people. For the classicalidpghe graph of Figure 2.3 can be
considered in which it consists of three labelse Same classification is carried out
for the membership functions based on the fuzziclsgown in Figure 2.4. In this
figure, the ages between 25 and 35 belong to twoleeship functions; “YOUNG”
and “MIDDLE". Similarly, the ages between 45 and &&ong to “MIDDLE” and
“OLD” membership functions and finally the agesvbetn 35 and 45 belongs to three
membership functions. Consider the previous exaifigpla person with 45 years old;
in the classical category, the person is classifidie middle-aged group while in the
fuzzy logic he/she belongs to both “MIDDLE” and “OL membership functions.
He/she is an “OLD” with the weight of 0.5; on thiner hand, he/she is “MIDDLE”
with the weight of 0.75, while his/her “YOUNG” wéigis zero. We see that the fuzzy
logic allows gradual membership to better adapotorsubjective criteria.

N\

A

-

Degree of MF

Figure 2.3 : The classical age category with more precision.

A

075 [ {5 A o -

0.5

Degree of MF

o
>

35 40 45 55
Age

Figure 2.4 : The age category based on the fuzzy logic withettabels.
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2.2 Fuzzy Membership Functions

A fuzzy set is completely characterized by its mership function (MF). A
membership function for a fuzzy se&™on the universe of discoursX™is defined
aspa: X — [0, 1], where each element of™is mapped to a value between 0 and 1.
This value, called membership value or degree ohbeship, quantifies the grade of
membership of the element iX*to the fuzzy setA”.

A more convenient and concise way to define a meshige function is to express it
as a mathematical formula. There are different ebap membership functions which

are mostly used in the fuzzy sets and systems:

-

u(x) |

1

.
>

X

a b c
Figure 2.5 : Triangular membership function.

» Triangular Membership Function: Figure 2.5 demonstrates the shape of this

membership function which is specified by threeapagters §, b, c} as follows:

0 Xx<a
;(;a & x<b
-a
p)=9 (28)
- I<xx<c
c-b
0 c< X

» Trapezoidal Membership Function: This shape of membership function which is
depicted in Figure 2.6 specified by four parameferd, c, d} as follows:
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0 X<a
x~a xx<b
-a
H(X) =41 kEx<c (2.9)
E( =<x<d
d-c
0 d<x
ux) A

-
X

« b c a
Figure 2.6 : Trapezoidal membership function.

» Gaussian Membership Function:A Gaussian membership function is completely
determined byc and o (see Figure 2.7)c represents the MFs center and

o determines the membership functions width:

U (X) = e_;(x;cj (2.10)

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

1
c

=

Figure 2.7 :Gaussian membership function.
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» Rational-Powered Membership Functions:These functions are general form of
triangular/trapezoidal forms membership functiofsgure 2.8 shows typical
shapes of this function. Mathematically, tH& riational-powered membership
function of the " input () can be modeled as:

Xj —G.a . -
(1+T)' if ¢—h <SX <6
X; ~G a, . n
Ha (%)) = (1‘T)' if Gsx<¢+b (2.11)
0 otherwise

whereci is modal pointh™ andbi” are upper and lower half-widths ag anda;” are
their powers, respectively. For an especial casg'eh;=1; the function reduces to
straight lines and the membership function is tyidar.

M)A

i ™ fuzzy set

o< alT <1_yﬁ\

»
-

b, ¢, b, Jj ™ input (x;)

Figure 2.8 :Rational-powered membership functions.
2.3 Type-1 Fuzzy Logic Controller

The basic structure of a TLFLC is depicted in Fégi©. As seen, a TLFLC comprises
four principal components, which are fuzzifier,eldase, fuzzy inference engine, and

defuzzifier. The operation of TLFLC is as follows:

The crisp inputsuz, W, ..., W) are converted to fuzzy sets in the “fuzzifierotk.

Fuzzy rules which are in the form of “IF-THEN” arensidered in the rule base block.
The “inference engine” uses the fuzzy rules to poedfuzzy conclusions, and finally
the “defuzzifier” block can then convert the fuzaytputs from the inference engine
in order to produce crisp outputg,(y-, ... , W). In the following subsection, each of
the four principal components will be describeddetail to show how the fuzzy

mathematical and logic principles are used in FLCs.
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lCrisp Crisp
nputs Fuzzified inputs N Inference Fuzzified outpuLs ouputs
u . Y.
— = Engine 5 =
Uy g A 'vg Vs
5 S
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N
N =S
, LE — Vi
Rule - base A

Figure 2.9 :Basic structure of a type-1 fuzzy logic system.

2.3.1 Fuzzifier

The fuzzifier block maps the input crisp numbets ithe fuzzy sets to obtain degrees
of membership. It is needed in order to activatesuwhich are in terms of the
linguistic variables. Each linguistic variable isnsidered as a suitable shape of

membership function.

2.3.2 Rule base

Fuzzy logic based systems use “rules” to repregbat relationship between
observations and actions. These rules consist pfeaondition (IF-part) and a
consequence (THEN-part). The precondition can sbo$imultiple conditions linked
together with AND or OR conjunctions. The rule sture of TLFLS withp inputs
(x0X4q,..., % O Xp) and one outputllY is as follows:

Rule I": IF X1 is Ay and ... and xis Ai Theny is B (2.12)

wherel = 1,...,M, andM is the number of rules ari,...,A are the values for each
input linguistic variables in the universes of discse. This rule represents a relation

between the input spaex...x X,, and the output space, of the fuzzy logic system.

2.3.3 Fuzzy inference engine

The fuzzy inference engine combines rules and givesipping from fuzzy sets in the
input universe of discourse to fuzzy sets in thgpouuniverse of discourse based on
the fuzzy logic principle. In the inference engineyltiple antecedents in the rules are
connected using AND operation, and the degree ohlmeeship in the input sets are
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combined using those in the output sets using tarzemposition, described in detail
in [19] . Multiple rules are combined then by usagin operation.

2.3.4 Defuzzifier

The defuzzification process is used to transfezyisets into a crisp value. There are
several defuzzifier methods in the literature. €ogineering applications, the criterion
for the choice of a defuzzifier is computationahplicity, such as maximum, centroid,
center-of-sums, center average (also called thghhdefuzzifier [20], [21]), modified
height, and center of sets. Centre of gravity (C@®ne of the most popular simple
methods for defuzzification process. One of thedrtgmt advantages of the COG
method is that all activated membership functidinthe consequents (all active rules)
take part in the defuzzification process [22]. @G method works based on the

following equation for transferring fuzzy scheméoia crisp value [23]:

2 XHA(X)
COG=-—— (2.13)

PWAC)

wheren is the number of the discrete elements in thearse/of discourse,andpa(x)

are the output fuzzy variable and its membershigtion degree due to the consequent
fuzzy rules, respectivelyua(x) value greatly depends on the shape, type and
distribution of MFs.

2.4 Types of Fuzzy Systems

In fuzzy control, two types of fuzzy systems candisinguished based on the form
of the rules: Mamdani rules and Sugeno rules. ThgeBo rules are based on a
different principle: the consequents of those rudes (linear) functions of the
controller inputs. These two types of fuzzy rules described in the following

sections.
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2.4.1 Mamdani type fuzzy systems

This type of fuzzy rule was used in the first répdrapplications of fuzzy control [2]

and has the following general form:

Rule I": IF x1 is A and...and xis A, Then yis B and ... and yis B (2.14)

2.4.2 Sugeno type fuzzy systems

Another type of fuzzy system is referred to as $ogeles, because of the introduction
of this type of rule by Takagi, Sugeno and KangviBjch was further exploited by

Sugeno and co-workers. The general form of TSKisuses follows:
Rule I": IF x1is A and ... and xis A, Then y=i(xy, ..., %) (2.15)

which shows that the consequents of these fuzag raile functions of the controller

inputs. A simple expression is the linear functiasdollows:
Rule I": IF x1 is AL and ... and xis A Then y=axi+...+ apXp+ ao (2.16)

From (2.16), ifa,..., &= 0, then the system is calledro-orderTSK and ifay,..., &#
0, then the system mapping is linear so it is cdilsttorder TSK.

It should be pointed out that in the view of citémiplementation, realization of a TSK
type FLC is easier and more efficient than Mamdgme [4]. Hardware requirements
of such controllers are less, as well as computaticcomplexity and power
consumption. Moreover, the following are some ativges of Sugeno method in

comparison with Mamdani type:

* Advantages of the Sugeno Method

It is computationally efficient.

It works well with linear techniques (e.g., PID ta).

It works well with optimization and adaptive techues.
It has guaranteed continuity of the output surface.

It is well suited to mathematical analysis.
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» Advantages of the Mamdani Method
It is intuitive.
It has widespread acceptance.

It is well suited to human input.

2.5 Type-2 Fuzzy Logic System

The architecture of the T2FLS is demonstrated gufg 2.10. It is seen that this
structure is similar to the T1FLS presented ingievious section. The main structural
difference is that the defuzzifier block of a T1FIisSreplaced by the type reduction
(TR) followed by defuzzification [30]. This diffenee will be discussed in subsection
of 2.5.2.4.

Output Processing

.Crisp Crisp
s Fusiedinpus | INfETENCE |rumitecaoupus| L YPC e
e = Engine " Reduction e
uy °§ y Y2

<

=

'R

N
|2 S

Rule - base Difuzzification

Figure 2.10 :Basic structure of a type-2 fuzzy logic system.

2.5.1 Type-2 fuzzy sets

A type-2 fuzzy set is characterized by a fuzzy mership function, i.e., the
membership grade for each element of this seffuzzy set in [0,1], unlike a type-1

set where the membership grade is a crisp numiérlip

A type-2 fuzzy setA , may be represented as [28]:

A={((x 0, (x| 3 X 0w YO [0,1]) (2.17)

where £4(X U is the type-2 fuzzy membership function in whick @; (X, U)< 1. A

can also be defined as [28]:
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A:_[ _[,UA(X u/(xy  JO[OIY (2.18)

XOX U1,

where] | denotes union over all admissibdl@ndu. J is called primary membership
of x [31]. Additionally, there is @econdary membershyalue corresponding to each
primary membership value that defines the possjidfiir primary memberships [14].

Whereas the secondary membership functions canvtdles in the interval of [0,1]

in generalized T2FLSs, they are uniform functidra bnly take values of 1 in interval
T2FLSs.

An example of a type-2 principal MF is the Gausdi#ia depicted in Figure 2.11,
whose vertices have been assumed to vary over sdemeal of value. The footprint
of uncertainty (FOU) associated with this type-2 l4Fa bounded shaded region
determined in the figure.

An upper membership function and a lower memberéimgtion are two type-1
membership functions that are the bounds for the BOa type-2 fuzzy set [30]. A
special case of type-2 fuzzy set which is calledrral type-2 fuzzy set, will be studied

in the following subsection.

(X) A
UMF

Fou

N/

LMF

-
X

Figure 2.11 :Gaussian type-2 membership function.

2.5.2 Interval type-2 fuzzy sets

Interval type-2 fuzzy sets have received the mtishion because the mathematics
that is needed for such sets is much simpler thamiathematics which is needed for

general type-2 fuzzy sets.
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If all 44;(X U) are equal to 1, thed is an interval T2FLS. The special case of (2.3)

might be defined for the interval T2FLSs:

A= [Uxy 1001 (2.19)

XOX W,

2.5.2.1Type-2 fuzzy membership functions

2.5.2.2Rule base

The structure of the rules in a T2FLS remains #maesas in T1FLS, but in T2FLS
some or all of the MFs are type-2. The rule stmectf T2FLS withp inputs & 0X, ...,
Xp [J Xp) and one output1Y is as follows:

Rule I": IF x1 is A'L and ... and xis & Thenyis B (2.20)

wherel = 1,...,M; andM is the number of rules. This rule represents a-8/pelation
between the input spaegx...x X,, and the output spack, of the type-2 fuzzy logic

system.

2.5.2.3Fuzzy inference mechanism

The inference block in the type-2 fuzzy logic systis very similar to type-1. This

block combines rules and then gives a mapping frgoat T2FSs to output T2FSs. In
type-2 fuzzy sets, joinr() and meet operatorsl] are used instead of union and
intersection operators. These two new operatorsised in secondary membership

functions, and they are defined and explained taid@ [19].

2.5.2.4Type reduction

The type-2 fuzzy outputs of the inference engimeti@nsformed into type-1 fuzzy sets

that are calledhe type-reduced sets

Type-reduction methods include: centroid, centestohs, height, modified height,
and center-of-sets. Let's assume that we perfomirae type-reduction. Then each
element of the type-reduced set is the centroisioafie embedded type-1 set for the
output type-2 set of the fuzzy logic system. Eadhese embedded sets can be thought
as an output set of an associated T1FLS, and pomdggly, the T2FLS can be
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viewed of as a collection of many different TLFLEach T1FLS is embedded in the
T2FLS; hence, the type-reduced set is a colledidhe outputs of all of the embedded
T1FLSs.

2.5.2.5Defuzzification

The outputs of the type reduction block are appieedefuzzificaton block. The type-
reduced sets are determined by their left end pamat right end point, then the

defuzzified value is calculated by the averagenesé points.

There are different methods for type reductionudoig Karnik-Mendel (KM) method
[32], Wu-Mendel (WM) method [33], Nie-Tan (NT) meith [34] etc. Since the NT
method has the precise computation and also berfefim simple and intuitive
configuration, then it is preferred to another noelh It is based on taking average of

the lower and upper MFs of the interval set aofed [34]:

L =%(ﬁ(xi) + () (2.21)

where I ( Xi) and ,EI(X) are the membership grades of the upper and therlow

membership functions respectively. In this casedibfeizzified output is obtained as
[35]:

D X (%)
COG=-—— (2.22)

PWAC)

where COG is the defuzzified valyg(x) is the activation degree df rule, x; is the
weight of rule, and finally andn represent the number of rules.

2.5.3 Type-2 TSK fuzzy logic system

As we mentioned in section 2.4, two kinds of FLSstein the literature, TSK and
Mamdani. Both of them are characterized by IF-THEMNes and have the same

antecedent structures. They differ in the strustuoé their consequents. The
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consequent of a Mamdani rule is a fuzzy set, wthideconsequent of a TSK rule is a

function.
For type-2 TSK models, there are three possiblestres [36]:

1. Antecedents are type-2 fuzzy sets, and conseqaentype-1 fuzzy sets. This

is the most general case, and it is named A2-C1.

2. Antecedents are type-2 fuzzy sets, and conseqaentsisp numbers. This is a
special case of A2-C1, and it is named A2-CO.

3. Antecedents are type-1 fuzzy sets, and conseqaentype-1 fuzzy sets. This

is another special case of A2-C1, and it is namgdCA.

Take notice that A and C represent the antecedeht@nsequent of fuzzy rules, 0, 1
and 2 represent the crisp number, type-1 and tyfjue2y sets, respectively. In this
Ph.D. dissertation, because of the simple ciroyiiémentation, A2-CO TSK structure

is used, therefore only A2-C0O TSK structure willdogolained in detail.
2.5.3.1A2-CO0 structure of type-2 TSK

In a type-2 TSK A2-CO0 structure with a rule basé/ofules, with each rule having
antecedents, tH# rule is denoted as:

Rule ": IF x1is A and ... and xis ,5{) Then YFaq xi+...+apiXe+aol (2.23)

wherel = 1,...M, a (i = 0,1,..., p are the consequent parameters that are crisp

numbersy is an output anda}I are type-2 fuzzy sets. The final output of the eiod

can be written as follows [36]:

M

Zfl y
V(R R )= o 2t (§ )P— (2.24)

o ZI

=1

whereM is the number of fired rule§,0d F; , and7 indicates the t-norm.

For the interval type-2 TSK, the output of the AQ-§tructure rearranged as follows:
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2y
YAZ_CO _ I J‘ 1/ I:b (2.25)
ROLEL T A fY ) Z f
B

where f! and j' are given by:

= 4, 00 0.0t () (2.26)

f' =1, (x)0..0x,

T =a () U0 (%) 2.27)
where * represents thenormwhich is the product operator in this study. Thpat
of the IT2FLS is achieved in a closed-form via WiE inference engine given in [34]

as follows:

Y = 1=1 + 1=1
TSK = M M _ M M (2.28)
IATIR DN EIN
] =1~ I=1
M —_
DU(f+ )
_ .29
2 h+f (229
I=1 =1

2.6 Fuzzy Hardware

From the design technique point of view, there three approaches to design and
implement FLC: analog, digital, and mixed-mode. @ing of the approach mainly
depends on the type of applications and requiredigations, and obviously each
method has some advantages and disadvantagesiwbitgfly discussed in the next

section (This section is adopted from [37]).

2.6.1 Analog implementations of fuzzy logic circug

Analog approach present several advantages in atuopawith digital ones,

especially regarding power consumption, speed @fgesing and functional density.
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Moreover analog circuits can perform continuousetiprocessing and have the
particularity to be well compatible with sensorstuators and all other analog signals.
Therefore, they are obviously indicated to deahwviiizzy values which are analog by
nature. Some continuous representations of symbwimbership functions and some
non-linear fuzzy operations can be easily syntteekirsing transistor characteristics.
Analog circuits can supplant digital controllers fmme applications requiring low

power consumption, low cost, compact and high-spgtadd-alone chips. Analog

controllers can achieve fuzzy real-time reasoninth va large amount of fuzzy

implications, especially when no high-level accyra needed. Precision of fuzzy
systems is actually not always so important siheget is no thorough mathematical
background usable to define precise and exhausizzy methods. Consequently,
imprecise but adjustable analog devices are suitbdl a great number of cases

(tunable membership functions are thus neededtimizie the performance).

On the contrary, the analog circuits suffer nevagsbs of the lack of reliable memory
cells. They are consequently not well appropriatgipeline structures and have very
restricted programmability possibilities. Stableddow-noise analog technologies
must be used in order to design analog circuitsnigasufficient accuracy with wide
frequency range. They are nevertheless much lesbié and adaptable than digital
ones that are programmable, and they must be dmbiggmd implemented according
to the structure of a specific application. Fortiehg the nature of fuzzy variable
systems requires extensive parallelism which maleog circuits well appropriate to
proceed high- speed numerous inferences and atsits lthe problem of error
accumulation. A basic programmability is affordedhem some analog external
parameters can be adjusted or when some binarysigiow the control of internal

switches.

Clearly, analog signals are represented eitheoligges or by currents. Each one can
be preferred to other based on their advantagesranebacks.

2.6.1.1Voltage-mode implementation

Since voltage-mode approach makes easy to digriggignal in various parts of a

circuit, thus it is attractive.

As a drawback, voltage-mode fuzzy circuit implidarge stored energy into the node

parasitic capacitances and speed is limited bygehdelays of various capacitors.

25



They are moreover penalized by a certain lack ecigion because signals are
sensitive to changes of supply voltages. Thispgeislly significant when the voltage
range is restricted in order to limit transistondtioning to a small parts of their
characteristic, or when the electrical consumpsbould be limited. The problems

mainly lie in the sizing of some components.

Several functions are very difficult to build in teme-mode, and it is also true for
some basic ones as the algebraic sum. The voltage-spproach needs resistors to
achieve additions and to convert voltages into enis. Integrated resistors are
unfortunately inaccurate, cumbersome and involgaicant parasitic capacitances.
This approach implies high-power dissipation anddechip area, and leads to high-

costs implementations.

2.6.1.2Current-mode implementation

Unlike the voltage-mode approach, the current-nedaeits do not need resistors and
can achieve summation and subtraction in very smjaly, just by wire connections.
This leads to simple and intuitive configuratiomnfich exhibits high speed and great
functional density. They are used more and mongeaally for systems requiring a
high level of interconnectivity (neural networks example). High speed is provided
when capacitive nodes are not subject to greatgelfluctuations. Current-mode
circuits can also exhibit advantages as low powvasipghtion and low supply voltage,
as good insensitivity to the fluctuation of thedat As another important advantage,
since the signals are distributed as currentseffext of process uncertainties and
device mismatches are decreased. The basic loligcesthibit good linearity which
cannot be easily achieved in voltage-mode, andtefidzzy integrated systems which

are globally smaller than in voltage-mode.

As a disadvantage, current-mode circuits are pesttito single fan-out; therefore
current repeatability is of prime importance and thstribution of signals requires

multiple current mirrors to share out signal ameaygeral operational blocks.

2.6.2 Digital implementations of fuzzy logic circus

The digital implementation of fuzzy logic systenféets several advantages issued
from the sound knowledge of digital circuit desgmd technology. Several mature
CAD tools allow relatively easy design automatisynthesis & simulation) reducing
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consequently time and cost of development. Thenaatic regeneration of logic levels
involves high noise immunity and low sensitivity tbe variances of transistor

characteristics. This provides accurate and relidata and signal processing.

Digital fuzzy processors are generally designedrfaltipurpose applications in order
to interest a maximum of potential customers. T$teguld thus implement a great and
various number of fuzzy operators, membership fanstand inference rules. This
make them rather efficient for a large range ofliappons, provided that appropriate

programming is possible (which supposes an apgatepinternal or external memory).

On the other hand there are some disadvantageiddaldrealization. Complex
representation of fuzzy vectors and parallel stmast are however required to obtain
accurate and fast processing. Digital implementatiof common fuzzy operations

leads unfortunately rapidly to complicated, enorswilLSI circuits.

Analog fuzzy values should be converted into dyribinary signals before being
processed by standard digital circuits. On one hdnedanalog input signals should be
quantized through A/D converters, and on the oltaerd, the membership functions
should be quantized to obtain their digital repnégons. Fuzzy sets are then storable
but in the guise of stair-functions. The combinatod these two round-off effect can
deteriorate fuzzy processing if the fuzzy values rast represented with a sufficient
number of bit. There is however a trade-off betwetision and size (or speed) since

the latter is proportional to the number of bit.

2.6.3 Mixed digital/analog implementations of fuzzyystems

Fuzzy logic systems lend themselves well to anahbggration, except for some
control and reconfiguration structures. Severat@veis are thus often integrated on

analog circuits and commanded by digital inputs.

It can actually be attractive to increase the cemgntarity between digital and analog
features and to merge them into a single mixed, chiprder to improve the weak
points of both. A fuzzy knowledge base can be @ogned in a digital memory which
consists of dedicated locations and stores a Marigtumber of parameters

characterizing membership function shapes andentar rules notably.
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3. DESIGN OF A NEW PROGRAMMABLE FUZZIFIER CIRCUIT

As stated in the previous section, the fuzzifieck maps the input crisp numbers into
the fuzzy sets to obtain degrees of membershiph Eazzifier block consists of
membership function circuits which allow us to drmally represent a fuzzy set.
The grade of membership of a membership functicermges for the special element,
to which grade it belongs to the fuzzy set. In tthapter, design and implementation

of new programmable fuzzifier circuit is presented.

3.1 Introduction

Importance of membership functions in a fuzzy logystem has been studied in
several literatures [38-40]. It has been shown kfés have a dominant effect on the
reasoning process of a FLC rather than number lek rar inference mechanism.
Therefore, various shapes (triangular, trapezoi@aljssian, etc.) as well as types
(type-1 and type-2) of MFs have been proposed ealized in order to improve the
performance of these controllers. A type-1 triaagliF was designed by Kachate
al. in [41] which was followed by many other design2-44]. Khalilzadegaret al.
have proposed a type-1 trapezoidal MF which utliz analog programmable

segment instead of digitally programming circudsatjust the slopes of MF [45].

Focusing on non-linear MFs, a digital implementaid type-1 Gaussian MF suitable
for neuro-fuzzy systems was studied by Basterrebteal. [46], while the analog
version of this function for classification applicas was introduced by Fernandsz
al. [47]. Another non-linear type-1 MF called ratiopalwered, was implemented by
Naderiet al. having high-resolution programmability [48] anethfurther examined
by Kuoet al.[49] and Moshfeet al. [50] using truncated Taylor series approximation
and translinear loop based method, respectivellf.ofAthese efforts were made to

fulfill aforesaid demand.

In the past few years, type-2 MFs have been atteacigreat deal of interest due to the
additional degree of freedom provided by the faotpof uncertainty in the MFs of
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type-2 FLCs in comparison with type-1 MFs [11, 52]. The footprint of uncertainty

represents the blurring of a type-1 MF, and is detepy described by its two

bounding functions, a lower membership function andipper membership function,
both of which are type-1 MFs [11]. Consequentlyadsrther advantage, type-2 MFs
cover type-1 MFs in all of the features. In thigasd, some limited implementation of
type-2 MFs have been studied. Yazdanjoeteal. [53] proposed a tunable analog
circuit to produce type-2 triangle and trapezoillfs. Another method has been

employed by Mesret al.to realize the same MFs [54].

Recently, a novel type-2 MF has been proposed nksaret al. [55] which has
certain values on both ends of the support andké¢heel and some uncertain values
for the other values of the support namely DT2Mke Buthors have investigated the
noise reduction property of this MF in the preseat@oisy inputs and proved the
advantages of this kind of MF. Additionally, it wdemonstrated that for some specific
parameters in DT2MF, the effect of distortion ie #L_C can be minimized. Following
this, a systematical methodology to construct @43p-LC using aforementioned MF
was proposed by Aliasghagy al.[56, 57]. In these studies, the closed-form refati
between input and output of the type-2 FLC wasweerithanks to the DT2MF in
which a superior performance was reported in corspamwith other shapes of MFs.
To the best of the authors’ knowledge, there isapwrt in the literature for a circuit

implementation of DT2MF.

In this chapter, design and implementation of a Gvicuit which realizes DT2MF
is fully described. Mixed analog/digital realizatiof the circuit provides a systematic
way to program the circuit with a simple interfa@s the advantages of digital
realization), while having high accuracy and rekly low power consumption (as the
advantages of analog design). Since the proposdtotheconsists of the basic
operations  (addition/subtraction, minimization/mmadation, and bounded
difference) the current-mode circuits are prefexablthe realization of fuzzy related
blocks owing to the simple circuitry and intuitivanfiguration [8]. Moreover,
potential advantages of high speed operation dieatgarasitic capacitor nodes and

low power consumption highly encouraged us to emgiies technique [58, 59].

The chapter is organized in 5 sections: The bloelgrdm of DT2MF circuit is

presented in section 3.2, followed by the transikweel design of blocks in section

30



3.3. In section 3.4, HSPICE simulation results afposed circuits are presented to
prove the efficiency of the design. Finally, corsttins are outlined in section 3.5.

3.2 Proposed Block Diagram of DT2MF Circuit

As previously stated, type-2 MFs are generally dbdi into two MFs; upper
membership function (UMF) and lower membership fiomc(LMF). Consequently,
type-2 MFs can be considered as two separate ty€sl[11]. A typical DT2MF
composed of UMF (black line) and LMF (blue line) wsll as itsmirrored shape

(marked with dashed line) are shown in Figure 3.1.

UMF
B

Degree of MF

p:
a; bll Cij d,

j ™ input (x)
Figure 3.1 : Diamond-shaped type-2 membership function.

»
-

Mathematicallyj™ upper diamond-shaped membership function (UMmef" input
(%) can be modeled as:

1 i, <3
-1, .
. 1+(Cij7_aij)(xj g) ifg<x<¢g
A= 7 3.1
pi+(’ul X, -g) ifg<x<d 3.1)
c dij
0 i 24,
while the lower one (LMF) is defined as:
1 i, <g
u -1 .
1+(i_a )X, -a) ifg<x<ph
Hi (%) = ) (3.2)
H u _ _
BGg 00 mR) TSy S
0 A 2d,
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wherea;, bj, cj andd; are vertices, and; andy; are the degrees of upper and lower
MFs respectively. In additiony, a2, 1 and . are the slopes demonstrated on the

figure.

Also themirrored DT2MF satisfies the following relationships:

By (% Mimorea =174 (%) (3.3)
é{j (Xj )Minued :1_/_1{ ()ﬁ ) (34)
ajj
\f
LMF
dij
(a) (b) (©)
Figure 3.2 :(a) a typical DT2MF, (b) separated UMF and LMF &c)disolation of
UMF and LMF.

Figure 3.2(b) illustrates UMF and LMF separatelyn€idering circuit realization,
each part can also be divided into two distincinsegts as shown in Figure 3.2(c).
Based on this figure, the design process of reqifdT2MF can be explained as

follows:

1. Each separated part of Figure 3.2(c) consistsvofZ-shape MFs (ZMFs) with
different slopes (determined with dashed linesuslta circuit which provide ZMF

should be designed.

2. The designed ZMF circuit should have the abitifyprogramming to produce
various slopes, and also uppes)(and lower @) modal points of MF; so that the

programmability of the circuit will be investigated

3. By taking the minimum and maximum of two Z-shapes, UMF and LMF are
achieved respectively (As seen in Figure 3.2(chwadlid lines)). Therefore, minimizer

and maximizer circuits of two MFs should be destyne

On the basis of these steps, the proposed aralm¢eict realize DT2MF is illustrated
in Figure 3.3. All of the circuits are designedie current-mode; thus mathematical
parameters are accordingly explained as the cusrgndls. For instance; andd; are

converted tolg,; and Ia; respectively. Considering the figure, crisp ingli) is
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repeated by a simple current mirror and then iegtd the inputs of each ZMF circuit
to generate corresponding Z-shaped function. Bssidéhe switches
S SUsSU2 U100, Sua'Sus'Su2'Sur 'S, S4S93S2S1S0 and S4'S3'S2'S1'So’
provide tunable MFs, as will be thoroughly discuaksethe next section. Take notice
that, the ZMF should be programmable in terms oédhparameters: upper modal
current otlg, lower modal current al,; and finally slopes of MFsx{, a2, f1 andf?)
which determine vertices & andc;. In brief, two kinds of Z-shape MF circuit are
required:

1. By sweeping the slope of ZMF Is constant while the lower point changes. For

the sake of briefness this kind of MF is called eppMF (UZMF).

2. By sweeping the slope of ZMI—;,,U is constant while the upper point changes. This

is also called lower ZMF (LZMF).

Suo Sui Su2 Susz Su4

PT?TY

L,

(/5]

UZMF

in;

MIN out

out,

O\,

Bi
LZMF 10—
ij

Crisp 660606 & Ia“'

Input S0 S11 S12 S13’ S14
_. ” ” ” ” ”
Suo Sui1 Suz Suz Sua

Lin ASAS NN
— o 3 J_

o> I,

UZMF

out,

MAX o

ll’l2

/]

N
—
LZMF 15)

68688

510" Su” 517" 515" 514
Figure 3.3 : Complete block diagram of the proposed DT2MF genera
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Then, the outputs of these blocks are appliede¢arimimizer (MIN) and maximizer
(MAX) circuits in pair. Each circuit has two outgyfor MIN (MAX) circuit, one of
the outputslut) is minimum (maximum) of two inputs, and since thierored shape
of DT2MF is required, another one is constructedoas= I n-lout1 (S€€ (3.3) and (3.4)),
wherely is normalized to 1. The resulting outputs are avaty DT2MF.

Usually, several MF circuits are needed in a FLCbating to the fuzzy partitions of
the input variables; therefore, MF circuit with coact structure is preferred in order
to produce different MFs and save the chip areans{dering this feature, the
programmability of the proposed circuit in termsatifparameters enables the expert
of the system to create other shapes of type-2 &Fs shown in Figure 3.4. For
instance, ifi; = 1 andpi=0, by proper choosing of the slopes the resultirapshis
type-2 triangular MF. Other realizable MFs are dibgd as follow:

A
Type-2 Trapezoidal

Type-2
Diamond Type-2
; Rhombus

Fuzzy input variable

Figure 3.4 : Realizable type-2 membership functions using pre@asrcuit.

Degree of MF

1. Type-2 rectangular MF reported in [60], that basn utilized to form footprint of
uncertainty of a new general type-2 MF called glanMF. This kind of MF provides
more degrees of freedom and design flexibility araélows us to model any desired
discontinuity and various kinds of nonlinearitigstbe universe of discourse or in the
input-output mapping. Consequently, it is quiteeefive in modeling and control of
nonlinear systems having high nonlinearities. Nb&, no design has been presented
to generate this MF as yet. By choos#&g=hij, cj =djj, i; = 1 andui=0, rectangular
MF is ultimately achieved.

2. Type-2 trapezoidal MF, which can be realizedapgropriate programming of,

a2, 1 andfz; however this form of MF has been implemented irj.[61

3. Type-2 Rhombus MF, which is a special case 02dF when all four sides have
the same length. This form of MF has been introducd62].
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3.3 Circuit Design of DT2MF

In this section transistor-level design of funcibblocks is discussed. Considering

the block diagram of Figure 3.3, the following ciits are designed:
1. Programmable LZMF Circuit

2. Programmable UZMF Circuit

3. MIN and MAX circuits

It should be pointed out that the design procediitbe circuits starts by selection of
currents of the devices. There is a trade-off fas.tAlthough lower current ranges
improve the power dissipation, it encounters theud with device mismatching and
low speed operation. In order to satisfy the compse between these parameters, the
universe of discourse of the crisp inputs is seah&interval of [0, 1QA], meaning

the current value of 10A has been normalized to one.

3.3.1 Programmable LZMF circuit

3.3.1.1Programmable current mirror

The NMOS programmable current mirror (NPCM) cirdgsishown in Figure 3.5. The
circuit is based on the wide swing cascade curmnror [63], with some
modifications using a transmission gate to makedgrammable. The input current is
injected to the number @i, parallel transistors. Since the drain terminal®wutput
transistors are tied together, the value of midarerrent [ou) can be adjusted via 5
bits $$$S5S. In this case, it is obvious that the cell is @pd five times andp=1,
mi=2, mp=4, mz=8 andmy=16 are chosen to produce output current withékelution

of 1/16=0.0625. If one of the switches including parallel transistors is 1, the
transmission gate shorts the gate of correspondamgistor to the bias line and the
proportion §r_,m,/m;,) of input current is transferred to the output.efifor,
0.0625 to 2 times of the input current with theotegon of 0.0625 pA can be
generated. This is believed to be enough to regkn¢le slopes afi andp.. It is also
possible to exchange the input and output port€hlvban be useful to create steep
slopes ofz2 andp. In this case, 1 to 16 times of the input curismgenerated.

Note that the PMOS version of this structure call®LCM will be used as well in order

to provide required slopes.
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Figure 3.5 :NMOS programmable current mirror circuit.

3.3.1.2Proposed LZMF circuit

The desired output and the conceptual scheme pbpeal LZMF circuit are shown in
Figure 3.6. The design idea has been taken frontdheept reported in [64]. The

difference betweenii]_ andli flows in an NPCM with selectable gain@tontrolled

by switchesS 45 3S 2S 1S 0. To restrict the output of the circuit, a normalrrent of
In1is defined and subtracted from the output of NR&@dtk. The resulted currenig)

is an S-shape MF. By converting the directionl@fusing NMOS current mirror
(NCM) and then subtracting from a normalize currefitnz, the desired Z-shape
output (z1) is obtained. It should be pointed out that thgotis a linear mapping
between zi andlin which can be represented as:

Pl P (VPR i ( g =) (3.5)

Suppose thain<lg,;, in this case i (Iq,;-lin)>Ini, NCM is entirely out of the circuit
and hencénzis directly transferred to the output, u;z?t(lldij-lm)<lm; for this situation,

subtracted current d§: proportionally increases by increasiig At the same time,

sincels:is subtracted frorinz, 121 decreases tilin becomes equal iy, .

For the case thaﬁq>1dij, since NPCM is open circuit and als@=In2=In, the output

current is equal to zero.

It should be noted that both slopessofandp: in Figure 3.3 are generated by tuning
the gain off via S4S3S251S0 andS4'S3'S2'S1'So’ respectively.
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Figure 3.6 : Proposed LZMF circuit beside its desired output.

3.3.2 Proposed UZMF circuit

Figure 3.7 shows the proposed structure for thersktype of Z-shape MF circuit and
also desired output. Similar to the LZMF, the stuwe relies on the concept of [64] as

well. The relationship between input and outputents can be driven as:
Izzza(lqj 1) (3.6)

where« is the gain of PPCM controlled via switch@%Sy3Su2Su1S00. As long as
|in<1ai]., PPCM is out of the circuit and forms the output current. Onhﬁ=>1al.j, the
difference of currents by the factor @fs subtracted froniw. The ultimate current is
eventually what would be expected. It should betroard that the gain af covers
both slopes ofu anda via switchesSus Suz Su2'Su1'Suo’ and Sus"Sus"Su2"Su1"Suo” in
Figure 3.3 respectively.

VDD
Iz,
IN IaijGD .
| PPcM |4« PCM |2
L® T555T @
I .. ] Suo Su1 Suz SuzSua
Ajj in
= Gain=a =

Figure 3.7 : Proposed UZMF circuit beside its desired output.

3.3.3 MIN and MAX circuits

According to the architecture in Figure 3.3, ouspot UZMF and LZMF are applied
to MIN and MAX circuits. Several techniques are illde in the literature to

implement these circuits [65, 66]. The modified MéMcuit is shown in Figure 3.8.
We have been presented the multi-input versiohisfdtructure in [67]. A high-speed

feedback structure is employed to determine themum current among the applied
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inputs. My1 and M2 as well as the constant currentipprovide bias voltage for the

circuit, and Mz and My make up the output stage.

VDD

|
M=E T ’\_|'—|'|-_>|V|_m“-_> Mp3

T M - =I_M “-_jl\/l
Fl y2 Id I-l b2 ba

—_———r — — — P -

Figure 3.8 : Two-input one-output minimizer circulit.

Mwz1 and M. are biased in the triode region and perform &sstor whose values are

controlled by the overdrive voltage. The relatidpstan be represented by:

Ru12 =Vps/ lps = (UC LW/ ) w2(Vaswa™ VTI))_l (3.7)

Mu1 and M2 are biased such that they operate in the thresifdlarning on and off.
To analyze the circuit, suppose tlai is more tharini, this leads to the voltage at
node ato be risen up to nearlypd. Hence, voltage at node falls down due to the
reduction in the resistor of M; therefore, M- leaves saturation region and will be
cut-off and cell 2 makes no change in the outpuierit. At the same time, considering
cell 1, voltage of nodeiadecreases to nearly ground, which in turn incredke
voltage of nodecthanks to the increasing of resistor afdVHence, M1 turns on and
sinks extra current of, up to the point thatmin becomes equal tbh1. The same
procedure occurs fdmi>linz for cell 1 instead of cell 2. Whdn is equal tdin2, the
only difference is that both Mand M2 go to saturation region simultaneously. They

equally sink extra current &. In this caséin1 or lin2 is transferred to the output.

MIN and MAX of two parameters likeandy can be converted to each other according

to De Morgan’s law as follows:

max (x,y )= min .,y (3.8)
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In order to realize this equation, since currerit®ftA has been normalized to 1, MAX

of linz andlin2 can be given by:
max (in1, lin2)=10pA-[min (LOYA-lin1, L0pA-lin2)] (3.9)

Thus, using designed MIN circuit and some curram-tsactor, MAX circuit is
implemented as shown in Figure 3.9. Take noticealhaf the normalized currents of
10 pA are provided via single source using a camarror. Indeed, the current-mode

designing provides simple and intuitive way for licgtion and subtraction of the

signals.
VDD
ouA(y) . 100A(y) .
) lin1 ) lin2 IbGD GD
0—_> 0—_> 10pA Tl
_pCelr | _ . _._. ] Cel2] _ e
[ —e ay lb' Ae— | 3
! Mol s IE . Mp1 I—_>Mb3
| Mzg ! Myx2 Mz2|
! i i
C - C
:Mwl — L := S | oy VY
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| YP| . ST o TP Mz |I_E§Ab4
N N = ' = =

Figure 3.9 : The maximizer circuit based on De Morgan’s law.
3.4 Simulation Results and Performance Analysis

In this section, post layout simulation resultstlo# proposed circuits as well as the
performance analysis are presented using HSPICKE V8MC level 49 (BSIM3v3)
parameters for 0.3pm CMOS technology so as to verify the performanté¢he
circuits. The simulation results are carried oueraéxtracting the layout which is
drawn by Cadence software using single poly andrnvetals (Metall and Metal2).
Figure 3.10 shows the full layout of the circuitvimich the area is 97.95 um*72.05
pum. For all of the simulations the normalize cutrenln is equal to 10 pA and the
supply voltage is 3.3 V. Also the aspect ratiorahsistors is given in Table 3.1. Take
notice that the aspect ratio of transistors in NPE&RCM, PCM and NCM are the

same.
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Figure 3.10 :Layout of the DT2MF circuit.
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Table 3.1 : Transistors aspect ratio of proposed circuit.

Transistor name WI/L
(Lm/um)

M1 3/1.2

Mwl, MW2 2/0.4

le, M22 3/1

M2, M3, M4, Ms, Ms, M7 3/0.3

Mb1, Mb2, Mb3, Mbs, Mx1, Mx2, My1, My 1/0.4

3.4.1 MIN and MAX

Figure 3.11 shows simulation results of the MINI &hAX circuits. Two triangular
waves (dashed lines) in the scale of 100 kHz wifferént frequencies and amplitudes
are applied anth is set to 10A. Following that, minimum and maximum of the input
signals (solid line) appear in the outputs. Measweeor (solid line) as well as the
average of relative error (dashed line) are dematest along the bottom of each
figure. Maximum errors at the track points of MINdBMAX circuits are 138 nA and
150 nA respectively, while the relative errors areasured 14 nA and 18 nA which
leads to the respective errors of 0.14 % and 18 %.
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Figure 3.11 :Simulation results of (a) minimizer and (b) maxieizircuits as well
as the measured errors.

3.4.2 Diamond-shaped type-2 MF

Simulations for DT2MF are carried out to verify fladl programmability of the circuit
in terms of all parametersij bjj, ¢; andd;) shown in Figure 3.1.

Figure 3.12(a) shows the DT2MF which is generabed$sumed parameters a,;:].:=2
HA, Ia; =8 YA. By keepinglai. and Ia;; as constant, the gains of and f. are
simultaneously swept to prove the tunability Qf andlb through some states of

programming switcheSus Suz'Su2'Su1Suo andS4'S3'S2'S1'So’ respectively which
is shown on the figure. Thairrored DT2MF is also shown in Figure 3.12(b).

The same simulations are performed by sweepinggéties ofa> and f1 via the
programming switches @s"Sus"Su2"Su1"Swo” andS.4'S3'S2'S 1S o respectively. The
result is shown in Figure 3.13. Note that the gdin. as well agi: is generated by
exchanging input and output ports of NPCM and PP@®! explained in section
3.3.1.1) to provide the steep slopes.

Bearing in mind that unlike the verticag andd; which are apparently available via

Io,; andldl.]. respectivelybj andc are defined in regard 1Q,;, Iq,; and also the gains

of a1, a2, 1 andp> as follow:
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Figure 3.12 :(a) Programmability of DT2MF in terms q;‘l.j andlci]. by sweepingu
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Figures 3.14(a) and (b) demonstrate the upper npmdiad (Iai].) and lower modal point
(Idl-,-) programmability of the circuit respectively, iftnigh the slopes are kept constant.

Themirrored DT2MFs are also shown in Figure 3.15(a) and bikeTreotice that in all
of the simulations, UMF and LMF are specified by thlack and blue colors
respectively. In order to summarize the simulatietails, the programming codes of

parameters in each figure are listed in Table 3.2.

10 10
81 8
< El
Z 6l = 61
5
A Y
3 3
2 2
01 01
0 2 4 6 8 10 0 2 4 6 8 10
Input Current (uA) Input Current (MA)
() (b)
Figure 3.14 :Tunability of DT2MF (@) for constariy. . and different,,.. (b) for
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Figure 3.15 : Tunability of Mirrored DT2MF (a) for constanty, and differenﬂai].
(b) for constani,,, and differenﬂdij.
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Table 3.2 :The programming codes of parameters in the sinouati

Parameter a1 a2 B B2 lo; (WA) g, (MA)
Switches  SUsSuzSu2Su1Su0 Sus Uz U2 U1'Swo. S4S93S5251S50 S4S3S2'S1'Se — —
Sweep From To From To From To From To Frompo From To
Figure 3.12(a) 01001 11010 00010 — 0oo10 - 01001 11010 2 — 8 -
Figure 3.12(b) 01001 11010 00010 - 00010 - 01001 11010 2 - 8 -
Figure 3.13(a) 01001 — 00010 01001 00010 01001 01001 — 2 - 8 -
Figure 3.13(b) 01001 - 00010 01001 00010 01001 01001 -— 2 - 8 -
Figure 3.14(a) 10000 — 00010 — 0oo10 - 10000 — 3 9 2 -
Figure 3.14(b) 10000 - 00010 - 00010 - 10000 - 9 - 2 7
Figure 3.15(a) 10000 — 00010 — 0oo10 - 10000 — 2 7 9 -
Figure 3.15(b) 10000 — 00010 — 0oo10 - 10000 — 2 - 3 9
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As already mentioned, proposed DT2MF covers othapas of type-2 functions. For
instance, ifi; = 1 andp;=0, then the resulting type-2 MF is achieved in thape of
triangular. To satisfy these conditions, by chogsime maximum value fg#; (i.e.,
16), the slope at: determines right side of the triangular by estditigi;; = 1. Also
by choosings.=0, yi=0 is ultimately resulted. In order to simulate tweuit, Ial-,-:5
HA and Ibij:6 HA are assumed, then by keeping the slope:as constant (via
Sua"SUs"Su2"Su1"Swo”) and sweepinga (via Sua'Suz'Su2'Sur'Suo), the right half of the
triangle MF in Figure 3.16 is obtained. Similarthe left half is realized using
mirrored DT2MF by choosing the maximum value o, a1=0, Iai].=1 HA andldi].=5
HA, keeping the slope @k as constant (vi&ia'S3'S2'S1'So’) and finally sweeping
P1(viaS4S3S2S1S0). In order to compute the nonlinearity of the fessuhe same
procedure in [68-70] is followed. Therefore the glation results of Figures 3.12,

3.13, 3.14 and 3.15 are compared with the idealltsesbtained from MATLAB, in
which the nonlinearity error is found to be 0.55%.
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Figure 3.16 :Programmable type-2 triangular MF generated fron2 KA.

Other shapes of type-2 MFs including rhombus, ek rectangular and

parallelogram can be readily generated by adjua‘gggldij, a1, f1, a2 andfo. For

briefness, the simulation results of these MFsatg@resented, because they are based
on DT2MF and have almost the same performance.

3.4.3 Pulse response of DT2MF circuit

In order to examine speed of the circuit, a squarse is applied to the input.

Propagation times in low-to-higke(+) and high-to-lowtpnL) transitions are measured
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for both of the outputs (UMF and LMF) at the 50%pthen the average propagation
delays are computed. The input pulse as well asukgut responses are depicted in
Figure 3.17 in which the averages of propagatiomes for UMF and LMF are
computed 8.7 ns and 4.8 ns respectively. This reaée result is obtained owing to
the design of current-mode circuits with low patiasiapacitor nodes which lead to a
high speed operation.
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Figure 3.17 :Pulse input of the DT2MF circuit and responsesefdutputs (UMF
and LMF).

3.4.4 Monte-Carlo analysis

To ensure the robustness of the circuit againsptbeess variation, the Monte Carlo
analysis with 100 iterations is performed by apmpdyimismatch in the transistors
aspect ratio and threshold voltage. The variatwrlese parameters can be given by
[145]:

AV; (mV) = \/QLVT,L (3.12)

Wiy = A
A(IL[COXT)(%)_\/W_ (3.13)

whereAvth andAx are proportionality factors in which for 0.35 pectinology are 0.2
for PMOS or NMOS transistors and are 7.5 for NMGCé&hd 11.25 for PMOS
transistors, respectively. In additioN] is the number of parallel transistors. The
simulation result is depicted in Figure 3.18, inieth95% of samples are occurred

with the error of less thar1%.
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Figure 3.18 :The result of Monte Carlo analysis of DT2MF circigit mismatch in
threshold voltage and transistors aspect ratio.

3.4.5 Temperature analysis

The threshold voltage is the most important parametthe analysis of temperature
dependence of CMOS circuits, owing to the fact thatent—voltage characteristic of
MOS transistor is proportional to the square of diféerence of gate-source and
threshold voltages. Thus, a small variation inghodd voltage causes a large change
in the output current. The threshold voltage of MBS is given as:

—_ QSS
Vs _¢ms_c + 20+ ¥\ 20 (3.14)

)

where ¢ghs= ¢ IN(NaNg/ni ?) is the gate-substrate contact potentialandNg are the
substrate and gate doping concentrations, respéctandn; is the intrinsic carrier
concentration of SQssthe surface charge density, &bl the oxide capacitancgjs

a body effect constant age =g In(Na/ni) is the Fermi energy with the thermal voltage
@ =kTlq

Since ¢gns and ¢ both containgr, they are only parameters causing a temperature
dependence of threshold voltag®+/0T) which can be derived as [71]:

Vi _0¢hs 0% , ¥ 0@
oT  oT 0T 2 0T (3.15)
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To analyze the performance of the proposed DT2ME&utiregarding temperature
variations, three main circuits of LZMF, UZMF andINMMAX are discussed
separately: NMOS and PMOS current mirrors are dasiding blocks of LZMF and
UZMF circuits either cascode or wide swing cascddie current mirrors work on the
principle that identical transistors with equal egtd-source and drain-to-source
voltages carry equal drain currents. Since thediages of corresponding transistors
are equal in all conditions, any variations in #n@d voltage are automatically
compensated. Therefore, probable temperature warsatdo not affect the
performance of the current mirrors and subsequé@MF and UZMF circuits. On
the other hand, output characteristic of the MIN/X1&ircuit reveals dependency of

the circuit to the threshold voltage as follows][67
YRR K
Imin+|b+ I minqb_| min SEE/ DD_q/TP|+2/TN):|2 (316)

whereK is transconductance parameter &id and Y+p| are threshold voltages of
NMOS and PMOS transistors, respectively. Based lia equation, asVpp-
(IVrr|+2Vn) <1, squaring of this difference makes it smalkspecially when it is
multiplied by the small factor dk/2. Consequently, variation of threshold voltage
caused by temperature fluctuation would not sigaiitly affect the performance of
DT2MF circuit. Figure 3.19 shows the relative erwfr the circuit in different

temperatures, where the maximum error occurredQG with 0.82%.
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O
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Figure 3.19 :Relative error of DT2MF circuit versus differentrtperatures.
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3.5Conclusion

Mixed analog/digital circuit implementation of T20Min CMOS technology was
presented in this chapter. The current-mode appreas employed owing to the
simple circuitry and intuitive configuration to digs the circuits. Since the proposed
circuit was fully programmable in terms of all paeters, other various shapes of
type-2 membership functions including rectangulanpmbus, triangular and
trapezoidal could be readily generated. In ordesitoulate the circuit, HSPICE
simulator was utilized to verify the validity of @htheoretical formulations. The
simulated characteristics proved the efficiency &fe circuit regarding
programmability, speed and eventually power congiomp Furthermore, Monte
Carlo analysis was carried out to ensure the rolesgst of the circuit performance
against the process variation. To estimate the poargsumption, it was measured for
a typical DT2MF in which the average power consuamptwas 688uW. The
characteristics of the proposed circuit are taledla Table 3.3.

Table 3.3 :Characteristics of the proposed circuit.

Feature Value/Quality

Power supply (V) 3.3
Power consumptionuV) 688

Slop programmability Yes
Vertices programmability Yes
Propagation delay (ns) 4.8, 8.7

Relative error <+1%
Nonlinearity 0.55%
Active area (mrf) 0.007
Input signal Current
Output signal Current
Technology @m) 0.35
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4. FUZZY INFERENCE ENGINE

The fuzzy inference engine combines rules and @veaspping from fuzzy sets in the
input universe of discourse to fuzzy sets in thipouuniverse of discourse based on
the fuzzy logic principle. In the inference engineyltiple antecedents in the rules are
connected using AND operation, and the degree ohlmeeship in the input sets are
combined using those in the output sets using tarzemposition, described in detail

in [19] . Multiple rules are combined then by usagin operation.

The inference block combines rules and then givesapping from input T2FSs to
output T2FSs. In type-2 fuzzy sets, join)(and meet operators!) are the main

operators which can be realized using MIN or MAKCuits, respectively.

In the most general case, there is one MIN or MAX ple connecting “N” fuzzy

membership functions outputs, where “N” standstf number of inputs of the
controller. For this reason, circuits allowing nipile inputs are well adapted for
multiple-input fuzzy controllers. One important ussto consider while designing
multiple-input operators concerns its complexityadanction of the number of inputs
“N”. A conventional approach to design an N-inpulNvbr MAX consists in building

a binary tree by cascading 2-input operators [73]. However, this method

accumulates errors and degrades the operation.speed

From the above discussion it turns out that thenroaierions that should be taken into
account while designing these operators are:

1. Multi-input MIN or MAX structures are preferred ttwal input circuits.

2. Cascading of unit cells should be avoided.

3. Simplicity is a main factor to reduce the powersamption of the circuit.
4. High-speed circuit should be design to avoid arlgydat the output.

5. The accuracy of the operators should be takernaotount.
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4.1 Introduction

Minimum and maximum functions are widely used impaitational systems such as
fuzzy controllers and neural networks. There ase &hrious applications for which
the smallest/highest input value is required [7]. 6Bn the basis of circuit
implementation, multiple input MIN and MAX circuitge called loser-take-all (LTA)
and winner-take-all (WTA), respectively, which daconverted each other according

to DE Morgan’s law.

Several LTA and WTA circuits have been proposedhm literature [5], [74]-[77]
either in current-mode or voltage-mode. The inhesdvantages of current-mode
approach such as high speed due to low parasipacdar nodes, low power
consumption and simple circuitry have recently emaged authors to design these
circuits in current-mode. Owing to the compact amdple design, the seminal paper
in [74] has been selected as a starting point fanyndesigners. There is a tradeoff
between key parameters of LTA or WTA circuits cetieg of speed, precision and
power consumption. High-speed circuits was propasgd5], however its accuracy
was low. A higher precision was achieved usingokig voltage followers (FVF) [7],
structures with O(N) complexity [76], cascode [Bldawilson current mirror based
topologies [76], and circuits using local positifezdbacks [77], while they suffer

from low operation speed.

Moreover, designing a basic cell in MIN or MAX aiits which can be repeated for
each additional input signal is a serious challesge yet a distinct advantage. The
circuits reported in [5, 75] have been designefdy two-input signals and were not
be extended as a LTA or WTA. In many application8]] it is required to utilize
multi-input MIN (LTA) or MAX (WTA) circuit. As a cawventional methodUBinary
tre€’ structure based on the two-input MAX or MIN is ployed. However, this
method accumulates errors and degrades the opespead.

In this chapter, a new high-precision LTA circuatproposed. The structure is based
on a basic cell which allows realizing a multi-imgonfiguration by repeating the cell
for each additional input. A simple high-speed fesak structure determines the
minimum current at the output. Additionally, inpdignamic range of the circuit can
be efficiently controlled via the biasing current.
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The chapter is organized in two main sections: iéfseview of the former works as
well as their advantages and disadvantages aresdisg in section 4.2. The proposed
circuit is presented in section 4.3. Also, the HEPkimulation results, performance

analysis and the conclusions are discussed irsduison.

4.2 Literature Review

A simple and intuitive configuration based on thdtsaction of input currents was
proposed in [5] (see Figure 4.1). Considefingndl> as the input currents; lif > I,
then the difference current &f — I> in the input subtraction node flows in PMOS

current mirror and then subtracted frémn output subtraction node, resulting in:

Lo =1 = =1 ,) =1, 4.1)

On the other hand, i, > |1, then there is no difference current flowing in GBI

current mirror; hence, in output subtraction nodehave:

Iout=|1_0=|1 (4.2)

Then the minimum current flows into the output noblee number of possible applied
input currents is limited by two, then it cannotused as a multi-input MIN or MAX
circuit. It should be pointed out that since threuwit is based on the current subtraction
method in the input and output nodes, there wilalisadeoff between the speed and
accuracy. However, in the low frequencies, theutirbenefits from high accuracy

performance.

Figure 4.1 : Circuit diagram of the minimum current selector. [5]
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Aminifar et al. have been proposed another metbodnplement MAX circuit [9]
shown in Figure 4.2. The key idea of the desiginas there exists an individual way
for 11 to pass through transistornMMoreover, there is an individual way flerto pass
through transistor M If 11 > I, transistors Mand M act as a current mirror and
passes through each of them. In addition, corredipgrto that thd, necessarily has
a single pass to go through. The extra currentof (2) is provided through M
Therefore, the reflected current ik Mill be equal td1, which is the maximum current

of the applied inputs.

If 12> 11, corresponding to thé goes through Mandl: goes through Mand the least
current which goes throughtNé zero. Then Mwill be disconnected and the currents
of M1 and M will be different. Consequently, Myoes to linear state and.vemains
in saturation region. Therefore, the reflected entrof Ms is equal td2, which is the

maximum current of, andl».

Take notice that transistorsii M2z and Mz are added to provide cascode structure

for having more precision.

’—I M * lout

M33

(b)

Figure 4.2 : (a) Main idea of Max circuit in [9] and (b) competchematic of more
accurate Max circuit.

Mesgarzadeh [79] has presented a new implementatidiiN-MAX circuits based
on the mathematical representation of MIN and MA¢m@tors. The principle of his

proposed MIN-MAX circuits comes from following exgssions:

a+b_|a—b|

Min(a,b) = > 5 (4.3)
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a+b |a—b|
+

Max(a, b) = 5 (4.4)

In order to implement these equations in circwielecircuits of Figure 4.3(a) and (b)
has been proposed. In Figure 4.3(a) the CurrentoM{CM) consisting of M-M> is
responsible for producing the term &+ 2)/2. The size of Mis twice as much as the
size of M. Two similar CM structure consisting ofsN\W4 and Ms-Me are producing
the second term at the right side of expressiopartd (5). Wher1> I2in the upper
CM all of four transistors go to cut-off region. tinis case CM consisting of and
Me sinks a current equal to absolute valuelg14)/2 from M;. Otherwise the other
CM will have the responsibility to conduct. In Frgu4.3(b) the same principle has
been used but Bis eliminated to have sum operation between cwsranbutput node.

In this case the output can be equal to the maxiwvaioe ofl; andl..

Because of the expression of (4.3) and (4.4), only input can be applied to the
circuit, then it cannot be used as a multi-inputNMir MAX circuit. Similar to Ref.
[5] since the circuit is based on the current saadiion method, there will be a tradeoff

between the speed and accuracy.

However, in the low frequencies, the precisiorhef tircuit in selecting MIN or MAX
input is acceptable.

Imin '"""i igm,
:,;_ ' e vk - V1
5 - T T I
Ml:ui—u:imz Msl:n—h m, ’MPTl_. v, —M|F"_l*_r1“;
i i B Lk Vi - - T Ly
Mfa—| =M6 M;,fla—| : M.
(a) (b)

Figure 4.3 : Presented circuits in [79], (&) MIN circuit and (BAX circuit.

The circuit of Figure 4.4 have been proposed bkhani et al. which can detect
minimum and maximum of the input currents at theeéime [75]. Operation of the
circuit is based on the modified-Wilson currentnmirin bottom of the figure, which
creates equal current in the branches under nodeslA. Let us assume one of the

input currents, for instance Increases andi( < I,). This rise leads to a voltage
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increase at the node B in comparison with the Wadaue to this difference Mis on
and Mug turns off, hence an extra current equalzte 11 is transferred to the other
current mirror through vt and will be added to the minimum current of inplifsto
produce the maximum output of the inputs whichhis tase is2l In other words, to
obtain maximum of the inputs, the absolute diffeeehetween two inputd{} I2|) is
added to the minimum current value of them. Siryilaf (11 > 12), then the voltage of
node A increases in comparison with the voltageaofe B. Therefore, M is off and
M4 is on and the extra currenti € |,) is transferred to the current mirror throughuM
and will be added to the minimum current of theutspto produces the maximum
value of the two input currents. If the input cumiseare equal, two node voltages of A
and B will be equal and both transistorssMnd M4 will turn off. In this case, both

output currents of the circuit, minimum and maximare equal.

The main advantage of this structure is that bathmum and maximum of the inputs

are simultaneously detected. Since the circuitgosrdnce relies on the current
subtraction in the input nodes, so the error dukitooperation is transfer to the output
using Wilson current mirrors. As an another dravi#te number of possible applied
input currents is limited by two, then it cannotused as a multi-input MIN or MAX

circuit.

# Imin * Imax

Me IIleoMCl;II?—IIIMu
Mf _MZ _Ms |:LM4 Mfl—qjil\/le

Figure 4.4 : Presented MIN-MAX circuit in [75].

A multi-input structure of MIN circuit have propaséy Asloni et al [76]. There are
N cells which correspond to N inputs of the struetshown in Figure 4.5. The first
input block is different from the others becauss khock produces the bias voltage of
the circuit. For simplicity, suppose that the citdas two inputs. In order to analyze

the circuit, the operation region of the circuitigided into three regions: In the first
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region,l2 > I1. In this case, since the bias voltage is idemtifig 11, andl> >11, M4
cannot sink all of the current Therefore, M only sinksl1 andlz - |1 is drawn by M.

In the second regiom>I 2; asl1 is more thanz and the bias voltages of the circuit are
identified byl1, then M and Ms tend to work in triode region. For this reasors, Will

be on and;: - I> is drawn by M. Therefore, M stays in saturation region but;Maves
saturation region and operates in triode regiothénthird regionl: = I, this region

is located between latter two regions. In this sagiasl: is the same als and the
overdrive voltages of Mand M are the same, hencesléind M are in cut-off region.

I1 orl2 is transferred to the output.

Although the circuit benefits from Multi-input cagtiration as well as the low power
consumption feature, but it suffers from limitecolgd range of input current which
is 0-20pA. In addition, the precision of the citcui high frequencies is reduced,
especially in the case &f > I.. The reason is that iyiIM2 and M are in saturation

region, and drain to source voltages of &nd M are not the same.

Figure 4.5 : Loser take all circuit presented in [76].

Peymanfer et al. have proposed a MAX circuit havimg capability of being multi-
input structure [7]. The circuit is based on theFRd6nfiguration shown in Figure 4.6.
The gate of all Mtransistors are connected\tp and bias current is flowing through
each of them, so gate-to-source voltage of alltféinsistors are the same, thén
remains constant for each input current. When “miput currents are less than
winner input, M transistors of loser inputs are in saturationaegMs transistors are

in linear region, and Mransistors are cut off.

When one of the input currents begins to incretisegate voltage of Mransistors

increases lightly and drain voltage ot bf winner input cell increases, then §bes
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to saturation region. In this case; & winner input cell begins to operate in satunati

region, so the maximum input current appears abtitput.

The input range of the circuit is relatively narr@@v10uA) and the operation speed is
low due to the fact that large channel length fisiass should be chosen to accurate
mirror of the input currents. On the contrary, gnecision of the circuit is acceptable

in low frequencies especially at the tracking powoitthe signals, as the author claimed

this point.

Input cell
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Figure 4.6 : Winner take all circuit presented in [7].
4.3 Proposed LTA and WTA Circuits

The proposeadh-input LTA circuit is shown in Figure 4.7. Corresuing to each
input, there is a cell determined within the dasbexlin the figure. This structure uses
a simple feedback to identify the minimum valueéhaf input currents. The gates of all
Mxn and My, transistors are connected in nodes b and d reggkycEach input signal
is applied using a PMOS cascode current mirroradegiin the figure. Mt and M

as well as the constant currentlpprovide bias voltage for LTA cells, andsdand

Mps make up the output stage.

Figure 4.7 :Proposed n-input loser-take-all circuit.
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Muwn is biased in the triode region, and performs @setor whose value is controlled
by the overdrive voltage. The relationship candy@esented by:

Run :VDS/ los = (UC LMW/ 1) WfV gswi VT»_:L (4.5)

Mun is biased such that it operates in the threshbtdraing on and off. To analyze
the circuit, assume that LTA consists of two inputs2) for simplicity. Suppose that
I> is more thar, this leads to the voltage at nodet@ be risen up to nearlypy;
therefore, MJ2 and M2 go to triode region. However, voltage at nogitatis down due

to the reduction in the resistor of.] therefore, M2 leaves saturation region and will
be cut-off and cell 2 makes no change in the outputent. At the same time,
considering cell 1, voltage of node decreases to nearly ground, which in turn
increases the voltage of noddltanks to the increasing of resistor ofsMHence, M1
turns on and sinks extra currentipip to the point thdb.: becomes equal 1a. Take
notice that, this process happens to all cellqefdrcuit, as a result, output current is
always equal to the minimum value of the input ents. The same procedure occurs
for 11>I2 for cell 1 instead of cell 2. Whdn is equal td2, the only difference is that
both My; and M go to saturation region simultaneously. They dgusihk extra

current oflp. In this case; or 2 is transferred to the output.

MIN and MAX of n parameters likeu , X,..., Xx» can be converted to each other

according to De Morgan’s law as follows:

Max (% ,-.% )= min (& % ,...x (4.6)

In order to realize this equation, since currert®@ftA has been normalized to 1, MAX

Of ling, lin2 ,...,linn Can be given by: follows:
max qinl, Iin2,...,|inn):10uA'[min (10“A'Iin1, 10“A'|in2,...,10“A‘|inn)] (47)

Thus, using designed MIN circuit and some curram-tsactor, MAX circuit is
implemented as shown in Figure 4.8. Take noticeathaf the normalized currents of

10 pA are provided via single source using a canm@ror.
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Figure 4.8 : Winner-take-all circuit based on De Morgan’s law.

4.3.1 Performance analysis

In this section, the conditions in which the citcoperates are thoroughly analyzed.
For the case db>l1, My1 goes to saturation region, while.Mstill is in triode region

and sincé/ca1=Vpsw1, the relationship can be written as:

Vin = Vesu S Vesa™ Vi (4.8)

VTN S\/Gsul = DD_‘VGSQ‘ _|V DS]‘I -V T (4'9)
Because M sinks extra current df, the minimum current in terms &f Ips;: and

Ipsuz yields to:

i =1 b_(l psu T Dsuz) (4.10)
Replacing (4.9) into (4.10) and simplifying the guality we have:

o< [2Lo=lmn) bk_ull 2 <V o = Ve = 2y - % (4.12)
where knp= Hnp)Cox (WI/L) is transconductance parameter ahg and Vrp| are
threshold voltages of NMOS and PMOS transistoispeetively. Since the mobility
of an NMOS transistor is approximately three tinteger than that of a PMOS
transistors |{+=3p), the aspect ratios of Mand My are chosen to have:~kgn=K.
Solving (4.11) givedp>Imin @s a first condition. It means that bias currensirbe
chosen larger than input current of each cell.theowords, input dynamic range of
the LTA circuit can be broadened by settindt is worthwhile to mention that second
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answer determines the minimum (output) currenierms oflp, Vop and transistor

parameters as follow:

V20, 1) +2/2 <K Voo Vool = ¥qy) (4.12)

Whenl andl; are equal, the same procedure can be followelttrooutput current,
except for (4.11). Both M and M.z are on so thatpsu=lpsw=(lb-Imin)/2. Rewriting
(4.11) we have:

u gl

[, -1 min 2l min - -
= i,

\/Z(lb al min)+4\/l min <VXK oo _*/TP|_ ¥ry) (4.14)

4.3.2 Simulation results

To verify the performance of the proposed circsitulation results are presented
using HSPICE with TSMC level 49 (BSIM3v3) paramstéor 0.35um CMOS
technology. Figure 4.9(a) shows simulation resoftthe proposed LTA as well as
error values, in which two sinusoidal and one psigmals in the range of 100 kHz
with different amplitudes are applidd.is set to 10A and the supply voltage is 3.3 V.
Maximum error at the track point is 94 ns, while thverage of absolute error is
measured 12 ns which leads to the error of 0.121#é.same simulation is carried out
with the frequency of 10 MHz and input range of B LA as is shown in Figure
4.9(b). Other simulations are performed to provedpeed, input range and accuracy
of the circuit for three input signals. The resalts presented in Table 4.1. To examine
the robustness of the circuit against the procasaton, the Monte Carlo analysis is
performed by applying mismatch in the transist@seat ratio and threshold voltage
according to (3.12) and (3.13). The result is degien Figure 4.10 and proves that
99% of samples are occurred with the error offeaa £1%.

Table 4.1 :Simulation results of LTA for three inputs.

Frequency Input range Error Bias current
(MHz) (nA) (%) (nA)
0.1 0-10 0.12 10
1 0-10 0.19 10
10 0-100 0.39 100
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Table 4.2 :Comparison of the proposed LTA with previous works.
[5] [9] [79] [75] [76] [7] This work

Multi-input x X x x v v v
Accuracy v x v x x v v
Speed x Vv x v x  x v
Power Consumption x %  x x v v x
Input Range v v v v x  x v

Magnitude (uA)

1007 average of
absolute error

Error (nA)

Magnitude (uA)

Error (uA)
N

4 average of
absolute error
2 error —>

1 T T i T i i —
0 100 200 300
Time (ns)

(b)
Figure 4.9 : Simulation results of the proposed LTA circuit three inputs and
corresponding error (a) f=100 kHz, (b) f=10 MHz

25

Number of Occurrences

-1 -0.5 0 05 1 15
Relative Error (%)

Figure 4.10 :The Monte Carlo analysis of LTA circuit for mismhatn threshold
voltage and transistors aspect ratio (No. of iterst= 100).
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4.4 Conclusion

A new CMOS current-mode loser-take-all circuit vgassented. The proposed circuit
consisted of three blocks; bias circuit, outpugstand the basic cell. The bias circuit
provided wide input dynamic range by setting theskiurrent. Simple expansion of
the circuit to multi-input LTA was the advantage aésigning basic cell. High
accuracy as well as high speed operation wereaghi@ving to the usage of feedback
structure. To increase the input range of LTA, @swequired to increase the bias
current, while the circuit dissipated more powerview of this, as a further work low-
voltage low-power methods such as level shiftinghteques can be proposed.
Comparison of the proposed circuit with former weodke summarized in Table 4.2.
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5. IMPLEMENTATION OF DEFUZZIFIER BLOCK

As mentioned in section 2.3.4, due to the fact #fiadctivated membership functions
of the consequents (all active rules) take pathendefuzzification process, COG is
one of the most popular methods for defuzzificafiopcess. Mathematically, the COG

method can be expressed as follows [23]:

n

2 %Ha (%)

n

D Ha(%)
i=1
where n is the number of the discrete elementsamhiverse of discourseandpa(x)
are the output fuzzy variable and its membershigtion degree due to the consequent

fuzzy rules, respectively.

In the view of circuit realization, the current-neexpression of (5.1) can be written

as:

n

% Ha(%)
i=1

lcoc ~Thn (5.2)
Z I Ha(%)
1=
Therefore we need circuits to multiplyandpa(xi), and divide the results over the sum

of firing values. Then summing all output currebis simple wiring results in the

desired defuzzification.

In the following subsections, firstly, a new muligp circuit is proposed based on the
dual-translinear loop. The circuit relies on a $jetopology to omit the body effect

of the multiplier circuit.

Secondly, a novel method to implement computatiamaduits including divider,
multiplier, squarer and square-rooter using a liyganable OTA are proposed.
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5.1 Design of Analog Multiplier

5.1.1 Introduction

The four-quadrant multiplier is a very importantilding block of analog signal
processing system. It has many applications inmaatic gain controlling, modulation,
frequency translation, square rooting of signalgge locked loop, neural networks
and fuzzy integrated systems. Many CMOS circuit$go@ng to these basic blocks
are already available in the literature [80-83kdty, an analog multiplier produces
linear product of two input signals such as x angliglding z=Kxxxy, where K is a
constant with suitable dimension. Similar to othealog circuits, multiplier circuits
can be categorized into two main groups: voltagelenand current-mode. The
current-mode multipliers attracted significant ne and have been extensively
investigated in recent years [83-100], thanks &ogbtential advantages of high speed
operation due to low parasitic capacitor nodes, pmwer consumption and simple

circuitry [70].

Translinear principle is one of the most utilizedthods in the design of current-mode
circuits, employing loop transistors operating eitin subthreshold region [85]-[87]
or saturation region [84], [88]-[92]. Although thechnique leads to circuits offering
low power consumption in subthreshold region, tieamnic range and the operation
speed of the designed circuits turn out to be &dhitin the saturation region, the
conventional translinear circuits are of so cafl@dcked” and“up-down” topologies
which are realized using only NMOS or PMOS tramss{84, 90, 91]. On the other
hand, design experiences in the past years indibatecircuits based on thidual
translinear loops” which consist of both NMOS and PMOS transistors ragier
significant advantages in comparison with the cotieaal “stacked” or “up-down”
topologies in terms of bandwidth, dynamic range speed [70, 88, 89, 92] which
compose of only NMOS or PMOS transistors.

Nonetheless, the body effect is an important prabla circuits based on dual
translinear loops in a way that this effect causesnatches in the threshold voltages
which in turn, influences the linearity and accyraé the circuit. In some existing
analog multipliers, the effect of the transistosmatches was properly studied and a

few techniques were proposed in order to reducddiay effect [93, 94]. However,
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none of these are of dual-translinear configurat@md they suffer from low accuracy
and/or low bandwidth.

In addition, multipliers reported in [82, 88, 98] 9equire dual supply voltage, which
is not suitable for integrated circuit design. Amat salient feature of multiplier

circuits is the four-quadrant operation capabilay, important asset very useful in
various applications [96, 97]. Some of the well Wnamultiplier circuits operate only

in one [91, 98] or two [95, 99, 100] quadrants.

In this section, a new four-quadrant analog muéiptircuit based on the dual-
translinear loop is proposed. High linearity, hfglecision and a wide dynamic range
originating from the dual-translinear loop configtion are advantages of the circuit.
The performance of the proposed multiplier is cb@mdzed using Cadence and
HSPICE with TSMC level 49 (BSIM3v3) parameters@@5um CMOS technology.

This section is organized in 5 subsections: Theudirdescription of proposed
multiplier is presented in subsection 5.1.2, fokalby the performance analysis in
subsection 5.1.3. In subsection 5.1.4, HSPICE sitimur results of proposed circuit
are presented to prove the efficiency of the dedtgrally, conclusions are outlined in

subsection 5.1.5.

5.1.2 Circuit description

The principle of the proposed multiplier is basedtlee square-difference algebraic
identity, which is +y)? — (x-y)?>=4xxxy. Thus, the multiplier needs summing,
subtraction and squaring operations. In the cuimeaode approach, the summation and
subtraction of two signals are simply realized bteiconnecting the corresponding
current output terminals, as a result of Kirchr®ffurrent law. The design of the

squarer and subsequently multiplier circuit arecdbed below.

Figures 5.1 and 5.2 show the proposed squarer l@dour-quadrant multiplier
circuits, respectively. The squarer circuit is dasid based on the translinear principle,
and the multiplier circuit consists of two dualttsiinear loops, where the first loop
consists of M5, M8, M10 and M12 realizes-y)? function, while the second loop
(M25, M26, M29, M33) providesx{ y)? function.
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Figure 5.2 : Proposed analog multiplier circuit based on twol-drznslinear loops.

Let us consider the dual-translinear loop compadedansistors M5, M8, M10 and
M12 in Figure 5.2, yields to:

Vess PVog =VestV g (5.3)

Assuming that these transistors are biased in #beragion region and perfectly

matched, from translinear loop principle, one chtam:

\/IDSS +\/| DS8 :\/l Ds10+\/| DSL2 (5.4)

Since the drain currentsssandipsgare equal to a constant current source,lsgone

can easily express the drain currents of M10 and B&lfollows: as:

losi0 =1 o1 x+y+| B (5.5)
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ID812:| 01_| x+y+| B (5.6)

Substituting (5.5) and (5.6) into (5.4) and takihg square of both sides, we have:

2\/E:\/|B+I01_I x+y+\/‘ B+I 01+I Xty (57)

4|B=2|B+201+2\/| S L B (5.8)

By squaring both sides again, output current cawitéen as:

los T (5.9)

It can be seen from (5.9) that the currents the square of the input current; hence,
this subcircuit is the basic building block of t88&0OS analog multiplier. The same

procedure can be followed for the second transiilees to obtaino>.

To design the four-quadrant multiplier, output bé tsquarer circuit resulted from
positive input current, should remain the same has ihput becomes negative.
Considering Figure 5.2 and first translinear ldmpchanging the polarity of the input
current (positive into negative or vice versa), riging the currents of M10 and M12

yields:

losio =1 o1~ x+y+| B (5.10)

IDSlZ :I 01+I x+y+I B (5'11)

The only difference is that the corresponding teim($.5) and (5.6) are interchanged,
while the output current is still the same.

M18, M21, M31 and M37 form current subtractionwbtsquarer circuits as:

I PRI P .
out o1 02 4|B 418 IB (5.12)

Thus, (5.12) yields the multiplication betwelgrandly divided by constant current of
Ig which is normalized to one. Bearing in mind thnet signalsy +y andlx-yare realized

using an additional input stage composed of sirapteent mirrors (see Figure 5.3).
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Next section provides performance analysis of ihauit and deviations from ideal

assumptions followed by supporting simulation resul

]

VDD

Ix+ly
(Ix+v)

M41_|-l—| M45
M4z T[T M43

Figure 5.3 : Additional circuit to provide required currents fowltiplier circuit.

5.1.3 Performance analysis

In this section, the harmonic distortion caused ngmatch in the input stage
transistors are studied in details which leadsrtore in the currents +y andlx - y.
Following that, the effects of mismatches in thenstonductance parameters of the
transistors in the dual-translinear loops as welregsmatch in the threshold voltages
due to transistor body effects are thoroughly aready Finally, the input / output
ranges and impedances of the proposed multipleedarived.

5.1.3.1Input current mismatch

The proposed multiplier requires two well-matchegut signals I andly). It is
worthwhile to mention that the mismatch in the ingignals leads to second harmonic
distortion terms at the output of the multipliercciit.

I Xi = IAx + AX iIAx (513)

=1, +ay 1,

(5.14)

The wherd , and fy are mean values, and; andAy; are mismatch percentageslgf

andl;, respectively. By applyinig+l, and I, —Il to the multiplier circuit, and

yi?

consideringAxi, Ayi? andAx Ayi << 1 the output current is given by:
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L, S (O, +8) 40| ]

out = 7 + 2, (5.15)

where:
o, =X, —AX, (5.16)
o, =4y, ~Ay, (5.17)

If one of the inputs [, ) is kept constant and the other one is sinusaiddle form of

~

I, = irsina,t, second harmonic distortion with respect to thmutrsignal mismatches

can be derived as follows:

0, -

X

== ~ |
(O +o,)+2, " (5.18)

2

It should be point out that when the mismatch paage of IAX increases (see (5.18)),
second harmonic distortion also increases (decreas®). Nonetheless, it nearly
remains steady and does not significantly affeetttiird harmonic distortion as did
not appear in the hand calculations.

5.1.3.2Transconductance parameter mismatch

In this section, detailed analysis of mismatchirggween the transconductance
parameters of NMOS and PMOS transistors is provatetithe errors affecting the

ideal performance of the proposed circuit are stdi

The mismatch of the transconductance parametebeamodeled as follows:
Kp =K +4kK (5.19)
Ky =K —AkK (5.20)

whereK is a mean value antk is a mismatch percentage of the transconductance

parameter. Assuming this, (5.4) becomes:
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2 ] o I 7 A
\/ I 5 +\/ I 5 :\/ o1*!x+y *!' B +\/ oo™ xy* B (5.21)

K +AkK K —AkK K +AkK K-AkK
Simplifying (5.21) and ignoring terms containing?® (becauseAk << 1), output

current of the squarer circuit can be written as:

| 2+ 20KI gl

no__ X+y

1T Al 20K, (5.22)

Equation (5.22) implies that, transconductance ratsmleads to the slope and offset
at the output of the squarer circuit. By applyingnsnation and subtraction of the

signals to the proposed multiplier circuit, one caach the output current as:

2 3
Ly g M KAL) ) o H Jox A Kk
out 01 02 4|Bz+4| BI Xﬂ(

(5.23)

Applying fx as a constant current arfg= i:n sinwt, third harmonic distortion caused

by the transconductance parameter mismatch is dpyen

Ak ~
I
161 ,2AK + 4 2Ak +16 1  + 3k " (5.24)

HD, =

In short, when the transconductance mismatch ob lmansistors increases, third
harmonic distortion increases at the same timer¢dse in dB), while the second

harmonic distortion is not much affected by this.

5.1.3.3Error due to body effect and threshold voltage misratch

In section 5.1.2, body effect which influences gv@d voltages of the loop transistors
was ignored to simplify the basic circuit calcubais. This section investigates the

effect of this non ideality on the circuit performuz.

In an MOS transistor, body effect refers to chammgehe transistor threshold voltage
(VTh) resulting from a voltage difference between tla@gistor source and substrate,

which can be characterized by:
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Viy =V + MJ(Vse+] 26, )=/ 28, |] (5.25)

whereVy is the zero-bias threshold voltagas the body-effect coefficient ang is

the Fermi potential.

Considering non-ideal case for equality of thredhalltages for NMOS and PMOS
transistors in one of the dual-translinear loopd ambsequently, rewriting (5.4) we

have:

i [ ! !
Vins * |2755*'\/TH8'F KL%:VTHlO-'_ KL&OJ“VTHR-" KLSL2 (5.26)
5 8 10 12

Since sources of M8 and M10 are tied to the sarde,MagsandVsgioare quite equal;
as a resulrhg and VrHio are modified equally by body effect. So, althougis
possible, there is no requirement for separateswellobtainVtyg = Vrrio equality.
Similarly, sinceVsgsandVsgizare zeroVtus andVrriz are not affected by body effect
so that this results in their equality (equaV/ts). This cause¥ths andVhs, cancel out
VTH1o andVrhio, respectively, and (5.4) can be written precisely.

5.1.3.4Input /output ranges and impedances

Input dynamic range of the multiplier is restricteg the dual-translinear loop

transistors which should operate in the saturaggion.

To determine this range in terms of bias currestiae thatin = flg, rewriting (5.4):

N R A 5.27)

Solving this inequality gives 2 < linsg)< 2Igas an input range of the squarer circuit,
and-Ig < linvuy) < I for the multiplier circuit. In addition, one camé the output
ranges a® < louts)=< Isand-Is < loumur) < Ig for the squarer and multiplier circuits,

respectively.

It should be noted that high output impedance isngortant characteristic of the
current mode circuits. The proposed circuit enjtys feature providing an output
impedance equal of the intrinsic drain-source taste of M37. Although typical

value of this impedance value is sufficiently hfghmany applications, higher output
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impedance can be further achieved by using casoamieected transistors instead of
M18, M21, M36, M37, where the bias current is cim$6 pA. On the other hand,
small input impedance is equally important assetiofent-mode circuits. Considering
Figure 5.3 as the input stage of the circuit, andnd I are the input currents, it is

easy to verify that the input impedances are eualgnss and 1/ghao, respectively.

5.1.4 Simulation results

In this section, post layout simulations are presgnsing Cadence and HSPICE with
TSMC level 49 (BSIM3v3) parameters for 035 CMOS technology so as to verify

the performance of the proposed circuit.

Figure 5.4 shows layout of the multiplier circuradn by single poly and two metals
(Metall and Metal2), in which the area is 39.95 x#A0.15 um.

Figure 5.4 : Layout of proposed analog multiplier.

The aspect ratio of transistors is given in Table the supply voltage is 3.3 V, ahd

is set to 1QuA. Simulation result for the squaring circuit ispigted in Figure 5.5,
while a triangle waveform is applied to the cirgctiiten output current as well as the
error value are illustrated. It shows a maximun60fnA error at the output which

verify the accuracy of the circuit.
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Figure 5.5 : Simulation result of the current squaring circuntlarror measurement.

Figure 5.6 shows DC transfer characteristic ofggfeposed analog multiplier which
illustrates high linearity in the mentioned randéh@ inputs, where the output current
swings between -10A to +10uA. Within this range, the measured nonlinearitperr
is 1.12%.
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Figure 5.6 : Post layout simulation result for DC transfer clotedstic.
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Table 5.1 : Transistor aspect ratios.

Transistor name WI/L (um/um)
M1, M2, M9, M15, M23, M30, M35 3.2/0.6
M7, M13, M14, M22, M24, M28 5.6/0.35
M3, M4, M6, M31, M32, M34 1/2
M16, M17, M19, M20 4/0.35
M5, M12, M25, M33 2/2.8
M8, M10, M26, M29 5.6/2.8
M11, M27 8/0.35
M18, M21, M36, M37 2/ 0.6
M38, M39, M40 3/0.5
M41, M42, M43, M44, M45 2/0.5

Figure 5.7 shows the multiplier being used for beéamodulatorlxandly are 1 MHz
and 100 kHz, 2QAp-psinusoidal carrier and modulation signals, respeltifed to
inputs of the proposed multiplier, whilg is constant. Figure 5.8 shows how the
multiplier circuit can be employed as a frequenoylaer. If both frequencies of the
input currents are 1 MHz, the figure shows the esponding output waveform with

double frequency as well as the error quantity.

I, IK (1A)

5 10 15 20
Lour (NA) (a)
10 7 fi
5 - A
0 Output
-10 -
0 5 10 15
error (nA) (b) 20
100
0
-100
0 5 10 15 20

(©)  time (us)

Figure 5.7 : The proposed multiplier as an amplitude modulg#r100 kHz
modulating signal and 1 MHz carrier signal; (b) miaded output (c) error measurement.
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Figure 5.8 : The proposed multiplier is used as a frequency oia) the input
waveform (b) the output waveform (c) error measu@eim

The total harmonic distortion versus input sigrtal@ kHz and 1 MHz is shown in
Figure 5.9. In the worst case, an input signal ®@1&p,at a frequency of 1 MHz
resulted in a total harmonic distortion (THD) o$sethan 1.45%. Simulation results of
Figures 5.10 and 5.11 verify the hand calculatiohdiarmonic distortions in the
previous section, where second and third harmomtordions versus mismatch

percentage of input signals and transconductarecacneved.

Figure 5.12 shows threshold voltage difference Q6 and PMOS transistors in the
dual-translinear loop versus different inputs, vetigswings from - 10 pAto + 10 pA

while ly is constant (10 pA).
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Figure 5.9 : Relation between THD ard
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Figure 5.10 :Input current mismatch as a factor of second harendistortion.
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Figure 5.11 : Transconductance mismatch as the factor of thirchbaic distortion.
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Figure 5.12 :Threshold voltage difference of NMOS and PMOS fistoss in the
dual-translinear loop versus different inputs.

78



The Monte Carlo analysis of the proposed circuthvtiOO iterations is carried out by
applying mismatch in transistors aspect ratio dmdshold voltage with Gaussian
distribution. This was done to ensure the robustéthe circuit performance against
the fabrication process (see Figure 5.13). Accagrtinthe figure, 91% of samples are

occurred with the error of less than +1%.

20

-
a1

Number of Samples
[N
o

[¢)]

-2 -1.5 -1 -0.5 0 05 1 15 2
Relative Error (%)

Figure 5.13 :Monte Carlo analysis of the multiplier circuit forismatch in
transistors aspect ratio and threshold voltage.

Frequency response of the circuit shows that -da®lwidth is 137 MHz when the
input signal is applied td, andly = 10 pA and maximum power consumption is
obtained 0.521 mW.

Table 5.2 summarizes some relevant results of tbpogsed multiplier and allows a
deeper comparison. Take notice that in comparigtdmRef. [89] (in 0.25 um) speed
was sacrificed in the design at the expense of raocaracy as shown in Figures 5.7
and 5.8; In addition, to improve the linearity bétmultiplier circuit, fairly large gate
length transistors was used, which affected thedWwalth of the circuit. Owing to the
designing specific topology of dual-translineargo@ower consumption is slightly
higher than prior works. It is worthwhile to mentithat the power consumption can
be decreased by reducing the bias current of ticeitiAs an example, for the bias

current of 1uA, the dissipated power is obtained 0.12 mW.
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Table 5.2 :Comparative parameters of the proposed multipliér vecent works.

[100] [90] [89] [88] [70] [82] This work
Translinear Type/Method  Triode Up-down Dual Dual Dual Subthreshold Dual
Sensitivity to body effect  Dependent Free Dependdbependent Dependent Dependent Free
Power cons. (mW) 2 0.6 0.17 0.46 0.34 0.067 0.521
Power supply (V) 3.3 3.3 2.5 +15 3.3 15 3.3
THD(%) (AMHz-2QuA) 0.2 (100 kHz) 1.5 (10 kHz) 0.91 3.7 0.97 4.2 (10 kHz) 1.45
Nonlinearity (%) 2.5 1.9 2.5 1.20 1.1 3.2 1.12
-3dB bandwidth (MHz) 3 3 278 19 41.8 0.268 137
Tech. (im) 0.5 2.4 0.25 0.5 0.35 0.35 0.35
Area (mn? 0.083 0.24 0.033 - 0.009 - 0.016
Sim. or Meas. Meas. Meas. Post Layout Sim. Sim. Sim. Post Layout
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5.1.5 Conclusion

A new all-MOS analog multiplier was presented hgwuime capability of operation in
four-quadrant. The circuit relies on a specificdimgy of dual-translinear loop to omit
the body effect of the multiplier circuit. High &arity and high accuracy were
significant characteristics of the circuit. To stuithe performance of the proposed
circuit, input and output range and harmonic digtar analysis were thoroughly
discussed. In addition, the effects of mismatcthentransconductance parameters of
the transistors in the dual-translinear loops a#i a® mismatch in the threshold
voltages were analyzed. In order to simulate to@@sed circuit, Cadence design tool
and HSPICE simulator were utilized to verify thdididy of the theoretical analysis.
To illustrate the efficiency of the presented npligr, it was employed as a balance
modulator and frequency doubler, and the simulatsnlts were compared with ideal
performance of these applications. The presentedldgy of dual-translinear loop,
consumed slightly more power than that of prior kgpin view of this, as a further
work low-voltage low-power methods such as levelftisiy techniques can be

proposed.

5.2 Design of Computational Circuits Based on a New OTA

5.2.1 Introduction

Analog computational circuits are very useful buntd blocks finding various
applications in the signal processing domain. Thasrulits realize multiplication,
division, squaring and square rooting functionschhare widely used in disk drives
[101, 102], hearing aids [103, 104], medical equepi[105], modulators [82, 106,
107], artificial neural networks [108, 109] and Zyzontrol systems [48, 107, 110].

There are many techniques to implement analog ifumat circuits [111-126] which
can be roughly categorized in three main groups.fifkt group is based on the trans-
linear (TL) principle introduced in [111]. This grp is also classified in two subgroups
including BJT and MOS trans-linear circuits.

In bipolar transistors, it employs the exponentlaracteristic of current and voltage
[111], [112]. In this method the cause of errogorates from the nonzero values of

the base currents and of the temperature dependeindke bipolar transistor
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parameters (the thermal voltage is linearly inarepswith temperature and the
saturation current has an exponential dependentengperature).

In CMOS technology, TL principle relies on the epiphg of loop transistors
operating either in weak inversion [113-115] oosty inversion [89, 90, 91, 116]. For
weak inversion, although it leads to circuits afigrlow power consumption, the
dynamic range and the operation speed turn out fovbted. For the TL principle in
strong inversion, the body effect is a serious |@wbin a way that this effect causes
mismatch in the threshold voltages which in tunfiliences the linearity and accuracy
of the circuits, however in some studies this effeas properly discussed and a few
techniques were proposed [117, 118].

The most important aspects of computational ciscuitlude power consumption,

operation speed, design cost, simplicity and affeaesncy. Although in practice, most

of these parameters trade with each other and aledesign techniques have been
proposed [119-121] to satisfy the compromise betmtbese characteristics, but the
main challenge in designing computational circisitsow to implement with minimal

effort a large number of these functions [122]. @ossible technique to do this is to
design a multifunctional computational structurdchitis based on the possibility of a
multiple use of the same structure as a core adélsggn. On the basis of this technique,
if the design effort being mainly focused on theioving of the core performances,
all of the functions which will be implemented thgh the use of the core structure

will automatically be improved.

From this point of view, the second and third g®uaan be also classified; the second
group emphasizes on the use of piecewise lineaoappation method [123]-[127],
expansion of the functions using Taylor series [4280] and presenting a new
approximation [131-134] in which each term of thg@oximated series is realized
using a current-mode [123]-[128], [131]-[134] orltage-mode [129, 130] basic
building block. In order to simple realization dfet functions, some of these
approximations have been used second-order [12®]}Har third-order [124, 133,
134] of terms which leads to low-precise implem&ataof computational circuits.
Following this, the higher order approximations{1231, 132] have been proposed
to achieve higher accuracy at the expense of comgileicture and consequently
higher consumption of power. The complex structueported in [135, 136], but not

based on the piecewise linear approximation metinagkpansion of Taylor series or
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not CMOS-based circuits can be located in this growing to the fact that they also

consume more power.

The third group deals with the structure basedhenQTA. Although these structures
can implement slightly less functions rather tHadecond group, but the advantages
of reconfigurability, lower power consumption anigjlier accuracy encourage the
designers to utilize this method. There are limitedhber of literatures on the use of
OTAs for designing these circuits [137]-[141], whisome of them do not allow
multifunctional operation [137, 138] and some oshsuffer from having constant
transconductance and not having entire linearigr éive input range [139]-[141]. This
problem in turn influences the performance of thplemented computational circuits

in terms of accuracy and efficiency.

The objective of this work is to examine the apgbitity of a new LTOTA as a basic
building block which is employed in a modified stture to implement computational
circuits either linear or nonlinear functions. Tgr@posed transconductance amplifier
provides a constant {5over a wide range of input voltage which allow th
implementation of high precision computational gits. In addition, the proposed
LTOTA behaves as a bipolar OTA in which its tramshactance is linearly tuned by
the bias current, therefore all of the bipolar-lobe€I A configurations can be easily
replaced by the CMOS LTOTA, while their performanmarly remains the same.
Due to the simple and compact structure, the p@eesumption of the implemented

circuits are comparatively low.

This section is organized as follows: Section 5d&&cribes the proposed structure as
well as the transistor level design for implemdntatof computational circuits.
Section 5.2.3 analyzes the performance of the itsrauith respect to input range,
fundamental noise and transistor mismatch, follobe&iSPICE simulation results of
computational circuits in Section 5.2.4. Finallpnclusions are outlined in section
5.2.5.

5.2.2 Circuit description

In order to realize computational circuits, a CMBesed transconductance circuit is
employed as a basic building block of the desidre proposed structure is shown in
Figure 5.14, wherén is the input current. The trans-conductance gair@TA; and

OTA: can be varied by adjusting an external dc biaseatiofl, andl, respectively.
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According to the figure, the input current lgf is injected into the OTA which is
employed as a current controlled grounded resiStoe. voltage across the OT4s
then utilized as the input voltage for the QI &onsidering @1 and Gi2 as the trans-
conductance gains of the OTAnd OTA respectively, one can find the input-output

relationship as follows:

GV, = I, G
" P
GmZVX = I out} ot G " (528)

If the trans-conductance of OFAGm2) has the square-root proportion to its current,
by keepindin and Gn1 constant, the square-rooter circuit can be acHievethe case
of direct proportion of @1 and Gn2 to the current, the multiplier and divider circuit
will be obtained. Also iflin=lgm2 the squaring circuit is implemented. The
implementation of these functions as well as thpgrformance analysis will be

thoroughly discussed in sections 5.2.4.

Figure 5.14 :Proposed structure for implementation of compurtati@ircuits.
5.2.2.1Proposed CMOS OTA circuit

Figure 5.15 shows the trans-conductance circuitiwis the basic building block to
implement computational circuits. The differentiglut voltage oV is applied in the
form of Vin =V1 -V>, andla andlssrepresent the bias and tail currents respectivéig.

operation of circuit is as follows:

Since the drain current of Ms constantlps:i=la), neglecting the body effec¥cs:

also has to remain constant; as a result any i@ria the voltage oW, will be

reflected to the source terminaaj level-shifted byWes:i Supposing M operates in
saturation region, the voltage of this node is gilsg:

I, =KV, _VA_VTH)2 (5.29)
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Va = Vi Vi =y (5.30)

where K=0.5u0Cox(WI/L) is related to trans-conductance parameter \andis the

threshold voltage of MOS transistor.

M1s[:" “t‘Mw
M15:" =l|1_ M17va1
M
M. | 133} “: M., I_°>
I, “: Mo M11:"—"
i Ven1 "“: Ms M :_"—‘ Ven1
Vi o—H_:—MJHMz M4E|W:_H—o V,
Voo B
A
I
1

Mjlj—-u - H‘ELMg =5M9
Figure 5.15 :Proposed OTA circuit.

The transistor Mworks in saturation region as well, thus its coti@an be written as:

loss =KV, _VA_VTH)2 (5.31)

Replacing (5.30) in (5.31) yields:

_ _ lay2
lpss = K (V, =V, + \/;) (5.32)

Similarly, one can find the current of transistos &:

|
loey =KV, —V2+\/%)2 (5.33)

Transistors Mo and M sink extra currents of nodes A and B respectivEfys is due

to the fact thatps2 andlpsz change with input voltage and since &hd M: have the
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constant current dg, in order to prevent Mand Ms being in linear region, M and
M11 are considered.

Also transistors Mand Ms are employed as a cascode stage to provide higlutou
impedance at the output nod&.: is chosen in which these transistors operatedn th

saturation region.

The transistors M-Misg act as a current sub-tractor which form the outputent as

follow:

lo =los =l og = \/ITVI (5.34)

or:

Io = 4 KI aVin (535)

From (5.35), it is obvious that«Zof the circuit is4\/0.~"';uoCOX W /L), ;1. which can

be adjusted via the bias currentlgfand also aspect ratio of transistors &hd M.
Also it implies thatla has the square root proportion with the trans-gotahce gain.
In order to have linearly tunable OTA, a currenia&tng circuit is employed in which
its output will be applied as the bias currenth& proposed OTA. Therefore, the next

section will deal with current squaring circuit.

5.2.2.2Current squaring circuit

The modified current squaring circuit which is bhea the TL principle is shown in
Figure 5.16 [70]. The MOS TL principle was stateda@lows: In a loop with an even
number of gate-source connections and with the sam®er of transistor arranged
clockwise (CW) and counterclockwise (CCW), if itassumed that all the transistors

operate in saturation region then:

Z =D (5.36)

CcCcw

Supposing transconductance parameter of all trtansiare well matched, by applying

(5.36) in the translinear loop composed aof el Ma, we have:
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\/|031+\/| D82:\/| D53+\/| DSt (5.37)

Writing KCL at nodes C and D:

— SQ
losa =+ *y (5.38)
| —ISQ—l +

DS4_T x b (5.39)

wherely, is bias current anld andlsqrepresent input and output currents respectively.
Considerindps=I ps=lb, substituting (5.38) and (5.39) into (5.37) andasing both
sides twice, the output current is given by:

(5.40)

It is clearly seen that the squaringlofs appeared at the output. It should be pointed
out that the bias current bfis normalized to one.

Vbp

Figure 5.16 :Modified current squaring circuit.
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5.2.2.3Proposed linearly tunable OTA

The complete circuit of LTOTA is shown in FigurelB, where the right side (M
M1g) specifies trans-conductance circuit which its €n be adjusted vigg fed to
transistors Ms and Mua. Transistors Mi-Mssform the core of squaring circuit and.
Ma3s provide required signals in a way thatd\W1-4 produce the current @lx and Mbs-
Mas yield Ix+lp. Finally, the squaring current is mirrored throl»-M14 to the trans-
conductance circuit. Considering (5.40) and (5&&5bhe output of squaring and trans-

conductance circuits respectively, the final outgan be written as:

K
Iout = 4I x\/I:\/in (541)
b

. ~ N VDD

Msl:"——l M3z Mz W H[E M M‘[:" 115 Mo

Mg M :" Vep1
M

VBp3036—_:||——| M3 M3, I&_’"_ Vip2) W
M
3 vt e |
Ix+ Ib ‘ b | ‘ISQ
= l:Mw M11:I|_'

Voo Vanr | o[- s Megl—- Vans
Iy Vi °_H:_M1I M. M4F v, 2]
) Voo B
| M19Ms:|ﬁ—":Msg A

1.

- :MZOMSETEL M: I EMB II‘lMs

Figure 5.17 :Complete schematic of LTOTA circuit.

Ven2

Equation (5.41) indicates that the trans-condu@ayain can be linearly tuned by the
current ofly, whileK andlp are constant values. Take notice that this lingationship
Is the same as the trans-conductance gain in fh@apibased OTA which is very
useful in many applications [142]. Since the praab&TOTA is realized by MOS
transistors all in saturation region, therefordsitvery suitable and efficient for

fabricating in CMOS process.
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5.2.3 Performance analysis

In this section, the performance of the proposaasitonductance circuit in term of the
threshold voltage mismatch in the input transistmes studied. Following that, the

input range of the proposed circuit is derived.alin the noise analysis of the circuit

is carried out and the flicker and thermal noises @nsidered as the major noise
contributors of the design.

5.2.3.1Threshold voltage mismatch

Mismatch between transistors is one of the maincgsuof non-idealities in linear
transconductors. This is typically due to the mitihain threshold voltage of
transistors which is mainly caused by body effect.

In an MOS transistor, body effect refers to chaimgine transistor threshold voltage
(Vrh) resulting from a voltage difference between tlaadistor source and substrate,

which can be characterized by [143]:

Vi =V + M(Vest | 20, ) =/1 28, ] (5.42)

whereVy is the threshold voltage with zero-bigss the body-effect coefficienig is

the Fermi potential andsgis the voltage between source and bulk.

Considering the mismatch for equality of threshadttages in pair transistors ofiM

and Ms and also M and M: and subsequently rewriting (5.32) and (5.33) weeha

1 la

lpss = K(V, _V1+\/?+VTH1_VTH3)2 (5.43)
1 Ia

IDSZ = K(Vl _V2+\/E +VTH4_VTH2)2 (5.44)

SupposingVrri-Vris =4AVr1 and Vria-Viz =AVr,, ignoring the terms afivr? and

DNt (sincedVri, AVr<<1), the output current can be derived as:

' la Ia
Il =K {(4\/%+ 20AV., + 20V, )V, -V, )+ 2\/; @VTZ—AVH)} (5.45)
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From (5.45), the mismatch values are subtractatiarsecond term4y/r1- 4Vr2) of
equation, and consequently they cancel each othairomize the error quantity. On
the other hand, considering first term of the equmatthe mismatch leads to a small
DC offset in the output current. This DC componeart be regarded as an error in the

bias input current df; or a DC compensated current at the output node.

5.2.3.2Input range

The input range of transconductance circuit isrigstd by the input transistors
operating in saturation region. The maximum inpaltage is given by the level that
places M at the edge of triode region, therefor it is d@ieed by the supply voltage
Vpp, the source to gate voltage ofidvin the current mirror, th&/bsisay and the
threshold voltage of M On the other hand, a minimum allowable input eamng
restricted by the gate to source voltage ofiMthe input cell and th€pssayin the
NMOS transistor of the tail-current source. Therefdhe input range of the

transconductance circuit can be expressed as:
VGS +VD${ sat S V11 Vz S VDD_| VS(L_ VDS s)1t+ VT (5.46)

However it is obvious that (5.46) is not satisfadcondition that the tail-current b
is small. In such a case, the input voltage ramgedds on not only (5.46) but also the

value of tail-current.

5.2.3.3Noise analysis

The major noise contributors of an MOS transisterthe flicker and thermal noises,
which are independent of the input terminal whéee rioise is referred. The flicker
noise has been extensively studied because it @desitow-frequency noise and there
is an increasing need to accurately design lowen@salog circuits in CMOS

technology [144].

The flicker noise is modeled as a voltage sourceenies with the gate and roughly

given by:

nuf C_fWL (5.47)
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whereK is a process-dependent constant on the order&f\IfF, Coxis the oxide
capacitance anflis the frequency. Take notice that the drain noisgent per unit
bandwidth is obtained by multiplying the noise agk at the gate by the transistor

trans-conductance:

I 2 — K g 2
n1/f Cox fWL m (548)

The derivation of thermal noise is straightforward is due to the resistive channel
of MOS transistor in the saturation region which b@ modeled by a current source

connected between the drain and source terminals:

low = 4kTyg, (5.49)

wherek is Boltzmann’s constant, is the temperature in Kelvin, and, the coefficignt
is derived to be equal to 2/3 for long channel grstiors and may be needed to be
replaced by a larger value for submicron MOSFETS.

Let us consider the OTA circuit shown in Figure3.At relatively low frequencies,
the cascade devices contribute negligible noisB][1daving M, M3, M1s and Mg as

potentially significant noise sources.

In order to calculate the total output noise inalgdthermal and flicker noises,
considering (5.47)-(5.49) and the Lemma proved.#4b], we have:

2 —12 2 2 2
In,out = nthos *l N fi23 * n thy 16,18+| N/ 16,8 (5.50)
yielding:
2 1 K K
12 =4kT|Z + 44— | N +_ P
n,out {3 (gmz,3 gmLG,18)j| Coxf l:(\NL)z,:a gzm2,3 (WL)16,18 92m16,18 (5.51)

whereKyn and Kp denote the 1/noise coefficients of NMOS and PMOS transistors,

respectively.

Also, the total input-referred noise can be readibtained using the following

relationship:
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Voin =—5 (5.52)

ConsiderA=-GmRout, ONe can obtaine@m=gm2,3 and also the output impedance as

follows:

Rnut :[r06 Tl 1+ I' 9 ma)] ||[rd7+r ds I+r a9 ml7j (5.53)

Also V2 . is given by:

VE, =12 R

nout — ' out™ou (5.54)

Replacing (5.53) and (5.54) in (5.52), after fewtmeanatical manipulations we have:

\EZSkT 1 +gn1216,18 + 1 KN + Kp g§1216,18 (5 55)
’ 3 Om2.3 Om2.3 Coxf (WL)z,s (WL)16,18 On2.3 )

It is concluded that the input-referred noise dases if the trans-conductance of input
transistors M2-M3 increases. This can be done @rgasing the width or drain current
of corresponding transistors, however this leadartger input capacitance and greater
power dissipation respectively, and consequenttiuce the speed of the circuit.
Therefore, these observations point to the trafe-dfetween noise, power

consumption and speed of the circuit.

] la
loss =K (V, _V1+\’?+VTH1_VI'H3)2 (5.56)
! _ I 2
lps =KV, _V2+\/Ea +Vi, = Vino) (5.57)
Supposing yielding:
- 2 1 K K
12 =4kT| = + + N + P
n,out [3 (9res gn16,18):| Cf l:(\NL)zs o3 (WD, o Frasa (5.58)
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5.2.4 Simulation results

In this section, simulation results of the propose&duits and their applications are
presented through the use of HSPICE with TSMC 1d94IBSIM3v3) parameters for
0.35um CMOS technology so as to verify the performarfade circuits.

Figure 5.18 illustrates the linear output curreesulited from subtraction of two
nonlinear input currentdsz andlps3y which were formulated in (5.32), (5.33) and
(5.35). The constant %5in the corresponding range of the input voltagshiswn in
the figure as well. For this simulation, the biasrent ofla which determines the

transconductance is 100 pA and the tail currefds@s set to 300 pA.

200 -

r 200
150 r 150

100 A r 100

Transconductance Gm (uS)

Input and Output Currents (uA)
o
L

-100

-150

-200

Differentaial Input Voltage (V)

Figure 5.18 :Input and output currents along the transconduetaharacteristic of
OTA for a typical value of parameters.

Figure 5.19(a) shows the simulated transfer charatt of the OTA of Figure 5.15
in whichla sweeps from 10 pA to 200 pA ahglis kept constant as 300 pA. The plots
of the output current versus the differential inmatitage ¥1-V2) show that by
changing the DC bias currentlaf the OTA can linearly convert the input voltage in
the range of —1 to 1V into output current with noaeérity less than 1%. Figure 5.19(b)
proves the high linearity of the OTA circuit whetbe constant value of

transconductances are clearly shown.

93



200
150
100 —

50 —

Output Current (UA)

-50
4100
150

-200

L L e L B e e
-1 -0.5 0 0.5 1

Differentaial Input Voltage (V)

(@)

oo dl TT—

150

100 + PO

Transconductance Gm (uS)

50 | ———————

R B L e e e B L B e
-1 -0.5 0 0.5 1

Differentaial Input Voltage (V)

Figure 5.19 :(a) The output currents of OTA whénsweeps from 10 pA to 200 pA
(b) transconductance characteristic.

The plot of the relation between the transcondweaain and the bias currentlgfn
the circuits of Figure 5.15 and 5.17 are simultaisiomeasured by fixin{in = 100
mV and changinds from 0 to 100 pA where the simulated conversiooreiound to

be 1.3%. The simulation results are shown in Figu2® in which for the circuit of

Figure 5.15 since & 4\/0.5A10C0X W /L), 1, , hence the trans-conductance changes
with the square-root proportion df, while for the LTOTA circuit because

G, =4l ,/K/l1,, therefore G linearly varies by changing the bias current.of
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Figure 5.20 :Relation between the transconductance gain anbligsecurrent in
OTA and LTOTA circuits.

In order to demonstrate the feasibility of the desd OTA and LTOTA, they are

employed in the structure of Figure 5.14 for realian of some functional circuits.

Replacing LTOTA in the structure leads to implemantultiplier/divider circuit.
Since the bias current has a linear relation witha@ have:

—_m2 -2
out G in |l l in (5.59)

Considerindin andl as the input currents ahgas the normalized currentdm), SO
the multiplier function is achieved. Also supposingandli as the input currents
namelylnum (numerator) antken (denominator) respectively amd as the normalized

current, the output current will be proportionald@dlden Thus the structure performs
as a divider circuit.

Figure 5.21 shows how the structure works as aipfielt circuit and can be employed
as a balance modulator. In this simulation, twaistidal inputs in the form ¢f= 10
sin(2m0%t) pA, I.= 5 pA + 5sin(20.0°t) A are applied to the structure aielm is
kept constant as a normalized value (10pA). Theuwwignal as well as the error
measurement are shown in the figure. This resalficos that the circuit can precisely

modulate two different input currents.
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Figure 5.21 :The structure is used as an amplitude modulatbtiiz carrier
sinusoid and 100 kHz modulating signal (upper warrej; AC modulated output
(middle waveform); Error measurement (lower wavefpr

The DC transfer characteristics of the multipliecuit are shown in Figure 5.22 which
obtained by variation df. from 0 to 10pA and, from -10pA to 10pA with 2pA per
step and settingorr=10A. The comparison of simulated and expectadisesnplies

that the circuit works well over the mentioned rang

10 10

8 simulated
expected

Output Current (UA)
o
I
=

Input Current, |2(pA)

T T T T T ]
0 2 4 6 8 10

Input Current, |1 (MA)

Figure 5.22 :DC transfer characteristic of multiplier circuit.

The simulation result of the structure when it eoyplas a divider circuit is depicted
in Figure 5.23. The characteristic betwégpand denominator curreritiy) for swept
currents of numeratotq(n) between -4.5uA and -4.5uA with 0.5 A per stgpagted
while Inorm is set to 10pA. In this case, the circuit satssfiee following relationship:

96



I - num

out | norm (560)

den

\ <

10 :
w‘ﬂ simulated
6 | > e
. RN \ 4
\Q 2

-2

/

Output Current (UA)
o
I
I num (HA)

m

— -4

; // % Inum SWeeps from 4.5pA to -4.50A
T
2

T T ]
4 6 8 10

| den (HA)

Figure 5.23 :Simulated DC transfer characteristic of the dividiecuit.

In the case thdt, andl. are equal anth being considered as a normalized current, a

squaring function will be readily realized. The it current is given by:

out =1 (5.61)

By applying a triangle waveform with the frequenafy 100kHz to the input, the
squaring function as well as the error value apeaped at the output (see Figure 5.24).
It can be clearly seen that the simulated resiuritasclose agreement with the expected

output, and the maximum error is 173nA.

10

iNpUt e
8 - output  em—
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Input and Output Currents (pA)

Error (nA)
o
g
|

[ T T T T T ]
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Time (us)

Figure 5.24 :Simulated transient response of the squaring ¢iend its error.
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Let us consider the structure of Figure 5.14. Raptathe OTA of Figure 5.15 in this

structure, one can find the output current as:

Iout ===l in (562)

Lot =14l 2 (5.63)

Consideringl1 as the input current, by applyimg=10pA as a normalize current the
square-rooter function is implemented. To provedtfieiency of the circuit, a triangle
waveform similar to the squaring circuit is applidten the output current is achieved

as shown in Figure 5.25.

10 7

input

output
8 expected e

Input and Output Currents (uA)

Error (nA)

0 5 10 15 20
Time (ps)

Figure 5.25 :Simulated transient response of the square-roainegit and its error.
In order to evaluate the robustness of the OTAudiagainst the process variation, the
Monte Carlo analysis with 100 iterations is carrad by applying +5 % Gaussian

distribution att3olevel in the variation of all transistors threshgbltage and aspect

ratio simultaneously.

In this analysis, similar conditions of simulationFigure 5.18 is applied and then the
transconductance Gis considered as a parameter which can be affdoyethe
conceivable mismatch under the mentioned conditidhe transconductance gain

without any mismatch was obtained 130 uS in Figule3, while the Monte Carlo
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analysis in Figure 5.26 demonstrates that 87%taf &amples occurs with the error
of less than +1% for threshold voltage and transssaspect ratio variations.

Number of Occurrences

128 129 130 131 132
Transconductance (US)

Figure 5.26 : Transconductance variations from Monte Carlo sitmha for
mismatch in threshold voltage and transistors dsjpéo.
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Figure 5.27 :Monte Carlo results by applying threshold voltagematch for (a)
OTA circuit and (b) LTOTA circuit for 2.0 Vp-p 1 MEsine wave.
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Figure 5.28 :Relation between THD and input voltage.
The Monte Carlo analysis for THD is shown in FigGr27. The same conditions and
distribution of simulations in Figure 5.26 are apglfor both of OTA and LTOTA
circuits. The results show that most of the samptasr in the ranges of 0.6-0.8 %
and 1.0-1.2 % for OTA and LTOTA circuits respeclyveAlso, the THD versus
different values of input voltages at 1 MHz for Ibaif the circuits are simultaneously
shown in Figure 5.28. In this simulation, the btasrent is set to 307 and the tail
current is equal to 2Q@\. In the worst case, an input signal of 2ovesulted in a THD

of 0.67% and 1.13% for the proposed circuits.

A 2Vp pstep waveform is applied to unity-gain closed I&@pPA whose response is

shown in Figure 5.29. The currents gfdnd k are set to typical values of 400pA and
150 pA respectively, and the output load is considea capacitance with 10 pF
capacity. Measuring the slope of output respongesgts both positive and negative

slew rate as 5.7 v/us.
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Figure 5.29 :Step response of the OTA for slew rate simulation.
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5.2.5 Conclusion

The applicability of a new LTOTA as a basic builgliblock for realization of

computational circuits was investigated in thigieec The proposed transconductance

amplifier provided a constant{3ver a wide range of input voltage which allowed

the implementation of high precision computationeduits. The implemented circuits

were included squarer, square-rooter, multiplicatamd division operations. Due to

the simple and compact structure, the power consampf the implemented circuits

were comparatively low. As we discussed in theouhtiction section, the analog

realization of fuzzy circuits occupies lower areal @onsumes less power than digital

ones. Table 5.3 compares the parameters of danthhnalog realizations.

Table 5.3: Comparative parameters of the proposed analogptettdivider
with digital ones.
[146] [147] [148] [148] [149] This work
POWercons. 5o 148 09619 2445  2.99 0.521
(mWw)
POW?{/)S“pp'y 5 05 1.8 1.8 1.8 3.3
Array 4x4  8x8 16x16 88 8x8 Continuous
Tech. (im) 1.2 013 0.18 0.18 0.18 0.35
Area (mnf) 1.35 0.07 0.372 0.094 0.14 0.016
Sim. or Meas. Meas.Meas. Post Post Sim. Post Layout
Layout Layout.
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6. IMPLEMENTATION OF IT2FLC

This chapter deals with the hardware realizatiodT@FLC in current-mode. The
complete schematic of the proposed controller @wshin Figure 6.1 in which two
inputs ofliny andlins are applied to the controller and one outps)(is resulted at the
output. The fuzzifier block consists of six typarembership function circuit (T2-
MFC) and each one is constructed from UMF and LMEure 6.2 shows the typical
membership functions applied to the controller. €ach input two diamond-shaped
membership functions and one triangular memberghiption are considered with

different slops, upper and lower modal points.

6.1 Implementation of Rule Base

As discussed before, the consequent of a rule K f/Be-2 FLC is a function of its
inputs. For a first order TSK type-2 FLC, the cangnt is a linear function of inputs

as follows:

Rule I": IF x is A'l and ... and xis ,5{) Theny=a x+...+apX,+aol (6.1)

Considering two-input one-output FLC, the curreotr@in representation of this

expression can be written as:

Rule I": IF Ik is :51' and k2 is :5'2 Then ly=au Lat+azilx+aol Inorm (6.2)

wherelx: andlx. are the inputs,ag'L and ﬂgare input fuzzy setsy is the output, and

“ay”, “az” and “ag” are constants. It should be pointed out thatradeoto make the
rule consequents programmable, an architecture beudesigned in such a way that
they can be defined and changed in different apptins. This can be easily done
using current mirrors with selectable gains. Themestants can be programmed with
a resolution of 4-bits as shown in Figure 6.3. Talatice that coefficient ¢”
determines a constant bias current in the ruleempnent (singleton) and is constructed

from |Norm.
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Figure 6.1 : Complete block diagram of proposed IT2FLC.
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Figure 6.3 : Programmable implementation of rule base.
6.2 Inference Engine

As stated in chapter 4, the minimum operator igduse deriving activation levels

(firing values) of rules which construct the maartof inference engine. This operator
is implemented using loser-take-all circuit presenin section 4.3. The minimized
values are duplicated using simple current mireord then transferred to the output

processor which consists of type reduction andzigfication blocks.

6.3 Type Reduction Circuit

The type-reducer generates a type-1 fuzzy set gutich is then converted in a crisp
output through the defuzzifier. As discussed intisac2.5.2.5, there are different
methods for type reduction and since the NT metiasithe precise computation and

also benefits from simple and intuitive configuoati then it is preferred to another
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methods. It is based on taking average of the l@mdrupper MFs of the interval set.
The NT type reduction relation in current-domain ba written as:

1
| ZE(lmxi) +l y(x)) (6.3)

where |ﬁ()q)and I;_1(>q)are the membership grades of the upper and ther lowe

membership functions respectively. As shown in Fedgi4, the implementation of NT
method is simple and easy to understand. It igzezhlusing current mirrors with

suitable dimensions.

¢ IH(Xi) P | MR ¢ IE(Xi)
RO, [ Mt =2 é Ming =2

m; =1 m, =1
M2 — | ¥ aa—l N ™m
i sl [, Ms

o Gt

Figure 6.4 : Circuit realization of Nie-Tan type reduction.
6.4 Defuzzification

Since COG is one of the most popular methods fuzdéication process due to the
simple realization and institutive configurationeh we implement this method using
the designed multiplier and divider circuits prdsénin section 5.1 and 5.2,
respectively. As mentioned before the current-mexjgression of COG method can

be written as:

n

| 5 X Ha(X%)
coG ~ " n (6.4)

zluA(&)

According to the schematic of Figure 6.1, the nplilr circuits accept the inputs from
rule base and type reduction blocks. The summaticadl multiplications construct

the numerator of (6.4).
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The denominator is obtained by simple wiring oftgie reduction values to a single
node (summation). Numerator and denominator aréeapio the divider circuit and

ultimately the crisp value is appeared at the dutpu

6.5 Simulation Result

In order to verify the performance of the contmgllayout of the controller is drawn
by Cadence virtuso, and then post layout simulatesults are presented using
HSPICE and level 49 parameters (BSIM3v3) in 0.35 teohnology. The resulted
output surface for 100 sample inputs is shown gufé 6.5(a) while the expected
output surface demonstrated in Figure 6.5(b). [Edu6(a) shows the percentage of
error versus the applied inputs where the RMS dretween two surfaces is 1.6%. In
addition, Figure 6.6(b) indicates the number o&ltdi00 outputs versus the relative
errors. The average power consumption is foundetd37 mW with a power supply
of 3.3V. It should be pointed out that the maximpawer consumption depends on

the programming parameters and can vary by a raétir different settings.

input 2 (WA) input 1 ()

(@) (b)

Figure 6.5 : Output surface of the Type-2 controller (a) Simediatesults (b)
expected outputs.
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input 2 (uA) Relative Error (%)

() (b)

Figure 6.6 : Relative error of Type-2 FLC versus (a) applieduitsp(b) number of
the output.

To ensure the robustness of the controller agdimesiprocess variation, the Monte
Carlo analysis with 100 iterations is performedapplying mismatch in transistors
aspect ratio and threshold voltage. According gufe 6.7 90% of the total samples
occurred with the relative error of less than +1%.

Number of Occurrences

-2 -15 -1 -05 0 05 1 15 2 25 3
Relative Error (%)

Figure 6.7 : The result of Monte Carlo analysis of controller meismatch in
threshold voltage and transistors aspect ratio.

In order to examine speed of the circuit, a sqpatse is applied to the input. Figure
6.8 shows the applied pulse as well as the respoinge controller, while the first
input (in1) is a square pulse with 10 pA peak gain and thergkinput [in2) remains

constant.

The total average delayidet tran/2) is around 170 ns (@E5pF) which corresponds
to 5.88 MFLIPS (mega fuzzy logic inferences peiosel.

As we discussed in the introduction section, thal@nrealization of fuzzy circuits
occupies lower area and consumes less power tigialdines. Table 6.1 compares

the parameters of digital and analog realizations.
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Figure 6.8 :Input pulse of the IT2FLC and response of the aileir.

Table 6.1 :Comparison of analog and digital realizations oCFL

[150] [151] [152] [153] This Work

Analog (A) / Digital (D) D D D D A
Speed (MFLIPS) 0.25 2.85 8.85 3.61 5.88
FLC type Type-1 Type-1 Type-1 Type-1 Type-2
Power supply (V) 3.3 N/A 3.3 3.3 3.3
Power consumption (mW)142 120 49 104 25.7
Area (mn¥) 70 12.3 0.11 0.54 0.09
Technology (um) 1 1 0.35 0.35 0.35

Also, as mentioned in section 2, because of thebiléy of membership functions in
Type-2 FLC in comparison with Type-1 one, highecuaacy is achieved in Type-2
FLC. In order to compare the precision of two FL{Dg, outputs of Type-1 and Type-
2 FLCs are compared. Figure 6.9 shows the correfspgrsurface of Type-1 FLC
which is realized using the same circuits of TypgetZ. The resulted error for Type-
1 FLC is demonstrated in Figure 6.10 where the Rkfie is obtained 3.47%.
Considering 1.6% of error in Type-2 FLC, precisefgmenance of that controller is
proved. This is due to the fact that the member&imgtions in Type-1 FLC have
unique value for each point, however, in Type-2sottee footprint of uncertainty
associates with the membership function which cesf LMF and UMF for each
point. Consequently, the input membership functitvask the target surface having

more flexibility in comparison with Type-1 membeigsifunctions.
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) (b)

Figure 6.9 : Output surface of the Type-1 controller (a) Simedatesults (b)
expected outputs.

Number of Outputs

Relative Error (%)

() (b)

Figure 6.10 :Relative error of Type-1 FLC versus (a) applieduitsp(b) number of
the output.

Additionally, as mentioned in section 3, the noisauction property of DT2MF in the
presence of noisy inputs was discussed and thentyes of this kind of MF was
shown. Applying noisy inputs to the fuzzifier bloakect the membership functions
of the FLC, which in turn change the rule-basehef ¢controller. In these conditions,
the output of the FLC will change as well. Howevier,Type-2 FLC because of
employing DT2MF the effect of noise is comparatMelw rather than that in Type-1
FLC. Figure 6.11 shows the output error of both Elu€Cthe presence of noisy inputs
in which are 3.47% and 8.65% for Type-2 and Tyde-Cs, respectively. Table 6.2
compares the performance of Type-1 and Type-2 kh@sich the Type-1 uses four
different shapes of membership functions while FgpELC employs only one
membership function (DT2MF). In addition, power plypand technology of both

controllers are the same. It should be pointedimaitbecause of the simple structure
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of Type-1 FLC in comparison with Type-2 one (axdssed in section 2), the power
consumption as well as the speed of type-1 FLMetter than Type-2 one.

Number of outputs
1O = N w » & (2] ~ oo ©
T T T T T T : T

Number of outputs

&
A

2 0 2 4 6

- 5 0
Error due to noisy input (%)

Error due to noisy inputs (%)

(@) (b)
Figure 6.11 :Error of the controller (a) Type-2 FLC (b) Type-LC:

5

Table 6.2 :Comparison of Type-1 and Type-2 FLCs.

Type-1 FLC Type-2 FLC
Speed 6.4 MFLIPS @ 5 pF 5.88 MFLIPS @ 5 pF
Error 3.47 % 1.6 %
Error (noisy input)  8.65 % 2.14 %
Design complexity  2-inputs, 1-output, 9-rules 2ty 1-output, 9-rules
Used MFs S, Z, Trapezoidal, Triangulddiamond
Power supply 3.3V 3.3V
Power consumption15.3 mW 25.7 mW
Technology 0.35 um 0.35 um
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7. CONCLUSION

7.1 Summary of the Work

Fuzzy hardware developments have been a major tremg the applications of
fuzzy set theory and fuzzy logic in both sciencd angineering. The fuzzy boom in
Japan, as well as in other parts of the world, dexeerated a host of products and
techniques demonstrating superior performance ngexttional products.

In order to utilize fuzzy logic in engineering ajgplions, fuzzy logic controllers have
been presented and implemented. Although many ndsdaave been made in
implementing T1FLC, unfortunately there are limitagmber of works in the field of
T2FLC, while they suffer from lack of sufficientrcuits to realize this purpose.
Therefore, we focused on this subject as the aatqudrt of developing fuzzy

hardware in the engineering applications.

New high-performance circuits for IT2FLC were pragel in this dissertation. The
current-mode approach was employed owing to theplsimircuitry and intuitive
configuration to design the circuits. Designing mixed analog/digital circuits
provided a flexible configuration as well as thghty accurate performance, where
analog circuits were employed to realize requirgttfions, while the programmable

units implemented using digital circuits.

In this regard, design and implementation of a DTF2Nas fully described for a first
time. We investigated the programmability of theewit in terms of slopes, upper and
lower modal points. This feature enabled the expiatte system to create other shapes
of type-2 membership functions including rectanguldombus, triangular and
trapezoidal. Furthermore, Monte Carlo analysis wasried out to ensure the
robustness of the circuit performance against tloegss variation. To estimate the
power consumption, it was measured for a typica AF in which the average power

consumption was 688WV.

Moreover, design of a current-mode loser-take4atlutt was presented to construct

the fuzzy inference engine. The proposed circuiis@ied of a basic cell which
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allowed implementation of a multi-input configurati by repeating the cell for each
additional input. A high-speed feedback structumes vemployed to determine the
minimum current among the applied inputs. High aacy as well as high speed
operation were achieved owing to the usage of faeldistructure. To increase the
input range of LTA, it was required to increase thas current, while the circuit
dissipated more power. In view of this, as a furtiverk low-voltage low-power

methods such as level shifting techniques can tyegsed.

A new CMOS four-quadrant analog multiplier circwiés proposed based on a pair of
dual-translinear loops. The significant featuresha circuit were its high accuracy
and high linearity, owing to the fact that the aitaelied on a new dual-translinear
topology. Additionally, the applicability of a nelsTOTA as a basic building block
for implementation of fuzzy related circuits wastraduced. The proposed
transconductance amplifier provided a constanb@r a wide range of input voltage
which allowed the implementation of high precisioomputational circuits. The
proposed LTOTA behaved as a bipolar OTA in which ttansconductance was
linearly tuned by the bias current, therefore &ihe bipolar based OTA configurations
could be easily replaced by the CMOS LTOTA.

Finally, designed circuit were employed to reallZ@FLC. Mixed analog/digital

realization of the controller made the design pmognable and extendable.
Simulation results of the controller were presentsthg HSPICE and level 49
parameters (BSIM3v3) in 0.35 um technology. In orecompare the simulation
results of the controller with ideal functionalithe controller was adjusted with a
particular set of parameters. The simulation reswlere compared with the ideal
results to prove the efficiency of the designedHI@. Moreover, the result of
proposed controller were compared with a realizgeE¥l FLC using the same circuits
in which it demonstrated better performance of F2@de.C in terms of accuracy and

immunity in the presence of noisy inputs.

7.2 Scope of Future Works

Some points are suggested as future works whichbeaprobably improve the
performance of the designed circuits and implenmtehRi@FLC. A Mamdani type of
the controller can be proposed, but in this caseencomplicated circuits will be

required, consequently the power consumption irserea well. Therefor more simple

114



circuits as well as the low voltage / low powercuits can be designed to reduce the
power dissipation of the IT2FLC.

Although the mixed-signal realization is preferabke discussed in detail in section
2.6.3, but digital realization of IT2FLC can be posed to improve the precision of
the circuit. Moreover, digital circuits have betteerformance against the noise
contributors. The drawback of digital realizatiargmates from using high number of
transistors to accomplish the same tasks of amatogits. This leads to the circuits
which consume more power, thus low power digiteduits can be designed to deal

with power dissipation.

In recent years, importance of membership functerurage the fuzzy researchers
to propose new shapes, because they have a doreffectton the reasoning process
of a FLC rather than number of rules or infereneeanism. Therefore, any possible
new functions is always an opportunity for ciraigtsigners to realize them in order to
improve the performance of the controllers. Thisexactly what we carried out
regarding DT2MF, Which requires to be up-to-datthviizzy published articles.
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