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METAMUTATOR:
ITS REALIZATIONS AND ITS APPLICATIONS

Abstract

Mutators became very popular after 1971, when Leon Chua realized the memris-
tor, his postulated fourth circuit element, using them. The reason for the popu-
larity of mutators, which are easily realizable 2-port devices, lies in the fact that
they render possible the simulation/emulation of, hence experimentation with,

postulated non-existing (not off the shelf available) elements like memstors.*

On the other hand, in the literature when simulating/emulating elements with 2-
ports, many 4-port “generalized mutator-like” realizations that nobody has been
able to identify are being used. These underlying 4-ports, and their ability to
act as a mutator when two of the ports are properly terminated, have been thus

named metamutator.

In this thesis, in addition to introducing some of metamutator realizations, newly
designed metamutator circuits with one or two active devices are introduced.
Also, a new active device, with only twelve transistors, named Additive and Dif-
ferential IC (AD-IC), is proposed with its layout and use in metamutator circuit
design. In addition, many 1-port and 2-port circuit realizations using metamu-
tators have been introduced. 1-port applications are memstor simulation/em-
ulation, floating and/or grounded impedance scaling which comprise inductance
simulation, capacitance multiplication, oscillators and Frequency Dependent Neg-
ative Resistor (FDNR) simulation. 2- port applications cover Voltage Mode Mul-
tiple Input Single Output (VM-MISO) and Current Mode Single Input Multiple
Output (CM-SIMO) universal filters and implementations of transconductance
and transimpedance amplifiers. Also, two different applications of AD-IC: AD-
IC based analog multiplier and AD-IC based full-wave rectifier are proposed in
the thesis.

Keywords: Mutator, memstor, memristor, metamutator, universal filter,
FDNR, analog multiplier, RC-oscillator, AD-IC

IMemstor is a generic name for memristor, memcapacitor, meminductor and memris-
tance, meminductance, memcapacitance respectively.
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METAMUTATOR:
GERCEKLEMELERI VE UYGULAMALARI

Ozet

Leon Chuanin 1971 yilinda memristorlar:, onlar1 kullanarak gerceklemesinden
sonra mutatorlar ilgi odagi olmaya basladilar. Mutatorlarin ilgi ¢cekmelerinin ne-
deni piyasada bulunmayan yeni ortaya atilmig memristor gibi, ya da bobin benzeri
entegre devre teknolojisi ile uyumlu olmayan elemanlarin mutator devreleri kul-

lanarak simiile/emiile edilebilmesidir.

Diger yandan, literatiirde 2-kapililar ile elemanlar simiile/emiile edilirken, kisiler
farkina varmadan c¢ogu zaman genellegtirilmis mutator benzeri bir 4-kapili yapi
kullanmiglardir. Altta yatan bu gizli 4-kapililar ve bunlarin iki kapilar: uygun son-
landirildiginda diger iki kapidan mutator gibi davranmalari, metamutator adinin

takilmasina neden olmustur.

Bu tezde metamutatorun, farkina varilmayan gerceklenmeleri ve yeni geligtirilmis
bir veya iki aktif elemanli devreleri verilmis ve sadece on iki tranzistor kullanilarak
yeni tasarlanmig bir toplayici ve gikarici entegre devresi ile (AD-IC) bu devre

tabanli bir metamutator tanitilmigtir.

Ayrica metamutator kullanarak cesitli 1-kapili ve 2-kapili gerceklemeleri ile bun-
larin birgok farklhh uygulamalar1 tanmitilmigtir. 1 kapili devre gergeklemeleri ile
yapilmig uygulamalara ornek olarak, endiiktans simiilatorii, kapasitans carpim
devresi, frekansa bagh negatif direng, osilatorler ve ylizer veya topraklanmig
empedans doniigtiirme uygulamalar: tanitilip similasyonlar1 yapilmigtir. 2 kapil
olarak yapilmig uygulamalara ¢rnek olarak: transkondiiktans ve transempedans
kuvvetlendiricileri, gerilim modlu ¢ok girigli tek ¢ikigh ve akim modlu tek girigli
¢ok cikigh evrensel siizgeglerin uygulamalar: yapilmigtir. Ayrica, bu tezde AD-
IC tabanh iki farkli uygulama da onerilmistir. Birincisi AD-IC tabanli analog

carpma devresi, ikincisi AD-IC tabanli tam dalga dogrultucu devresidir.

Anahtar kelimeler:mutator; memstor; memristor; metamutator; evrensel

filtre; FDNR; carpma devresi; osilator; AD-1C
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Chapter 1

Introduction

1.1 Basic Circuit Elements and Memstors

As it is well known there are four basic circuit variables: electrical charge ¢, cur-
rent i (being the derivative of charge), voltage v and flux ¢ (being the derivative of
flux); also only three fundamental, two-terminal circuit elements were known and
used: resistor, capacitor and inductor. The behavior of these circuit elements

is described by an algebraic relationship between two of the four basic circuit

variables.
fr(i,v) =0 | Resistor
fo(gq,v) = 0 | Capacitor
fr(¢,1) =0 | Inductor

TABLE 1.1: Basic circuit elements.

According to Table 1.1 a symbolic graph can be visualized that depicts the con-
stitutive (defining) relations between current-voltage, charge-voltage and flux-
current respectively as shown in Figure 1.1. It is the missing link between flux ¢

and electrical charge ¢ that led to the discovery of memristor.

In 1971, Leon Chua completed the symmetry by introducing the relation between
¢ and ¢ and, calling the resulting element a memristor an acronym obtained by
combining MEMory and ResISTOR. Thus a memristor is a 2-terminal circuit

element with an algebraic constitutive relation between its charge and flux [1].



.

Resistor

JAiv)=0

Figure 1.1: Basic circui

t variables and fundamental 2-terminal elements
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Figure 1.2: The fourth element memristor completing the symmetry [1]

The general expression of a time-invariant memristor is:

fu(p,q) =0 (1.1)

The symbol and a hypothetical ¢-q curve of the memristor are shown in Figure

1.3.



W

Figure 1.3: Symbol of memristor and its ¢-q characteristic

Based on dependency between charge and flux of memristor there are two types

of memristors: charge controlled and flux controlled memristors.

If ¢ is a function of ¢ the memristor is charge controlled, if ¢ is a function of ¢

the memristor is flux controlled. For a charge controlled memristor:

o= f(q) (1.2)

Assuming that f in (1.2) is differentiable, by taking time derivative of both sides

of (1.2) and applying the chain rule the v-i dependence for a memristor becomes:

oft) = 28— D arico (13)

Thus,

v(t) = M(q(t))-i(t) (1.4)

where M (q(t)) = df(q)/dq is the Memristance with Ohm (£2) as unit, justifying

the inclusion of “ristor” into the name.

In a flux controlled memristor the charge ¢ is a function of ¢,



Again by taking time derivative of both sides of (1.5) and applying the chain rule,
(1.6) becomes:

i) =—— == = W) v(t) (1.6)

Thus,

it) = W(e(t)v(t) (1.7)

where W (q(t)) = df (¢)/dy is Memductance and has the unit of Siemens (U).

Comparing (1.4) and (1.7), one obtains:

M(q(t)) = w=—s (1.8)

Again from (1.4) and (1.7) it is easily observed that when the current through
the memristor is zero its voltage is also zero, and vice versa thus forcing the
characteristic to go through the origin. Thus by applying a sinusoidal current
or voltage signal to the memristor its current-voltage characteristic becomes a

Lissajous curve also passing through the origin.

In 1976, Chua and Kang in [2] introduced memristive systems by extending the
concept of memristor to a class of nonlinear dynamical systems and in 2010 Ventra
et al. extended the notion of memristive systems to capacitive and inductive ele-
ments with properties depending on the state and history of the system just like
memristor [3]. By applying sinusoidal inputs all these elements show pinched hys-
teretic loops between two constitutive variables that define them: current-voltage
for memristor, charge-voltage for memcapacitor, and current-fluz for meminduc-

tor.



Finally, it should be observed that for a linear memristor M(q) and W (p) re-
duce to constants hence to simple linear resistors, explaining why memristor was

discovered so late.

Memstor, a term introduced in [4], is a generic name for the class of 2-terminal
elements with memory such as memristor, meminductor, memcapacitor, which
are devices whose terminal behavior depends nonlinearly on the initial state and
the history of the applied input to the system. All memstors are summarized in

Table 1.2 where o is the time integral of charge and p is the time integral of flux.

Charge-controlled memristor

v(t) =M (qo 4 /Oti(T)dT) i(t)

Flux-controlled memristor

i(t) =W (wo + /Otv(f)df) o(t)

Charge-controlled memcapacitor

o(t) = Day <ao + /0 t q<7>d7) o)

Flux-controlled memcapacitor

q(t) = Cun (@0 + /Otv(r)dr> v(t)

Charge-controlled meminductor

o(t) = Ly (qo + /{:i(T)dT) i(t)

Flux-controlled meminductor

i) = (o [ olyir) o0

TABLE 1.2: Constitutive relations of all memstors



1.2 Literature Review

In 1968 Leon Chua in [5] claimed that it is possible to mutate one type of circuit
element, be it linear or nonlinear, into another by using a 2-port mutator and
he first proposed three types of mutators for this purpose. Then in 1971, after
introducing “memristor” as the fourth circuit element, he presented the first M-
R mutator circuit with a highly complex structure for the purpose of realizing

memristors from nonlinear resistors [1].

Due to the invaluable properties of memristor such as non-volatile memory ele-
ment and/or its nonlinear characteristics, this element has been used in various
applications like the design of analog and digital circuits, neuromorphic circuits,

chaotic systems etc. [6], [84], [85], [86], [87].

Hewlett Packard (HP) research team in 2008 successfully realized the first mem-
ristor as a simple 2-terminal device using thin film Titanium dioxide (TiO2),
which can be viewed as a 2-terminal resistor with changing resistance depending
on the voltage or current applied to it [83]. Despite this successful realization,
memristors are not yet commercially available and their modeling is essential to
memristor based circuit and system design. Thus researchers have been encour-

aged to develop simple SPICE macro models [120-124].

Another approach is the use of mutator circuits, constructed using off-the-shelf
devices which are commercially available in the market [98-102], [104-105], [107],
[109-112] to mutate the dynamic behavior of conventional elements to that of
a memristor hence the need and emphasis on “Mutators”. Mutators not only
convert one type of element to another in simulations they also make hard real-
izations of unavailable 2-terminal elements possible and thus provide means to

experiment in the lab with them.

A literature survey shows a very large number of mutator realizations, possessing

weaknesses such as:



i. The use of an excessive number of active elements,
ii. Excessive use of grounded and/or floating passive elements,

iii. Usage of ungrounded capacitors; using grounded capacitors in integrated cir-

cuit (IC) implementation has considerable advantages [116],

iv. Use of analog multiplier for the purpose of obtaining nonlinearity property of
memristor, causes to increasing the number of used active elements , which

resulting in higher power consumption also large chip area occupation.

For instance, the memristor emulator presented in [113] uses a Microcontroller,
an Analog to Digital Converter (ADC) and a Digital to Analog Converter (DAC)
blocks and one low pass filter. This emulator is topologically complex which
limits its applicability due to difficulty in interconnecting with active and passive

devices. The proposed emulator circuit suffers from weakness i.

An Electronically Tunable Differential Different Current Conveyor (EDDCC) and
a multiplier are used to implement the memristor emulator circuit proposed in
[114]. Six OTAs are employed in the structure of EDDCC. However, the ex-
perimental results using this mutator circuit do not satisfy the properties of a
memristor and the hysteresis loop area does not decrease as frequency increases.

Also, the proposed emulator circuit suffers from weaknesses i and iv.

A CMOS based memristor emulator has been introduced in [115]. Single CCII+,
one grounded capacitor and one Voltage Controlled Resistor (VCR) are employed
in the implementation of the emulator. Also, two OPAMPs, a single transistor,
two floating capacitors and six resistors are utilized in VCR implementation.
Due to complexity of the structure and use of floating capacitors this emulator
configuration is not suitable for real world hardware applications. Briefly the

proposed emulator circuit suffers from disadvantages i, ii and iii.

In [98] a floating memristor with four OPAMPs, single analog multiplier, ten

transistors, single capacitor and eight resistors in its structure was presented.



Both simulation and experimental results are given in the paper. There are
three important properties to be considered in a memristor emulator: memory
effect, frequency dependent characteristic, and nonlinearity. Memory effect and
frequency dependency characteristic are obtained by using a capacitor. Nonlin-
earity is implemented using multiplier circuit. But each used block gives rise to
extra power dissipation and more complex circuit also, simulations have not been
performed at transistor level. Briefly proposed mutator circuit suffers from i, iii

and iv.

Yesil et al. proposed a floating memristor emulator employing a single Differential
Difference Current Conveyor (DDCC), one analog multiplier and two resistors,
one floating and one grounded capacitor [99]. The capacitor provides the memory
effect and the multiplication of capacitor and resistor voltages is connected to the
Y terminal of the active device. However, the memristor can be operated only
at high frequencies such as in the order of MHz which contradicts the essential
properties of memristor also, the proposed mutator circuit suffers from weakness

1.

In [100] a floating memristor emulator including four CFOAs, one multiplier and
six passive elements in its structure have been proposed. Both simulation and
experimental results are given in the paper. However, the simulations are not
done at transistor level and the proposed memristor mutator circuit suffers from

i, ii, iv.

In [101] a floating memristor emulator containing four CFOAs; single analog
multiplier, single OPAMP and nine passive elements, where some of the elements
are floating is presented. The memristance value of obtained memristor is not
electronically tunable. The emulator circuit is complex, bulky, suffering from i,

ii, iv.

In [104], a grounded memristor emulator made of two CFOAs, a single analog

multiplier and seven grounded/floating passive elements has been proposed. The



optimal frequency range of the obtained memristor is 16Hz - 160kHz. Both sim-
ulation and experimental results of the presented memristor emulator have been
given to confirm its feasibility and workableness. However, the simulations are
not at transistor level and commercially available active devices have been used
instead of CFOAs and analog multiplier. The proposed memristor mutator circuit

suffers from weakness i, ii and iv.

A CCII based charge controlled memristor emulator containing single CCII, single
analog multiplier, single floating resistor and a grounded capacitor was presented
in [105]. However, the memristance value of obtained memristor is not electroni-
cally tunable. Also, commercially available active devices AD633 and AD844 have
been utilized instead of multiplier and CCII+, respectively. Briefly the proposed

emulator circuit suffers from disadvantages i, ii and iv.

A tunable floating memristor emulator circuit consisting of single multiple-output
OTA (MO-OTA), single analog multiplier and two grounded passive elements was
proposed in [106]. This emulator derived from the one in [99] has the advantage
of its memristance value being adjustable by biasing the current of the OTA. The

proposed emulator, despite its simplicity in design, suffers from iv.

One grounded voltage controlled and one grounded current controlled memristor
emulators were reported in [107]. In the structure of current-controlled memristor
emulator, two CCII+s, a single analog multiplier, a single buffer as active devices
and three grounded one floating passive components are being used, while the
voltage controlled memristor emulator consists of three CCII+s, a single analog
multiplier, single buffer and six grounded passive elements. The circuit structures
of both mutators are highly complex and suffer from weakness i, ii and iv. Also,

the memristance values of obtained memristors are not electronically tunable.

Using single Current Backward Transconductance Amplifier (CBTA), single ana-
log multiplier, two resistors and one grounded capacitor, a grounded memristor
emulator is proposed in [108]. In this emulator Memory effect and frequency

dependency properties of memristor are implemented by using a capacitor and



the nonlinearity property is obtained by using multiplier. The proposed emulator

suffers from iv.

In [3] Pershin and Ventra, using off-the-shelf components like one microcontroller,
one Analog to Digital Converter (ADC) and one digital potentiometer with its
resistance defined by a digital code written in it, built a rather complex and
expensive floating memristor emulator. The proposed memristor emulator suffers

from 1 and ii.

In [102], a new floating memristor emulator consisting of three OTAs, four CCIIs,
and seven passive elements, three of them floating, has been presented. Both sim-
ulation and experimental results of the presented memristor emulator have been
given to confirm its feasibility and workability. Commercially available active de-
vices CA3080 and AD844 have been used instead of OTA and CCII in simulations
and experiments. However, the circuit configuration is complex and bulky and

suffers from weaknesses i and 1ii.

In [103] a floating memristor emulator has been presented. The circuit of the em-
ulator consists of one OTA, one multiplier, two MOS transistor and two grounded
capacitors. The memristance value cannot be tuned electronically. The proposed

emulator circuit suffers from iv.

A grounded memristor emulator employing ten DDCC active elements, eight
transistors and five passive elements has been presented in [109]. However, the
proposed emulator circuit suffers from i and ii. Each active device giving rise to

extra power dissipation and a more complex circuit.

A generalized mutator for the purpose of realizing inductors, memristors, me-
minductors and memcapacitor has been reported in [4]. The memristor can be
obtained by employing single adder, single subtractor, grounded diode, floating
inductor and capacitor, without using an analog multiplier. The diode provides

the non-linear resistor in the circuit. This circuit is able to convert all types of
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circuit elements to each other and the idea of metamutator was first introduced

in this article.

Two grounded memristor emulator configurations were presented in [110]. Each
circuit comprises three CFOAs, four resistors, two capacitors, and one diode
without using an analog multiplier. Nonlinear characteristic is provided by a
diode. CFOA which is an active element, is modeled by AD844, a commercially
available active device, and experimental results have been provided. Likewise,
in [111], comprising of two CFOAs, a single OTA and five grounded passive
elements a grounded memristor emulator again without using an analog multiplier

is introduced. The proposed emulator circuits suffer from i and ii.

In [112] a grounded memristor emulator including Single Differential Voltage Cur-
rent Conveyor Transconductance Amplifier (DVCCTA), one grounded capacitor,
three resistors, one of them floating, is presented. Both simulation and experimen-
tal results of the memristor emulator are given in the paper. As for experiments
a single CA3080, four AD844s and nine passive elements provided the imple-
mentation of DVCCTA. Due to its highly complex structure this emulator is not

suitable for IC designs. The proposed emulator circuit suffers from i and ii.

In [119] a memristor emulator based on a light dependent resistor (LDR), with
its resistance easily reconfigurable by a controlling voltage, is introduced. How-
ever, the memristance value of the memristor, realized due to the nonlinearity of
the LDR, is hard to calculate accurately. Also the complexity and difficulty of
practical implementation of the introduced emulator are the other disadvantages.

The proposed emulator circuit suffers from i. ii and iii.

Memcapacitive and meminductive systems are two classes of circuit elements with
memory that complete memstors ie. the class of memristive systems [1,2]. When
driven by a periodic input, their characteristics are hysteretic loops between their
constitutive variables current—flux for meminductors and voltage—charge for mem-
capacitors which pass through the origin [118]. Meminductor and memcapacitor

are able to store energy and this significant ability distinguishes these elements
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from memristor. Due to lack of availability of meminductor and memcapacitor
as off the shelf components, just like the memristor, there are many different em-
ulator circuits in literature for simulating meminductor and memcapacitor with

active and passive components together.

In 2010 Pershin and Ventra, by using one OpAmp and several passive compo-
nents, introduced mutator circuits for realizing lossy meminductors and lossy
memcapacitors from memristors [7]. In simulations they have used the memristor
emulator circuit in [3] and shown an interesting connection between three memory

elements. The proposed emulator circuit suffers from iii.

In [8] a mutator circuit for mutating memristor to memcapacitor by employing
inexpensive off-the-shelf components like, two OTAs and several passive com-
ponents was reported. The presented mutator provides a true memristor into
memcapacitor mutation. However, the proposed mutator is able to mutate only
memecapacitor from memristor Also, simulations are not in transistor levels and
for OTAs AD844 commercial device is used. In [9] mutator circuit for mutating
memristor to memcapacitor is presented. The main idea of circuit design is the
same as [8] and instead of two OTAs one CCII+ and one OTA is used in the struc-
ture of mutator circuit. In simulations the constitutive relation of the memristor
is preserved, within scaling, by the elements obtained after the mutation Also
simulation results confirm an important fingerprint of mem-elements, namely the
gradually decreasing hysteretic effects with increasing input frequency. However,
gain simulations have not been done at transistor level and AD844 commercial

device is used instead.

In [11] different current conveyor based mutator implementations for converting
memristor to both meminductor and memcapacitor have been proposed. Some of
the implementations use a floating memristor. However only theoretical analyses
are presented. Also, it is difficult to carry out these meminductor and memcapaci-
tor mutators in practice since a reliable floating memristor emulator is necessarily

required. Also the proposed circuits suffer from ii.
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In 2014 Liang et al. presented a practical floating memristorless meminductor
emulator circuit, using simple and inexpensive off-the-shelf components like four
CClIlI+s, two operational OPAMPs, single analog multiplier, and several passive
components in [16]. The proposed mutator circuit suffers from all of drawbacks
mentioned above (i,ii,iii and iv). Also in simulations commercially available active
devices CA3080 and AD844 have been utilized instead of CMOS based OTA and

CCII, respectively and simulations have not been done at transistor levels.

It is very important to observe that all of the above mutator simulators/emulators
can only serve one purpose namely, that of behaving like a 2-port mutator for
mutating one circuit element to a memstor. The 4-port metamutator used in this
thesis, besides behaving like a mutator, is a multi-purpose device that can be
used in realizing/simulating/emulating many electronic devices such as Universal
Filters, Transconductance/Transimpedance Amplifiers, Oscillators, Rectifiers and

many more.

1.3 Generalized 4-Port Mutators: Metamutators

The first hard-realization shown in Figure 1.4 of memristor using a highly complex
mutator circuit was introduced in [1]. Since then different types of much simpler
mutator circuits have been proposed for realizing memristors using nonlinear
resistors or memstors from memristor which were briefly described in Section

1.2.

The idea of a multi-functional 4-port mutator was first introduced in [4], then
under the name of “Generalized Mutative 4-port” in [25] and then named as
“Metamutator” because of its ability to implement a variety of elements/systems
like memstors™, mutators, trans-admittance/trans-impedance amplifiers, multi-
functional universal filters, quadrature oscillators, inverters, gyrators, multipliers
etc. when some of its ports are properly terminated. Several IC designs of

metamutators have been proposed and discussed in [12-14] and [24-26].
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The general schematic block diagram of a metamutator is shown in Figure 1.4.

Vv
+ m _
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Figure 1.4: Block diagram of metamutator

According to the minus sign in the voltage or current in one of the ports, the

class of metamutators can be separated into two sub-classes:

1. Voltage Inverting Metamutators (VIM)

2. Current Inverting Metamutators (CIM)

The 4-port block diagrams of VIM and CIM are shown in Figure 1.5 and Figure
1.6 and their mathematical port descriptions are defined via the equalities (1.9)
and (1.10) respectively. Although identity matrices show in both expressions in
VIM a port voltage is being inverted whereas, in CIM a port current is being

inverted.

U 1 000 Im,
i 0100 in
= X (1.9)
Um 0010 (Y
Up, 0001 — VL

14



+ V- ) -
4] g
Im i .
i i Ik @— ——-”—0
+ + + Vi 2 B
Ve VIM o in VIM In K
<+
i
+ VvV, - no + ‘}n -0
(a) (b)

Figure 1.5: (a) Block diagram, (b) Circuit level realization of VIM 4-port meta-
mutator
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Figure 1.6: (a) Block diagram, (b) Circuit level realization of CIM 4-port meta-
mutator

i 10 00 Im
1 01 00 —ip
= X (1.10)
Um, 0O 010 (¥
Un 0 001 Vg

In (1.9) and (1.10) attention should be paid to port voltages’ and port currents’
reference directions; due to the — sign for the voltage vy in (1.9) and the — sign
for the current ¢, in (1.10). Care must be exercised in the implementation phase
as to which variable follows the other in (1.9) and (1.10); variables have been

indexed with letters k, [, m,n taking different values from the set {1,2,3,4}.
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These metamutators all share the same port descriptions hence possess the com-
mon property of becoming a different X-Y type mutator depending on how two of
the ports are terminated. This in turn makes possible, via so created mutators,

of mutating classical circuit elements to memstors or memstors to memstors. All

of these terminations and mutations are listed in Table 1.3.

# Port k Port m Port [ Port n Out Element

put

Port
1 Resistor Capacitor Memristor - n Meminductor
2 Capacitor Resistor - Memristor | [ Meminductor
3 | Memristor - Resistor Capacitor | m Meminductor
4 - Memristor Capacitor Resistor k Meminductor
5 | Memristor Inductor Resistor - n Memcapacitor
6 Inductor Memristor - Resistor [ Memcapacitor
7 Resistor - Memristor Inductor m Memcapacitor
8 - Resistor Inductor Memeristor | k Memcapacitor
9 Capacitor - Inductor NL Resistor | m Memristor
10 | NL Resistor | Inductor - Capacitor | [ Memristor
11 - Capacitor | NL Resistor | Inductor |k Memristor
12 | Inductor | NL Resistor | Capacitor - n Memristor

TABLE 1.3: Mutation table for realizing 1-port elements [4].

1.4 Thesis Outline

In the first chapter of this thesis a brief introduction to basic circuit elements
together with a new class of memory elements namely, memstors have been pre-
sented. In the same chapter, the necessity of using mutators and previously
developed mutator circuits in the literature have been studied. Also a brief in-
troduction to 4-port metamutators, their classification, according to their port

description matrices, into two categories, Voltage Inverting Metamutator (VIM)

and Current Inverting Metamutator (CIM) have been presented.

In the second chapter the necessity of using mutators and the basic definition of

2-port mutators with their ports relation matrices and the mutators themselves
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for mutating nonlinear circuit elements to memristors or converting memristors
to other non-volatile circuit elements like meminductor and memcapacitor have
been presented also some of the previously developed classical mutator circuits,

well-known in the literature, have been investigated.

In the literature there are many incognito 4-port mutator structures embedded
in electronic circuits such as simulators/emulators. Nobody has been able to
identify these underlying 4-ports and their ability to act as a Metamutator. With
the third chapter in addition to introducing some of these incognito metamutator
realizations, newly designed metamutator circuits, with one or two active devices
in their structures, have been presented. Also, a novel realization of metamutator
with a new single active device, Additive and Differential IC (AD-IC) along with

the implementation of AD-IC with twelve transistors, has been proposed.

In the fourth chapter, different applications of metamutators developed during
the research period of this thesis have been presented. As the port description
matrix of all introduced metamutators in Chapter 3 are the same, all of these
applications stand true for all of metamutators. Depending on how some of the
ports are terminated, metamutator applications, can be classified in two groups,

as follows:

I. 1-port circuits realized with metamutators,

II. 2-port circuits realized with metamutators.

For example, in 1-port realizations, by properly terminating three ports of the
metamutator the resulting circuit may behave as mutator, floating and/or grounded
impedance scalor, RC- oscillator. On the other hand, in 2-port realizations, by
properly terminating two ports of the metamutator the resulting circuit may
behave like a transconductance amplifier, transimpedance amplifier, voltage or
current mode multiple input single output universal filter and single input mul-

tiple output universal filter. All of these applications have been presented in

17



Section 4.2 and examined in detail with PSPICE simulations using transistor pa-
rameters obtained from layout level descriptions of metamutators; comparison of

simulation and theoretical results have also been presented in the same section.

In the fifth chapter of this thesis a voltage multiplier with single AD-IC and two
squarer circuits in its structure and a full-wave rectifier again with an AD-IC
and two diodes in its configuration have been presented. Both of the circuits
were simulated with parameters extracted from the layout and simulation results
show very good conformity with desired voltage multiplier and full-wave rectifier
behaviors. Also a comparison of the proposed analog multiplier and full-wave

rectifier with others, existing in the literature, are included into this chapter.

Conclusions and future research directions conclude the thesis in the fifth chapter
followed by a list of references and appendices containing PSPICE Netlists and

other implementation programs.
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Chapter 2

Mutator Circuits and Memstor Simulations

First in 1968 Leon Chua in [5] claimed that it is possible to mutate one type of
circuit element, be it linear or nonlinear, into another by using a two-port mutator
and he first proposed three types of mutators for mutating circuit elements to each
other. In 1971, he also presented a new class of mutators, for mutating nonlinear
circuit elements to memristors and vice versa [1]. According to [1] there are
several types of circuit realizing the same kind of mutators which mutate element
type X into element type Y, called X-Y mutator. The symbolic 2-port structures

of these mutators are shown in Figure 2.1.
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Figure 2.1: (a) M-R mutator (b) M-L mutator (¢) M-C mutator.

The M-R, M-L, and M-C mutators which will be presented in this chapter, mu-
tate a resistor or capacitor or inductor, all non-linear into a memristor. The
basic principle of these types of mutations is preserving the “shape” of the non-
linear characteristic of the R, C and L type elements, which are mutated into the

corresponding charge-flux constitutive relation of the memristor.

2.1 Mutators for Mutating Nonlinear Circuit Elements to Memristor

2.1.1 Mutators for Mutating Nonlinear Resistor to Memristor

Two types and four circuit level realization for mutating nonlinear resistors to

memristors are proposed by Chua as shown in Table 2.1.
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Implementation using controlled sources

Type Symbol circuit level realization 1 circuit level realization 2

Ageon) — G

piTs Ir
= - | = @
1 ll'_l.r M R i'Rl
— 1 —

TABLE 2.1: Different circuit level realizations of M-R mutator.

Both type of mutators convert voltage-current characteristic of the nonlinear re-
sistor at port 2 to that of a memristor with same characteristic at port 1 but
with a minor difference: for Type-1 vr-ig characteristic is mutated to a @n-qas

characteristic whereas for Type-2 to that of a qa-¢as characteristic.

General definitions of time-invariant nonlinear resistor and memristor are given

in (2.1) and (2.2),

fr(vR,ip) =0 (2.1)

where vg, ig are the voltage and the current of the nonlinear resistor,

Jaur(oar qu) =0 (2.2)

where qy7, @y are the electric charge and flux of the memristor respectively.
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In type one, the similarity of characteristics (2.1) and (2.2) can be observed by a

linear transformation (a scaling to be more precise) of the coordinates as in (2.3).

— K,
I = By tR (2.3)

M = K;.vg

In type two, the similarity of characteristics (2.1) and (2.2) can be observed by

linear transformations of the coordinates as in (2.4).

=K,v
qm R (2.4)

M = KyZ R
where K, and K, are real constants with values depending on how the mutator

is designed.

The first nonlinear resistor to memristor mutator circuit is shown in Figure 2.2.
The M-R mutator of type 1, circuit level realization 1, was selected in [1]. In the
circuit implementation of this mutator two operational amplifiers, 14 transistors,

and a number of passive components were employed.

Qiq 3
(2N4236) ( o
0g(2Ng236)
Q
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+
i l
Port | |
R,
(20K)

Figure 2.2: The proposed memristor emulator circuit by L.Chua [1].

22



In 2011 Biolek and Biolkova, by using off-the-shelf components like one Oper-
ational Amplifier (OpAmp) and two Current Feedback Operational Amplifiers
(CFOA), and several passive elements introduced a mutator circuit shown in

Figure 2.3 for mutating nonlinear resistors into memristors [10].

LIT} 2x AD3GS

G Ry f A -
l I e - - ADEX —

Figure 2.3: Implementation of M-R mutator with two CFOAs and one OpAmp

In 2014 a grounded memristor emulator circuit including three CFOAs, two resis-

tors, two capacitors and one nonlinear resistor was presented in [110]. The circuit

%

Figure 2.4: Circuit structure of grounded memristor emulator in [110]

structure is shown in Figure 2.4.

CFOAL

2.1.2 Mutators for Mutating Nonlinear-Inductor to Memristor

Two types and six circuit level realizations for mutating nonlinear inductor to

memristor are proposed by Chua in [1], as shown in Table 2.2.

Both type of mutators convert ¢ -i, characteristic of the time-invariant nonlinear-

inductor at port two to that of a memristor with same characteristic at port one
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Implementation using controlled sources

Type Symbol circuit level realization 1 circuit level realization 2
1y e s Iz I = o= = — — I
Nmspy) &= (iLpr)
inr i
1 —— —l—e
ll‘_'u' M L 1-‘1,1
— 1
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iy iL
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TABLE 2.2: Two types and six circuit level realizations of M-L mutators.

but with a minor difference: for Type-1 pr-i; characteristic is mutated to a

wu-qu whereas for Type-2 to that of a qp-¢as characteristic.

In the sequel some generalized 4-ports will be so designed that both types of

mutators can be obtained with proper termination of two of the ports.

General definitions of time-invariant nonlinear-inductor and memristor are given

with:

frlin,pr) =0 (2.5)

where i, ¢ are current and flux of the nonlinear-inductor respectively.

fur(qu, o) =0 (2.6)
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where qp-pps are charge and flux of the memristor respectively.

In type one, the similarity of characteristics (2.5) and (2.6) can be observed by

linear transformations of the coordinates as in (2.7).

= K,.
PL PMm (2‘7)

iL = Ky-QM

In type two, the similarity of characteristics (2.5) and (2.6) can be observed by

linear transformations of the coordinates as in (2.8).

= K,.
PL am (2.8)

) L — Kygo M
where K, and K, are real constants with values depending on how the mutator

is designed.

2.1.3 Mutators for Mutating Nonlinear-Capacitor to Memristor

Two types and six circuit level realizations for mutating a time-invariant nonlinear-

capacitor to a memristor proposed by Chua in [1] are shown in Table 2.3.

Both type of mutators convert the gc-ve characteristic of the time-invariant
nonlinear-capacitor at port two to that of a memristor with the same charac-
teristic at port one but with a minor difference: for Type-1 go-ve characteristic
is mutated to a qu-¢pr whereas for Type-2 to that of a ¢p-qy characteristic.
In the sequel a generalized mutative 4-port will be so designed that all types of

mutators can be obtained with proper termination of two of the ports.

General definitions of nonlinear-capacitor and memristor are given with (2.9) and

(2.10) respectively.
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Implementation using controlled sources
circuit level realization 1 circuit level realization 2
Type Symbol
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TABLE 2.3: Two types and six circuit level realizations of M-C mutators.

felge,ve) =0

(2.9)

where q¢, ve are the charge and voltage of the nonlinear-capacitor respectively.

Jaer(qar, oar) =0

(2.10)

where qy7, @y are the charge and the flux of the memristor.

In type one, the similarity of characteristics (2.9) and (2.10) can be observed by

linear transformations of the coordinates as in (2.11).

qMm = Kx'QC
(;OM = Ky.UC
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In type two, the similarity of characteristics (2.9) and (2.10) can be observed by

linear transformations of the coordinates as in (2.12)

=K,v
i ¢ (2.12)

om = Ky.qc

where K, and K, are real constants with values depending on how the mutator

is designed.

2.2 Mutators for Mutating Memristor to Other Memstors

Biolek et al. in 2010, inspired by Chua’s mutator circuits, proposed two classes
of mutators for mutating memristor to meminductor and memristor to memca-

pacitor [9]. Each of these classes has two types and four circuit level realizations.

2.2.1 Mutators for Mutating Memristor to Meminductor

The circuit level realizations of ML-MR mutator which are extracted from [9],

are illustrated in Table 2.4.

Both type of mutators convert q,s, ¢ characteristic of the memristor at port
two to that of a meminductor with the same characteristic at port one but with
a minor difference: for Type-1 qas, o characteristic is mutated to a pr-qr char-

acteristic whereas for Type-2 to that of a q.-p; characteristic.

General definitions of memristor and meminductor are given as:

Jarr(qar, o) = 0 (2.13)

where ¢p/-qys are the charge and flux of the memristor respectively.
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Type Symbol Circuit level realization 1 | Circuit level realization 2

'.:q”zﬂu.m] — (g )
iy

Dagx
1 —— ——
l Ve ML MR ":'-r]l
— 1 I

':'qu:’ﬂ:{] — (i, Pauz)
I

ME Ly
2 » y
l Yy (ML MR "f'f.al
— 2 I

TABLE 2.4: Two types and four circuit level realizations for ML-MR muta-
tors.

fur(qr, pr) =0 (2.14)

where q;, and py, are the charge and the time integral of flux of the meminductor.

In type one, the similarity of characteristics (2.13) and (2.14) can be observed by

linear transformations of the coordinates as in (2.15).

_ K.
L= ByvM (2.15)

PL = Km'QM

In type two, the similarity of characteristics (2.13) and (2.14) can be observed by

linear transformations of the coordinates as in (2.16).

_ K.
L= By-qm (2.16)

pr = Ky.om

where K, and K, are real constants with values depending on how the mutators

are designed.
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2.2.2 Mutators for Mutating Memristor to Memcapacitor

The circuit level realizations of MC-MR mutator, which are extracted from [9],

are illustrated in Table 2.5.

Tvype Symbol circuit level realization 1 circuit level realization 2

(o0, ) —— (g, Qi)

b I | o
1 . . | - I »Vz I - "
l Y | MC MR "'ml A [ |
— 1 PR P —,
B Gy —— (i, Br) i i, 1 !
Tage g
—— ——a l K iy I
2 1 I L b
[ Yue | MC MR rml e Y |
—1 2N— ot g

TABLE 2.5: Two types and four circuit level realizations for MC-MR muta-
tors

Both type of mutators convert q,;, ¢ characteristic of the memristor at port
two to that of a memcapacitor with same characteristic at port one but with a
minor difference: for Type-1 ¢-qas characteristic is mutated to a ¢o-0¢ whereas

for Type-2 to that of a oo-p¢ characteristic.

General definitions of memristor and memcapacitor are given as

fur(ens qur) =0 (2.17)

where qprg and @y g are charge and flux of memristor respectively.

fucloc,oc) =0 (2.18)

where oc and ¢ are time integral of charge and flux of memcapacitor.
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In type one, the similarity of characteristics (2.17) and (2.18) can be observed by

linear transformations of coordinates as in (2.19)

oo = K.
¢ i (2.19)

vo = Ky.pm

In type two, the similarity of characteristics (2.17) and (2.18) can be observed by

linear transformations of coordinates as in (2.20),

oo = K.
€= Revu (2.20)

Yo = Ky-QM

Where K, and K, are real constants with values depending on how the mutators

are designed.

Again in 2010 Pershin and Ventra, by using one OpAmp and several passive
components, as shown in Figure 2.5, introduced mutator circuits for realizing
lossy meminductors and lossy memcapacitors from memristors [7]. In simulations
they have used the memristor emulator circuit in [3] and shown an interesting

connection between three memory elements.

Figure 2.5: Lossy memcapacitor emulator and lossy meminductor emulator

In 2010, Biolek et al., proposed a circuit for converting memristors to memca-
pacitors by employing two Operational Transconductance Amplifiers (OTAs) and

several passive components, [8]; circuit structure is shown in Figure 2.6.

30



part 2

Figure 2.6: MC-MR mutator circuit by Biolek et al.

In 2010 Biolek et al. using one plus type Second Generation Current Conveyor
(CCII+) and one OTA proposed mutators which mutate memristors into memca-
pacitors and meminductors. The proposed metamutator realization is shown in
Figure 2.7; the constitutive relation of the memristor is preserved, within scaling,

by the elements obtained after the mutation [9].

v=v, CClI+

1
X ¥

in

Figure 2.7: MC-MR mutator circuit by Biolek et al.

In 2011 Pershin and Ventra, using four current conveyors (CCII) and several pas-
sive elements mutated a memristor to a floating memcapacitor or a meminductor.

The circuit implementation is shown in Figure 2.8.

In the same paper, with two dual output current conveyors and several passive
components, they proposed other circuits for emulating a floating meminductor
and a memcapacitor from a memristor [11]. The circuit structure of these muta-

tors are shown in Figure 2.9.
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Figure 2.8: CCII based meminductor, memcapacitor emulators [11]
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Figure 2.9: Meminductor and memcapacitor emulation with dual-output CCII
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Chapter 3

4-Port Metamutators and Their Realizations

3.1 Incognito Presence of Metamutators in Literature

Many electrical circuits, especially those used in realizing emulators/simulators,
gyrators, mutators etc. contain, concealed in their complex structure, a sub-
circuit which viewed as a 4-port behaves like a Metamutator. Nobody has been
able to identify this underlying 4-port and its ability to act as a Metamutator,
let alone their diverse applications. In this chapter in addition to introducing
some of these incognito metamutator realizations, newly designed metamutator

circuits will be presented.

3.1.1 CCII+, CCII- Based Metamutator

In 1970, several new applications of current conveyors were investigated by Sedra
and Smith. The circuit shown in Figure 3.1 was introduced in [22] to operate as

a gyrator for realizing a grounded inductor.

In the following it will be shown that the 4-port given in Figure 3.2 extracted
from the circuit shown in Figure 3.1, behaves like a metamutator by proving that

its port description satisfies the defining expression of CIM as given with (1.10).

In the circuit of Figure 3.2 one CCII+ and one CCII- are used. The block diagrams

and port description matrices of current conveyors are given below:
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Figure 3.1: The gyrator circuit by Sedra and Smith [22]
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Figure 3.2: Diagram of the metamutator obtained from the gyrator circuit in

22].
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Figure 3.3: Block diagram of CCII+
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CCII -

o =+
Al

Figure 3.4: Block diagram of CCII-

i 0 0 0 vy
ve | =11 0 0 x| 4, (3.2)
1, 0 -1 0 (o

CMOS realization of CCII+ and CCII- extracted from [23] are shown in Figure
3.5.

Transistor dimensions are given with Table 3.1 and Table 3.2.

MOSFET W (pm) | L (pm)
My, My, M3 50 1.05
M7, Mg 40 1.05
My 120 1.05
Mo, M11, Mia, My3 20 1.05

TABLE 3.1: Dimension of transistors used in CCII+

MOSFET W (pm) | L (pm)
M, My, M, 50 1.05
M;, Mg, M7, Mg 40 1.05
My 120 1.05
Mg, Miy, Mig, Miy, Mys, Mg 20 1.05

TABLE 3.2: Dimension of transistors used in CCII-

By applying KVL, KCL and writing a chain of equalities from the description
matrices of CCII4+ and CCII-, port relation matrix of the 4-port in Figure 3.2 is

obtained as:
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1o 1000 i3
i 0100 —1
= x| (3.3)
U3 0 010 Uy
(%1 0 001 (%)

As one can see the port relation matrix of the 4-port in Figure 3.2 is the same
as (1.10), which verifies that the configuration in Figure 3.2 is indeed a CIM.
Comparing with (1.9) that m = 3,1 =4, n =1 and k = 2 can be observed.

In the following, the frequency ranges in which the CCII+, CCII- metamutator’s
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port relations in (3.3) are satisfied, will be investigated. For CCII4+ and CCII-,
TSMC, 0.35 pm CMOS process parameters were used with transistor dimensions
as shown in Table 3.1 and Table 3.2 and their circuits given in Figure 3.5. Supply
voltages are chosen as +1.65V, and Vg as 0.7V.

(100MHz) .
g [ e | T T
e e e e e e
5 : P B S L e S e
1 10 100 1K 10K 100K im iom 100M
—— 1{4)/ 1(1) Simulated Frequency [Hz]
----- 1{4)/ 1(1) Calculated

Figure 3.6: Theoretical and simulation characteristics of 4 vs. 7,

The characteristic in Figure 3.6 is obtained by applying an AC current source
with amplitude of 10uA to port 1 and connecting 1€ resistors to other ports of

the metamutator.

1.2 : : ; ; : {100MHz)

g i s e \
e e o

0

1 10 100 1K 10K 100K M 10M 100M 1G
— I(3)/ 1(2) Simulated Frequency [Hz]
© I(3)/ 1(2) Calculated

Figure 3.7: Theoretical and simulation characteristics of 73 vs. 79

The characteristic in Figure 3.7 is achieved by applying an AC current source

with amplitude of 10uA to port 2 and connecting 1€ resistors to the other ports
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of the metamutator. According to simulation results in Figure 3.6 and Figure
3.7, currents match up until 100+MHz which proves that the operation of this

metamutator is as desired in a wide range of frequency.

1.2 -
1 : : : : Lot - ——

z ' I\

; B S A

i i 10 100 1K 10K 100K 1M 10M 100M 1G

= V(1)/ V(2) Simulated Frequency [Hz]
---- V(1)/ V(2) Calculated

Figure 3.8: Theoretical and simulation characteristics of vy vs. vy

The characteristic in Figure 3.8 is achieved by applying an AC voltage source
with 1V amplitude to port 2 and connecting 100k resistors to the other ports

of the metamutator.

o st siess N ........................... ....... S ...... \ ......

0.4

1 10 100 1K 10K 100K im oM 100M 1G

— V(3)/ V(4) Simulated Frequency [Hz]
weee V(3)/V(4) Calculated

Figure 3.9: Theoretical and simulation characteristics of v vs. vy

The characteristic in Figure 3.9 is achieved by applying an AC voltage source
with 1V amplitude to port 4 and connecting 100k resistors to the other ports

of the metamutator.
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According to simulation results in Figure 3.8 and Figure 3.9, voltages match up
until 50+MHz proving the operation of the metamutator is as desired in a wide

range of frequency.

3.1.2 CCII+ and CF Based Metamutator

Another metamutator circuit structure is shown in Figure 3.10. A plus type
second generation Current Conveyor (CCII+) and a Current Follower (CF) are

employed in the structure of this metamutator.

o/ :

. —o V4io—»— X +Z ¥ Z
z.! .

5

CF 'CII+
v, v CCII .

I— A =
1

Figure 3.10: Metamutator with CCII+ and CF [27]

-

First the circuit was present in a configuration built for realizing grounded or
floating inductors in [27] but definitely not as a metamutator. Then in [24-26]
the circuit was slightly modified for realizing a metamutator. The port diagram

and port description matrix of the current follower are given below:

iy
O0—a— X
N CF
i lz lz-l—
Oo—_7 +7.———0
Vv, Vo4

Figure 3.11: Block diagram of CF
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Figure 3.12: CMOS realization of CF

Transistor dimensions are shown in Table 3.3.

MOSFET W (pum) | L (pm)
My, My Ms, M, 50 1.05
M, Mg, Mo, Mg 10 1.05
M, 120 1.05
Mg, Myy, Myg, Myz, Myy, Mys, Mys 20 1.05

TABLE 3.3: Dimension of transistors used in CF

By writing Kirchoff’s laws and applying chain of defining equalities (3.1) and
(3.4) for CCII+ and CF based metamutator in Figure 3.10, the matrix equality
(3.5) is obtained,

1 1 0 00 13
1 01 00 1
2 = x| (3.5)
V3 0010 (%)
V4 00 01 —U1
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As one can see the ports relation matrix of 4-port with CCII+ and CF+ is
the same as (1.9), so this is a VIM configuration. Comparing with (1.9) gives,
m=3,l=2n=4and k=1.

In the sequel the frequency ranges in which CCII+ and CF based metamutator
operates optimally have been investigated. For CCII+ and CF TSMC, 0.35 um
CMOS process parameters were used with transistor dimensions as shown in
Table 3.1 and Table 3.3, their circuit in Figure 3.5 (a) and Figure 3.12 and,
supply voltages chosen as +1.65V, and Vg as 0.7V.

1.2

b I S e e P e ] e B — T

1 i i z z z (sou) \

04

1 10 100 1K 10K 100K im iom 100Mm 16
w— (1) I(3) Simulated Frequency [Hz]

-===1{1)/ I(3) Calculated

Figure 3.13: Theoretical and simulation characteristics of i; vs. i3

The characteristic in Figure 3.13 is achieved by applying an AC current source
with amplitude of 100uA to ports 3 and connecting 1€ resistors to the other ports
of CCII+ and CF based metamutator.

The characteristic in Figure 3.14 is achieved by applying an AC voltage source
with amplitude 100pA to ports 4 and connecting 12 resistors to the other ports
of CCII+ and CF based metamutator.

According to simulation results in Figure 3.13 and Figure 3.14, currents match
up until 80MHz and 60MHz respectively, which prove the proper operation of

CCII+ and CF based metamutator is as desired in a wide range of frequency.
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Figure 3.14: Theoretical and simulation characteristics of iy vs. iy
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Figure 3.15: Theoretical and simulation characteristics of vy vs. vy

The characteristic in Figure 3.15 is achieved by applying an AC voltage source
with amplitude of 1V to port 1 and connecting 100kS2 resistors to the other ports
of CCII+ and CF based metamutator.

The characteristic in Figure 3.16 is achieved by applying an AC voltage source
with amplitude of 1V to port 2 and placing 100k{2 resistors to the other ports of
CCII+ and CF based metamutator.

According to simulation results in Figure 3.15 and Figure 3.16, voltages match up

until 20MHz for both characteristics which prove the operation of metamutator
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Figure 3.16: Theoretical and simulation characteristics of vs vs. v

with CCII+ and CF is as desired in a wide range of frequency.

3.1.3 CCII+ Based Metamutator

The circuit in Figure 3.17 was first introduced by Ferri for the purpose of simu-

lating a floating inductor [82].

Vine——

* Vout

Iin

R,

Figure 3.17: CCII+ based inductor simulator proposed in [82]
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In the following it will be shown that the 4-port given in Figure 3.18 extracted
from the circuit shown in Figure 3.17, behaves like a metamutator by proving

that its port description satisfies the defining expression of VIM as given in (1.9).

+
oMo -

S X -0 vio—{ x Yy
n +

CCl+ CCl+

Zi"ds rZ

JL ¥y 1’

CCl+ . CCl+

I3
r‘f" X—0v: O X

Figure 3.18: Diagram of metamutator extracted from [82]

In the circuit of Figure 3.18 four plus type second generation current conveyors
are used. The block diagram and port description matrix of the current conveyor

are presented in Figure 3.3 and (3.1).

By applying KVL, KCL and writing a chain of equalities from the description
matrix of CCII+, port relation matrix of the 4-port in Figure 3.18 will be obtained

as:

n 1 000 i1

1 01 00 1

2| = x| (3.6)
U1 0010 —V2

U3 0 0 01 Uy

As one can see the ports relation matrix of the meminductor simulator configu-
ration in [82] is the same as (1.9) which verifies that the configuration in Figure
3.18 is indeed a VIM. Comparing with (1.9), m = 3,/ =4,n =1 and k = 2 is

observed.
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In the following, the frequency ranges in which CCII+ based metamutator oper-
ates optimally is investigated. For CCII4+ TSMC, 0.35um CMOS process param-
eters were used with transistor dimensions as shown in Table 3.1 and its circuit

as in Figure 3.5 (a). supply voltages chosen as +1.65V, and Vg as 0.7V.

1.1 - - - - - - -
1 : : ; : : : 7\ -
o I ; . 5 : (100M) _
0.4
I:;1 10 100 1K 10K 100K im 10Mm 100M 1G

— 1{2) / |(3) Simulated Frequency [Hz]
---- 1{2) /1(3) Calculated

Figure 3.19: Theoretical and simulation characteristics of iy vs. i3

The characteristic in Figure 3.19 is obtained by applying an AC current source

with amplitude of 100uA to port 3 and connecting 1€2 resistors to the other ports
of CCII+ based metamutator.

11 . .
0.8 LA f :
(3om) SRR I
0.4 \
o] 10 100 1K 10K 100K m 10M 100M 1G 106 100G
- [{4) /1(1) Simulated Frequency [Hz]

---= 1(4) /(1) Calculated

Figure 3.20: Theoretical and simulation characteristics of i1 vs. i4

The characteristic in Figure 3.20 is achieved by applying an AC current source
with amplitude of 100uA to port 1 and connecting 1€ resistors to the other ports
of CCII+ based metamutator.
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According to Simulation results in Figure 3.19 and Figure 3.20 currents match
up until 100MHz and 30MHz respectively which prove the operation of CCII+

based metamutator is as desired in a wide range of frequency.

1.2
1
............. b s N
0.8 ‘ | (300M)
0.6
™ : ; : : : : . :
1 10 100 1K 10K 100K 1M 10M 100M 1G
— V(3) / V(4) Simulated Frequency [Hz]

---- V(3) / V(4) Calculated

Figure 3.21: Theoretical and simulation characteristics of vs vs. vy

The characteristic in Figure 3.21 is achieved by applying an AC voltage source
with amplitude of 1V to port 4 and replacing 100k resistors in the other ports
of CCII+ based metamutator.
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Figure 3.22: Theoretical and simulation characteristics of vy vs. vy

The characteristic in Figure 3.22 is achieved by applying an AC voltage source
with amplitude of 1V to port 2 and connecting 100kS2 resistors to the other ports
of CCII+ based metamutator.
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According to simulation results in Figure 3.21 and Figure 3.22, voltages match
up until 300MHz and 70MHz respectively which prove the operation of CCII+

based metamutator is as desired in a wide range of frequency.

3.1.4 Adder and Subtractor Metamutator

Another metamutator configuration is shown in Figure 3.23. As one can see
one adder and one subtractor blocks are used in the structure of this circuit.
The circuit first was introduced in [4] for realizing a memristor but, not called a
metamutator and then in [24-26], it was modified for the purpose of obtaining a
4-port metamutator.

—+ i&

o—b ()
| Subtractor x
)
(+)
Adder
(+)
+
oy
i‘r“ I-I-
o+
Vs

Figure 3.23: Generalized 4-port mutator with adder and subtractor [24-26]

Ideal block diagrams and port relations of adder and subtractor are shown in Fig.

3.24 (a) and (b) respectively,

By writing Kirchoft’s laws and applying chain of equalities using the port relations

of Adder and Subtractor in Figure 3.23, the matrix equality (3.7) is obtained,
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Figure 3.24: Block diagrams and defining relations of (a) adder, (b) subtractor.

iz 1000 i

1 0100 7

= x| (3.7)
U1 0010 V4

Vs 0 0 01 —v3

As one can see the ports relation matrix of 4-port with Adder and Subtractor is
the same as (1.9), so this is a VIM configuration. Comparing with (1.9) gives, m =
1, =4,n =2 and k = 3. Next, the frequency range in which the metamutator
with adder and subtractor operates as defined with (3.7) is investigated. As adder
and subtractor circuits the CMOS realization with 0.25um technology with the

same transistor dimensions and supply voltages introduced in [4] are used.

The characteristic in Figure 3.25 is achieved by applying an AC current source
with amplitude of 10uA to ports 2 and connecting 1§2 resistors to the remaining

ports of metamutator with adder and subtractor.

The characteristic in Figure 3.26 is reached by applying an AC current source
with amplitude of 10uA to ports 2 and connecting 1€ resistors to the other ports

of metamutator with adder and subtractor.
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Figure 3.25: Theoretical and simulation characteristics of i3 vs. iy
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Figure 3.26: Theoretical and simulation characteristics of i4 vs. o

According to simulation results in Figure 3.25 and Figure 3.26, currents match
up until 2THz and 1GHz respectively which prove the operation of metamutator

with adder and subtractor is as desired in a wide range of frequency.

The characteristic in Figure 3.27 is reached by applying an AC voltage source
with amplitude of 1V to ports 1 and attaching 100kS2 resistors to the other ports

of metamutator with adder and subtractor.

The characteristic in Figure 3.28 is obtained by applying an AC voltage source
with amplitude of 1V to ports 2 and connecting 100k resistors to the other ports

of metamutator with adder and subtractor.
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Figure 3.27: Theoretical and simulation characteristics of vy vs. vy
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Figure 3.28: Theoretical and simulation characteristics of v3 vs. v

According to simulation results in Figure 3.27 and Figure 3.28 voltages match up
until 20MHz and 100MHz respectively which prove the operation of metamutator

with adder and subtractor is as desired in a wide range of frequency.

3.2 New Designs for Metamutators with Two Active Devices

In this section three newly designed metamutators using two active blocks each,

are being proposed.
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3.2.1 Realization with One CFOA and One CCII+

The first metamutator configuration is built using one Current Feedback Opera-
tional Amplifier (CFOA) and one second-generation plus type Current Conveyor
(CCII+) as illustrated in Figure 3.29.

Iy ~ -
<@ O V10
— W Y >z X >
l 13
CFOA * CCll+
iz i1 £
X Z Y
. 1.
V2 V1 e

i 1

Figure 3.29: Metamutator using CFOA and CCII+

The port definition of ideal CCII+ and CFOA elements are given with matrix

representations as shown in (3.8) and (3.9) respectively.

Ty 0 0O Uy
ve | =11 0 0] x| iy (3.8)
1, 010 v,
1, 1 00
Iy
Vg 010
= X Uy (39)
Vw 0 0 1
(%
Uy 000

The following chain of equalities is obtained using port descriptions of CFOA and
CCII+ and applying Kirchoft’s Laws
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il 1 000 i2
1 0100 —1
- X ! (3.10)
(%) 0 010 V3
(on 0 001 U1

Comparison with (1.9) verifies the existence of CIM configuration. In this case

n=41l=3,m=2and k=1.

3.2.2 Realization with Two DOCCII

The second metamutator configuration is designed by using two Dual Output

Current Conveyors (DOCCII) as illustrated in Figure 3.30.

¥ L+ Y z- "“l
I;

pocch DOCCII Vi

2
X Z- f— i X I+ |——e
i,i +£ is i
i V3
e I

Figure 3.30: Metamutator with two DOCCIIs

The port definition of ideal DOCCII element is given with the matrix represen-

tation shown in (3.11),
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i)

Vg

by

_1 0
-1 0
0 1
_O 0

o o o O

(3.11)

Again, the relation between currents and voltages of the ports in the circuit of

Figure 3.30, after some algebraic manipulations becomes as given with expression

(3.12).

iq
i

U3

U1

o o o =

o o = O
—_

- o O O

i3
i1

%

(3.12)

Comparison with (1.9) confirms the existence of VIM configuration. In this case

n=1k=4,1=2and m = 3.

3.2.3 Realization with Two CFOA

The third metamutator is designed by using two Current Feedback Operational
Amplifiers (CFOA) as illustrated in Figure 3.31.

l CFOA

~N

I3

'l &

11

I

V2

CFOA

O V4 O
- +

M

Figure 3.31: Metamutator realized with two CFOAs
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The port definition of ideal CFOA element is given with the matrix representa-
tion as shown in (3.9). Again, after some algebraic manipulations the relations
between currents and voltages of the ports in metamutator shown in Figure 3.31,

become as given with expression (3.13).

11 1000 i2
1 0100 —1
° = < | (3.13)
(%) 0 010 V3
(N 0 001 U1

Comparing with (1.10) verifies the existance of CIM configuration. In this case

n=4k=1,1=3 and m = 2.

3.3 New Designs of Metamutators with Single Active Device

In this chapter three newly proposed metamutator configurations employing only
one active devices will be presented. By properly interconnecting the terminals of
active devices a Metamutator will be obtained without use of any other external

element.

It maintains the following advantages:

i. Use of only one active element, less is the number of active devices less is the

amount of disparity

ii. Possibility of realizing Capacitors, Inductors, Memristors, Frequency Depen-
dent Negative Resistor (FDNR), which can be used to make integrated cir-

cuits and active filters

iii. No need to impose component choice constraints.
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3.3.1 Realization with Negative Type Fully Differential Current Con-
veyor (FDCCII-)

One of the newly proposed Metamutator configurations employs only one Nega-
tive Type Fully Differential Current Conveyor (FDCCII-) which has 9 terminals
including ground. By properly interconnecting the terminals of FDCCII- two dif-
ferent types of Metamutator will be obtained without use of any other external

element.

The block diagram of the FDCCII- is shown in Figure 3.32.

+
|||——.
-
-
[ %]
+
oy
}Nﬁ" B
oy
?*; S
T
- |
:N'!: :.><'CN
; j
'E +

FDCCII-

i
I—e
lll—o
|||—c
|||

Figure 3.32: Block diagram of FDCCII-

The port description matrix of FDCCII- is,

iy

Vap 00 1 —110 fon

Van 00 -1 1 01 Uyt
= X (3.14)

s ~10 0 0 00 Vg2

Tan 0 1.0 0 0O Uy3

And iyl = in = iyg == iy4 = 0.
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The CMOS realization of FDCCII- extracted from [84] is shown below.

[:‘ M7 MSJ M9
M13 } — — —]
M37 M4 MIg | M22 M M M27 | M29| M33
| 1 L — = | |
I T T ...i T fl.., T 1
M38 M135 Vip Vo
M25 M19 M30 | M34
O8
M3
72+ i1+ X X |z
];' IZTH' Ix 3 B e L4 g = I . 11
2 ’ w X- z
Ma T3 Y0 va Y2 Ys M5 M6
o M39 MI6 oy, -
B | M10 Mi1 Mi12 £ 'I‘%‘ '-:
:.] e H= H= | M31| M35
' M40 T g | !
S | S P T s L .
’—| M17 M21 M23 M2% M32 M36
—, |
1513() r—{ T —

Figure 3.33: CMOS realization of FDCCII- [84]

MOSFET W (pm) [ L (um)
My, My, My, M5, Mg 0.7 8.75
Mz, Mg, My, M3 0.7 70
Mg, Miq, Mg, May 0.7 17.5
My, Mi5,Mig, Mg, Mas, Moy, M3g,Ms3, M3y, M3z, Mag 0.35 35
Mg, Mi7,Mag, Moy, Mag, Msi, Mag,Mss, Mss, Mg, Myg 0.35 8.75
Mz, Moz, Moz, Mag 0.7 0.7

TABLE 3.4: Dimension of transistors used in FDCCII-

With proper interconnections of port branches as shown in Figure 3.34 and Figure
3.35 two different realizations of metamutators, one CIM type and the other VIM

type, are achieved.

By connecting ports y; and yo of FDCCII- in Figure 3.32 to ground and applying
proper interconnections to other ports the metamutator in Figure 3.34 will be

observed.

According to (3.14) the ports description matrix of metamutator will become as,
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Y,
7,
FDCCII-
Z,
Y;

o o o =

L

o O = O

S = O O

- o O O

(3.15)

Comparing with (1.10) verifies the existence of CIM type configuration. In this

casen =4,k=1,l=3 and m = 2.

In Figure 3.32, by connecting the ports y», Z, and Z,, of FDCCII- to ground and

applying proper interconnections to other ports the metamutator in Figure 3.35

will be achieved.

According to (3.15) the ports description matrix of metamutator will become as,

1
13
(%

V4

o o o =

—_

o O

o = O O

- o O O

(5
(”
U3

(3.16)

Comparing with (1.9) verifies the existence of VIM type metamutator configura-

tion. In this case n =4,k =1,l =3 and m = 2.
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Figure 3.35: VIM type metamutator realized with single FDCCII-

As the ports description matrix of these newly proposed metamutators are the

same as (1.9) and (1.10), the Table 1.3 stands true for these two metamutators.

In the sequel, frequency ranges in which metamutator realized with single FDCCII-
shown in Figure 3.34 operates properly have been investigated. For FDCCII-
TSMC, 0.18uA CMOS process parameters were used with transistor dimensions
as shown in Table 3.4 and its circuit in Figure 3.5 (a) and Supply voltages are

chosen as £0.9V, V;, =V}, = 0V and Ip = Igp = 50pA.

11

s s s e N

G:l 100 10K M 100M 106G i1} 100T

— 1{2) /1{1) Simulated Frequency [Hz]
- 1{2) /1(1) Calculated

Figure 3.36: Ideal and non-ideal gain of i; and i
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The characteristic in Figure 3.36 is achieved by applying an AC current source

with amplitude of 100A to port 1 and replacing 12 resistors in the other ports

of FDCCII- based metamutator.

0.6

0.3

100M 100T

— 1{4) /1(3) Simulated Frequency [Hz]

=== 1{4) /1{3) Calculated

Figure 3.37: Ideal and non-ideal gain of 75 and i3

The characteristic in Figure 3.37 is achieved by applying an AC current source
with amplitude of 100pA to port 3 and replacing 1€ resistors in the other ports
of FDCCII- based metamutator.

According to Simulation results in Figure 3.36 and Figure 3.37, currents match
up until 1GHz and 200MHz respectively which prove the operation of FDCCII-

based metamutator in a wide range of frequency as desired.

12
0.8 : :
; (100KHzZ) \
0.4
" 10 100 1K 10K 100K v 10M 100M 1G 106G
— V(2) / V(3) Simulated Frequency [Hz]
--=- \(2) / V(3) Calculated

Figure 3.38: Ideal and non-ideal gain of vy and v3
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The characteristic in Figure 3.38 is achieved by applying an AC voltage source
with amplitude of 1V to port 3 and replacing 100kS2 resistors in the other ports
of FDCCII- based metamutator.

11

0.8 (1.5GHz] —

0.4

1 100 10K im 100M 104G 1T 100T
= V(4) / V(1) Simulated
«=== V(4) / V(1) Calculated

Frequency [Hz]

Figure 3.39: Ideal and non-ideal gain of v4 and v,

The characteristic in Figure 3.39 is achieved by applying an AC voltae source
with amplitude of 1V to port 1 and replacing 100kS2 resistors in the other ports
of FDCCII- based metamutator.

According to Simulation results in Figure 3.38 and Figure 3.39, currents match
up until 100kHz and 1.5GHz respectively which prove the operation of FDCCII-

based metamutator in a wide range of frequency as desired.

3.3.2 Realization with Dual X Current Conveyor (DXCCII)

Another newly proposed metamutator configuration employs only one Dual X
Current Conveyor (DXCCII) which has 6 terminals including ground. By properly
interconnecting the terminals of DCCII a metamutator will be obtained without

usage of any other external elements.
The schematic block diagram of active element DCCII is shown in Figure 3.40

The port description matrix of DCCII is,
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Figure 3.40: Schematic block diagram of DXCCII

o, | {10 0 00 [ ]
Uzn 1 0 0 00 148
ip | =10 1 =1 0 Of X | iy, (3.17)
iom 0 -1 1 00 Ve
i, 00 0 00 |uv,

M12 }E]MIS IF]MM {E]MISIEIMM
7P ot XPG——{E‘MI M:]-«:Ym }ﬁ M4 M5 }——GXN N

W o,
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M&Q}{J,;L{ M8 MD' %Mm
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Figure 3.41: CMOS realization of DXCCII

Transistor dimensions are shown in Table 3.5.

By applying proper interconnections between the ports of DXCCII the metamu-

tator configuration in Figure 3.42 will be achieved.
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MOSFET W (pm) | L (pm)
Ml, MQ,M4, M5, MG, M7, Ms, Mg, M107 M17, Mlg, Mlg, My 20 1.05
Ms 40 1.05
My, Mi2,Mi3, My, My5, My 50 1.05

TABLE 3.5: Dimension of transistors used in DXCCII

Figure 3.42: Newly proposed metamutator with DXCCII

According to (3.17) the ports description matrix of metamutator in Figure 3.42

will become as,

i 1 000 ig
v 0100 v
= x| (3.18)
13 00 10 19
(1 00 01 —Vs

Comparing with (1.9) verifies the existance of VIM type metamutator so the
Table 1.3 stands true for this metamutator. In this case n = 4,k = 3,1 = 1 and

m = 2.

In the following, the frequency ranges in which the DXCCII based metamutator’s
port relations in (3.18) are satisfied will be investigated. For DXCCII TSMC, 0.35
pum CMOS process parameters were used with transistor dimensions as shown in
Table 3.5 and its circuit in Figure 3.41, supply voltages are chosen as +1.65V,
and Vg as 0.7V.
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Figure 3.43: Ideal and non-ideal gain of ¢; and 44

The characteristic in Figure 3.43 is achieved by applying an AC current source
with amplitude of 100pA to port 4 and replacing 1€ resistors in the other ports
of DXCCII based metamutator.
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Figure 3.44: Ideal and non-ideal gain of 73 and i,

The characteristic in Figure 3.44 is achieved by applying an AC current source
with amplitude of 100pA to port 2 and replacing 1€ resistors in the other ports
of DXCCII based metamutator.

According to Simulation results in Figure 3.43 and Figure 3.44, currents match up
until 1IMHz and 1THz respectively which prove the operation of DXCCII based

metamutator in a wide range of frequency as desired.
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Figure 3.45: Ideal and non-ideal gain of vy and v,

The characteristic in Figure 3.45 is achieved by applying an AC voltage source
with amplitude of 1V to port 1 and replacing 100k(2 resistors in the other ports
of DXCCII based metamutator.

1.1
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(40MHz) :
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Figure 3.46: Ideal and non-ideal gain of v4 and v3

The characteristic in Figure 3.46 is achieved by applying an AC voltage source
with amplitude of 1V to port 3 and replacing 100kS2 resistors in the other ports
of DXCCII based metamutator.

According to Simulation results in Figure 3.45 and Figure 3.46 voltages match
up until 160MHz and 40MHz respectively which prove the operation of DXCCII

based metamutator in a wide range of frequency as desired.
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3.3.3 Realization with Newly Designed AD-IC

The block diagram of newly designed Additive and Differential Integrated Cir-
cuit (AD-IC), built only with twelve transistors which has 5 terminals including
ground. The schematic block diagram and ports description matrix of AD-IC are

shown in Figure 3.47 and (3.19) respectively.

v o Y X ix|1 -
y1 1 1 Vs
. AD-IC .
lyz X lx2
Vy2 o Y, 24OV,

il

Figure 3.47: Schematic block diagram of AD-IC

Vrl 1 -1 O O Uyl
Vs 1 1 00 v
2l = x| 7 (3.19)
iy 0 0 00 it
iy 00 00 2

In the realization of AD-IC, TSMC 0.25pum CMOS process parameters are used,
with transistor dimensions as shown in Table 3.6 and its circuit structure in Figure

3.48.

MOSFET W (pm) | L (pm)
M, My, M5, Mg, M7, Mg, Mg, Myg 1 0.5
My, M1, My3, Myy 30 0.5

TABLE 3.6: Dimension of transistors used in AD-IC

The developed layout of the AD-IC circuit of Figure 3.48 is shown in Figure
3.49 The area of the AD-IC is calculated to be approximately 60X22um?.Post-
layout simulations are performed with the parameters extracted from the layout
netlist using TSMC 0.25pum process technology. The supply voltages are taken
as £1.25V forVpp,Vss and 0.8V for Vp.
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Figure 3.48: The implementation of AD-IC with twelve MOS transistors

'r_.! i:ﬂ—g E .!! -1 i
e B ! :!E B fest 5 el
i sﬁs T

Figure 3.49: Layout of the AD-IC circuit

The equivalent parasitic capacitance C', at the output terminal is approximately
73fF. The W/L ratios of the output node transistors Ms, My, M, and My in
Figure 3.48 are chosen much larger than the ratio of other transistors for the

purpose of providing a smaller output resistance.

With proper interconnections of port branches as shown in Figure 3.50 a new

realization of metamutators will be achieved.
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Figure 3.50: Schematic diagram of metamutator with AD-IC

According to (3.19) the ports description matrix of metamutator in Figure 3.50

will become as,

is 1000 i3
19 0100 1
= X (3.20)
Vs 0010 (%)
(%] 00 01 —Uy

Comparing with (1.9) verifies the existance of VIM type configuration so the
Table 1.3 stands true for this metamutator. In this case n =1,k = 4,] = 2 and
m = 3. In continue the frequency range in which the AD-IC based metamutator

operates optimally is investigated.

The characteristic in Figure 3.51 is achieved by applying an AC current source
with amplitude of 100pA to port 4 and replacing 1€ resistors in the other ports
of AD-IC based metamutator.

The characteristic in Figure 3.52 is achieved by applying an AC current source
with amplitude of 100A to port 2 and replacing 1€ resistors in the other ports
of AD-IC based metamutator.

67



1.1
1 N_
g ¥ :
..................................................................................... thHZ] B " Rl e S R e
0.4 \ :
% :
1 100 10K im 100M 106G 1T
— 1(3) / 1{4) Simulated Frequency [Hz]

---- 1{3) / 1(4) Calculated

1'1 B e T e

0.6

Figure 3.51: Ideal and non-ideal gain of i3 and 4
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Figure 3.52: Ideal and non-ideal gain of 7; and i,

According to Simulation results in Figure 3.51 and Figure 3.52, currents match
up until 5GHz in both of them which prove the operation of AD-IC based meta-

mutator in a wide range of frequency as desired.

The characteristic in Figure 3.53 is achieved by applying an AC voltage source
with amplitude of 1V to port 2 and replacing 100kS2 resistors in the other ports
of AD-IC based metamutator.

The characteristic in Figure 3.54 is achieved by applying an AC voltage source
with amplitude of 1V to port 4 and replacing 100k resistors in the other ports
of AD-IC based metamutator.
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Figure 3.53: Ideal and non-ideal gain of v3 and vy
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Figure 3.54: Ideal and non-ideal gain of v4 and v,

According to simulation results in Figure 3.53 and Figure 3.54, voltages match up
until 40MHz and 30MHz which prove the operation of AD-IC based metamutator

in a wide range of frequency as desired.

The frequency ranges in which incognito metamutators in the literature and the
newly designed metamutators with Single Active Devices operate optimally are

comparised and shown in Table 3.7.

Also a general comparison between all types of mutators is given in Table 3.8.
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Metamutator Frequency Frequency # of
Realization Range for Op- | Range for Op- | Tran-
timal Current | timal Voltage sis-
Ratio Ratio tors
CCII+, CCII- 100 MHz 30 MHz 32
In literature Adder/ Subtractor | 2THz 1GHz 20MHz 100MHz | 12
CCIl+, CF 80MHz 60MHz 20MHz 26
2 CCII+ 100MHz 30MHz | 300MHz 70MHz 40
FDCCII- 1GHZ 200MHz 100KHz 1.5GHz 32
Here DXCCIT 1MHz 1THz 160MHz 40MHz 20
AD-IC 1GHZ 40MHz 30MHz 12

TABLE 3.7: Comparison between frequency range for optimal operation of
incognito metamutators in literature and newly designed of metamutators
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Ref.

# of active
components

#of
floating
passive

elements

#of
grounded
passive
elements

Power
supply

Floating/grou
ndedmemrist
or emulator

Sim/
Exp

# of
Tra
nsis
tor

[100]

4 CCIls
(AD844)

1 multiplier
(AD633)

+10V

Floating

Both

N*

(98]

2 OPAMP
1 Multiplier
10Transistor

+5V

Floating

Both

[102]

3 OTAs,4 CClIs

+15V

Floating

[99]

1 DDCC
1 Multiplier

+1.5V

Floating

Both
Sim.

[101]

4 AD844s
1 OPAMP
1 Multiplier
(AD633)

+15V

Floating

Both

[109]

10 DDCCs
8 Transistors

+1.25V

Grounded

Sim.

198

[107]

2 CClls
(AD844)
Imultiplier
(AD633)
1 buffer
(TLO82)

+10V

Grounded

Both

[104]

2 CClIs
(AD844)

I multiplier
(AD633)

+10V

Grounded

Both

[105]

1 CCII (ADg44)
1 multiplier
(AD633)

+10V

Grounded

Both

[110]

3 CFOAs
(AD844)

NA

Grounded

Exp.

[111]

2 CFOAs
(AD844)
1 OTA
(LM308)

+12V

Grounded

Exp.

[106]

1 MO-OTA
1 Multiplier

+1.25/+5V

Grounded

Both

38+

[42]

6 OTA
(LM13600)
Multiplier
(AD633)

+10V

Floating

Both

[108]

CBTA
Multiplier

+0.9

Grounded

Sim.

32+

Here

1 FDCCII -VIM

+0.9

Both

Sim.

32

Here

1 FDCCII-CIM

+0.9

Both

Sim.

32

Here

1 DXCCIT

+1.65

Both

Sim.

20

Here

AD-IC

[SSRN SR RSN S

[SORN O Fan B N L]

*1.25

Both

Sim.

12

*N: Not in transistor level

TABLE 3.8: General comparison between all types of mutators
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Chapter 4

Different Applications of Metamutators

In this chapter, applications of metamutators developed during the research pe-
riod of this thesis will be presented. As the port description matrix of all intro-
duced metamutators in chapter 3 are the same as (1.9) for VIM type and (1.10)
for CIM type metamutators, all of the applications in this chapter stand true for
all of metamutators. Depending on how some of the ports are terminated, many

metamutator applications, which can be classified in two groups, will be attained:

I. 1-port circuits realized with metamutators,

I1. 2-port circuits realized with metamutators.

In 1-port realizations, by properly terminating three ports of the metamutator
the resulting circuit will behave as the desired 2-terminal element at the fourth

port. A list of so realizable 2-terminal elements is depicted with Table 1.3.

In 2-port realizations, by properly terminating two metamutator ports the result-
ing circuit will behave as the desired 2-port from the remaining two ports. A list

of so realizable 2-ports is given with Table 4.5.

These applications will be examined in detail with PSPICE simulations using
transistor parameters obtained from layout level descriptions of metamutators
and comparison between simulation results and theoretical results will be demon-

strated in sections 4.1 and 4.2 realizations of 1-Port.
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4.1 Realization of 1-ports

4.1.1 Mutating Nonlinear Resistor to Memristor

To illustrate the working principle of the metamutator as a memristor mutator,
the realization in row #12 of Table 1.3 has been applied to the metamutator with
AD-IC. By terminating ports 3, 4 and 2 of the metamutator in Figure 3.50 with
a nonlinear resistor, inductor and capacitor respectively a memristor is obtained

at port 1. The circuit structure is shown in Figure 4.1.

"
R'IR + ll
—:; —
[2)
= Y,
| %
V2
T AD-IC
- X;
i, Y
" o
vy o+ I

Figure 4.1: Memristor realization with AD-IC based metamutator

The nonlinear-resistor modeled by the circuit presented in [26] and shown in

Figure 4.2 is used.

Figure 4.2: Implementation on non-linear load of M-R mutators.

The port analysis of this circuit is as follow. Let the definition of the nonlinear-

resistor at port 3, with the assigned polarities, be given by (4.1),
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fiz, —v3) =0 (4.1)

Replacing i3 with 74 and v3 with vy according to (3.20), gives:

flia,—v2) =0 (4.2)

Use of the elements’ constitutive relations iy = —¢4/L and —vy = ¢o/C in (1.10)

results in,

—P1 Q2
== — ) =l 4.3
IR (1.3
Finally, use of (3.20) again to replace ¢4 and ¢ by —¢; and ¢; respectively, yields
(4.4) which is a memristor constitutive relation with the same characteristic,
within scaling factors L and C, as the nonlinear resistor in Figure 4.1. In order for
expression (4.4) to conform with expression (4.1) the polarities of the memristor

so obtained should have the same relative position.

FOEE Dy — g (4.4)

By comparing (4.4) and (2.4), the scaling factors K, = C' and K, = L can be

verified.

Selecting a sinusoidal voltage source with amplitude 3.5V and frequency of 30 Hz
at port 4 of the metamutator in Figure 4.1, the current versus voltage characteris-
tic has been obtained as shown in Figure 4.3. For the nonlinear resistor the model
shown in Figure 4.2 and for AD-IC TSMC, 0.25um CMOS process parameters
are used with transistor dimensions as shown in Table 3.6 and its circuit in Fig-

ure 3.48. Supply voltages are chosen as +£1.25V, Vz = 0.8V. The capacitor and
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Figure 4.3: @ — v characteristic of memristor

inductor values were selected as 0.1nF and 2.5mH, respectively. The Lissajous

curve in Figure 4.1 confirms the signature of a memristor at port 4.

4.1.2 Mutating Memristor to Meminductor

To illustrate the working principle of the metamutator as meminductor mutator,
the metamutator structure in Figure 3.10 is chosen. By terminating ports 2, 3, 4
of the metamutator with capacitor, memristor and resistor respectively, according
to row #4 of Table 1.3, the circuit in Figure 3.10 becomes as shown in Figure 4.4

and a meminductor results at port 1.

V4+ j3-4

i
. —AM——] X +7}— Y V4
115
vy CF II':Q CCII+

Ly V3

I3

Figure 4.4: Meminductor realization with memristor terminated metamutator

The port analysis of this circuit is as follows: the definition of memristor at port

3 is,
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f(g3, —p3) =0 (4.5)

Replacing g3 and ¢3 by ¢1 and s respectively according to (3.5) gives,

flq1,—p2) =0 (4.6)

Using the element constitutive relation vy = —¢,/C at port 2 then taking the
integral of both hand sides gives s = —03/C and replacing o9 by o4 to (4.6)

gives,

04

flar, 6) =0 (4.7)

Finally, as vy = — R.i4 implies py = —R.04 and 04 = —p4/ R Replacing ps by —p1,

yields the meminductor’s constitutive relation shown with (4.8),

J@r ) =0 (48)

By comparing (4.8) and (2.16) the scaling factors K, = RC and K, = 1 can be
deduced. The PSPICE simulation result given in Figure 4.5 confirms very well

the signature of a meminductor.

The circuit in Figure 4.4 is simulated by placing a sinusoidal current source to
port 1 with amplitude and frequency of 10mA and 20Hz. For the memristor,
the HP model with parameter values of j, = 10719 em?. 5D (=1 R, =109,
R, =20k, R;,i=5kS2, and as window function the Joglekar’s model [28] f(x) =
17(23371)2” with p=10, for CF and CCII+, 0.13um CMOS technology parameters
have been used. The transistor level circuits are shown in Figure 3.5 and Figure

3.12, parameters being given in Table 3.1 and Table 3.3 respectively; supply
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Flux [uWb]

Current [mA]

Figure 4.5: ¢ — ¢ characteristic of meminductor

voltages are selected as £0.75V, Vg = 0.24V and resistor and capacitor values as

1k and 1nF, respectively.

4.1.3 Mutating Memristor to Memcapacitor

To illustrate the working principle of the metamutator, as memcapacitor muta-
tor , according to realization in row #5 of Table 1.3, ports 2, 3 and 4 of the
metamutator in Figure 3.2 are terminated with memristor, inductor and resistor
respectively. The circuit becomes as shown in Figure 4.6 and a memcapacitor is

obtained at port 1.
The port analysis of this circuit is as follows. The definition of memristor at port

2 1s:

f(g2, —p2) =0 (4.9)

According to (3.3) replacing ¢ and @ with g3 and ¢ respectively gives,

f(gz,—p1) =0 (4.10)
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Figure 4.6: Memcapacitor realization with memristor terminated metamutator

Use of the elements’ of constitutive relations g3 = —p3/L and p3 = py = —R.04
so g3 = R.04/L as 04 = —o yields the memcapacitor’s constitutive relation in
(4.11).

J((R/L).01,1) =0 (4.11)

By comparing (4.11) and (2.19), the scaling factorsK, = L/R and K, = 1 are
observed. The PSPICE simulation result in Figure 4.7 confirms very well the

signature of a memcapacitor.

Circuit in Figure 4.7 is simulated by applying a sinusoidal voltage source to port
1 with an amplitude and frequency of 2V and 50Hz respectively. As memris-
tor the HP model with parameters R,,=1kQ, R,;r=100kQ, R;p;;=10k2, 1, =
10719 em?. 57D (=Y and as window function, Joglekar’s model [28] f(z) =
1-(22-1)* with p=10 are used. As CCII+ and CCII- the CMOS realizations
with the same transistor parameters introduced in Chapter 3.1.1 were used. The

resistor and capacitor values were selected as 1k€) and 10nF, respectively.
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Figure 4.7: ¢ — v characteristic of the memcapacitor

4.1.4 Floating and Grounded Impedance Scaling

In this section floating and grounded impedance scaling applications of the new
AD-IC based metamutator will be presented. By connecting impedances to three
of the ports, the impedance as seen from the remaining fourth port can be found
in terms of the connected ones as shown in Table 4.1. When reading column ¢ of
Table 4.1 it should be understood that no element is connected to port ¢ whereas

impedances Z; are connected to portj for j # ¢ and i = n,l,m, k.

ZH + iﬂ
1 .
| M| L
X,
AD-IC
X
+
Z; |' .l -
PR

Figure 4.8: Metamutator terminated with port impedances

As an example assume ¢ = n, in this case the other three ports are terminated

with Z;, Z,, and Z;, as illustrated in Figure 4.9.

79



Portn Portl Portm Portk
Type | Floating Grounded Floating Grounded
Z | Z.=22 |2 =22, Zn=32 | L= 7,

TABLE 4.1: Equivalent impedance at the ports

v, + .
Zu L
:4 o -
i
> Y,
* X,
Z;
AD-IC
= i}( Ifz Xz
+
Z; 1 || >
- i

Figure 4.9: Port n of metamutator terminated with impedance Z,

After some algebraic manipulations using KCL and KVL and the port relation

matrix described in (3.20) , the impedance at the fourth port will be obtained as
in (4.12).

1 ~Z 1 -1/zm 1 -k -1
>—O0—>—0—>—0—>—0—>—0—>—0—>—0
in .ig vV Vi im ik Vi Vy
Figure 4.10: Impedance scaling calculated with signal flow-graph
-1 n AWA
m In m

An interesting conclusion that can be deduced from Table 4.1 is that the meta-

mutator allows the realization of grounded elements as well as floating ones.
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4.1.4.1 Inductance Simulator

As coil realization of inductors on an integrated chip is highly undesirable many
inductor simulators have been proposed in the literature [29-30]. In this section
an application of metamutators as inductance simulator with a minimum number
of elements, only one active device AD-IC with 12 transistors, two resistors and
single capacitor, will be presented. According to Table 4.1 by properly connecting
one capacitor and two resistors to three of the ports, an inductor will result at
the fourth port. In this case the inductance value is equal to the product of the
values of capacitor and resistors. Four different realizations are shown in Table

4.2.

Realization | Portn | Port! | Portm | Portk Inductance
#1 Leq Rl Rk Leq = CleRk

3

#2 Rn Leq Rm Ck Leq = CkRan
#3 Cn Rl Leq Rk Leq = CanRk
#4 Rn C’l Rm Leq Leq - ClRmRn

TABLE 4.2: Different realizations of inductor

To demonstrate an example, realization #2 of Table 4.2 will be considered. By
connecting Cy, R, and R,, to three of the ports of the metamutator with AD-1C,

an inductor will be obtained at port I

Lo 2 R,
Z = 7 b — 2" R, = sCyRyRy— Ly = CkRy R, (4.13)
n sCl

Equality (4.13) clearly confirms the existence of inductor at port 1. Furthermore,
the performance of the proposed inductance is verified with the frequency response

plots of the actual and ideal inductor both given in Figure 4.11.

In this case the metamutator was simulated using an AC current source with
amplitude of 1mA. For AD-IC the CMOS realization with the same transistor

parameters introduced in subsection 3.3.3 was used. The values of resistors and
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Figure 4.11: Phase and |impedance| plots of the inductor vs. frequency

capacitors have been selected as R, = R,, = 1 k{2 and C}, = 25pF, which corre-
spond to an inductance of 25uH.

4.1.4.2 Capacitance Multiplier

In the design of integrated circuits, Capacitance Multipliers are being used for
the realization of large-valued capacitances on chip. The capacitance multiplier
can save valuable space on the chip in exchange for use of one active element and
two/three passive components. The final multiplied capacitance is larger than
one real on-chip capacitance, with smaller on-chip space required. In this section
an application of metamutator as capacitance multiplier, with minimum number
of elements and only one active device AD-IC with 12 transistors, is presented.
According to Table 4.1 by properly connecting one capacitor and two resistors to
three of the ports, a capacitor will be obtained at the fourth port. The different

realizations are shown in Table 4.3.

Applying realization in row #3 of the Table 4.3 to the metamutator with AD-IC
by connecting C,,, R, and R} to three of the ports of metamutator, a capacitor
with capacitance value of K.C,, will be obtained at port 1. In this case K is the

ratio of resistors in the other two ports.
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Realization | Portn | Port! | Portm | Portk | Capacitance
#1 Ceq C R, Ry | Coq = St
#2 Ceq R R, Cr | Cog = P
#3 R, Ceq Com Ry | G = S5ttt
#4 C, Ceq R, Ry | Coy = S
#5 R, C (jeq Ry, (j;q = CZ%?"
#6 R, R Ceq Dy | Gy = S
H#T C R R, Cog | Ceq = S
#8 R, R Chn Cog | Coq = G0

TABLE 4.3: Capacitance multiplier realizations

Equality (4.14) clearly confirms the

1
sChm,

Ry

R
R,=C) = CmR—:

(4.14)

existence of a capacitor in port [ for which

the capacitance value is C,,.Ry /R, . Moreover, the frequency response plots of

the multiplied capacitor and that of an ideal capacitor are given with Figure 4.12.

Impedance [Q2] Phase [Degree]

0
gQpEFE—=—==—. = — e i ol i s e e
-300
1M
1
0.3 1 10
.= —— Actual Frequency [MHz]
+— Ideal

Figure 4.12: Phase and |impedance| plots of the capacitor vs. frequency

In this case the metamutator was simulated using an AC voltage source with

amplitude of 0.3V; For AD-IC the CMOS realization with the same transistor

parameters introduced in chapter 3.3.3 were used. The values of resistors and

capacitors have been selected as R,= 1k, Ry= 20k{) and C,,= 5pF, which

corresponds to the value of multiplied capacitance of 100pF.
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4.1.4.3 Frequency Dependent Negative Resistor Simulator

Low-pass filters have wide usage in radio frequency (RF) transceivers; in this
process the frequently used low-pass filter is called Anti-Aliasing Filter (AAF). By
reducing the size and refining the performance of these filters, new improvements
in communication are achieved. Figure 4.13 shows the position of AAF in fully

digital receivers.

RF | IF Digital

IRF w X E{.b AAF || ADC | Dsp
|
Lo

Figure 4.13: Schematic of fully digital receiver [31]

As in general AAF are third or higher order passive LC ladder filters, using an
inductor in these circuits requires a lot of space and reduces the performance. In
order to decrease the size and improve the performance one can use the complex
impedance scaling technique for designing a prototype of the LC ladder circuits.
This technique, treated extensively by Bruton [32], is based on the fact that the
filter transfer function will remain unchanged if the impedance of each element is
divided by “s”. So the Inductor will be transformed into a resistor, the resistor
will be transformed into a capacitor and a capacitor will be transformed into a

Frequency Dependent Negative Resistor (FDNR).

By connecting two capacitors and one resistor to three of the ports, as detailed
in Table 4.1, a grounded or floating FDNR will be observed from the fourth port.

Different realizations and values of FDNRs are shown in Table 4.4.

It should be observed again that only twelve transistors and three passive elements

are being used with no component matching requirements.
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Realization | Portn | Portl | Portm | Portk | Capacitance
#1 D, C R, Cy D., = m
#2 C, Dy, Chn Ry, D.y = m
#3 Rn Cl D eq Ck D eq — m
#4 C, R, Chm, D, Deg = m

TABLE 4.4: FDNR realizations

Applying realization #4 to the metamutator with AD-IC as given in Table 4.4 and
connecting C,,, R; and C,, to ports n,l and m of the metamutator respectively, a

FDNR will be observed from port k.

ZnZi w1 1 1

In S ‘ — Dyp— -
7 R sC.  $2C.C.R. . FT T wC.CoR

7 - (4.15)

Equality (4.15) clearly confirms the existence of FDNR in the fourth port. More-
over, the frequency domain phase and impedance characteristics of FDNR are

given in Figure 4.14.

\
100 h«%

0.001 0.01 01 1
0 = = . Actual Frequency [MHz]

Impedance [Q] Phase [Degree]
B
(=1
=

& Ideal

Figure 4.14: Characteristics of FDNR in frequency domain

The metamutator with AD-IC was simulated using an AC voltage source with
amplitude of 1V. For AD-IC the CMOS realization with the same transistor
parameters introduced in chapter 3.3.3 was used. The values of C,, C,, and R,

were selected as 0.1nF, 0.2nF and 100k(2, respectively.
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4.1.5 RC-Oscillators

First quadrature feedback oscillator realization using metamutators was given in

[120]. Another new application of metamutator is its application as RC-oscillator.

The schematic block diagram of an RC oscillator is shown in Figure 4.15. By

applying this realization and selecting port [ as output port, one can prove the

existence of an oscillator.

+ vour-
[
|l
[ !
. ¥i Vi .
+{£ g :§+

Rn§ Vu | Metamutator | Vm § R.

ij; I 3
+ Vi L

|_
G

Vo

Figure 4.15: Block diagram of the RC-oscillator

Writing KVL and KCL the current at portk is,

ix = sCr(Vor — i)

and substituting circuit variables according to (3.20) gives,

i = sCr(Vor, — vx) = im = —;—: = —RU—;

(4.16)

(4.17)

After some algebraic manipulations expression (4.17) becomes as given with:
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m

From the expression of the current for port I:

(%% Vg,

1] sC1V; 1 R R, SV R.C ( )
is obtained, so (4.18) and (4.19) together give,
sV, 0 —= Vi 0
g SN I I sVow (4.20)
Vi ] lam O Vi !

Calculation of the determinant of the state matrix gives imaginary eigenvalues:

9 1

det(sI = A) =" +wo® and W' = Fome

(4.21)
It is well-known that the time-domain zero-input solution for V,,; = V(s) is of

the form,

vout) = are " 4+ are 7" = 2|ay|cos(wot + @) (4.22)
where|a;|e’? = a;. In caseR, = R,, = R and C, = C; = C one has an RC

oscillator with wy = 1/RC.

For a numerical application AD-IC based metamutator is selected and for obtain-
ing a sinusoidal waveform with frequency of 16kHz, the values of capacitors and

resistors were selected as C, = C;=10nf and R,, = R,,=1k().

The output waveform resulting from the post layout simulation of the circuit in
Figure 4.15 is given in Figure 4.16. As for AD-IC, TSMC, 0.25pm CMOS process

parameters were used with transistor dimensions as shown in Table 3.6 and the
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Figure 4.16: Simulation result of RC-oscillator

circuit in Figure 3.48. The supply voltages were chosen as £1.25V and Vjp as 0.8
V.

4.2 Realization of 2-Ports

In 2-port realizations, by properly terminating two of the metamutator ports
the resulting circuit will behave as a desired 2-port from the remaining ports.
First such 2-port realizations were introduced in [120]. In the sequel, new 2-port

realizations will be given with a list, by no means complete, in Table 4.5.

4.2.1 Transconductance Amplifier

Another recent application of AD-IC based metamutator is its use in the design
of Transconductance Amplifiers which relates the output port current to the in-
put port voltage which was first given in [120] using Add-Subtract circuits. By
connecting one resistor and one AC voltage source (V;) to two of the ports and
applying open circuit to the third port according to Table 4.5 the current in the
fourth port will be equal to the V; multiplied by the conductance in the other
port.
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Application | Realization Portn Port / Port m Port k
2 #1 R R, |74 Open
g5
2 & #2 Ry R, Open Vi
£ &

3 g
Z < #3 Vi Open R Ry
]
T
= 44 Open A R, R,
@ #1 I R, Rm Open
&
E_:: #2 R, I Open Ry
E &
Z E #3 R 0 I R
g < n pen s k
T
=
#4 Open R, R I
(Cy+vsy)
= #1 R3 1 R2+VS3 C2
2 (Ry+vgy)
=3 (C1+vs1)
= S #2 C; R,+Vg3 I R3
.5 = (Ry+vsy)
g X (Ci+vsq)
= 8 17 Vs1
g = #3 I R3 C, RytVg3
'L: = (Ry+Vsy)
2 (Ci+vs1)
= #4 Ry+Ves & R i
(Ry+vsy)
T
é 3 #1 R; Call Ryl 1y R €5
32
g = #2 Cz Ry Call Ryll Tipy R;
E=i-
9 o
E E #3 Call Ryl Tiy R3 C, Ry
% o
= 4 R, C, Ry Call Ryll Ty

TABLE 4.5: Different 2-port applications and realizations with metamutators

Applying realization #4 of Transconductance Amplifier in Table 4.5 to the meta-

mutator with AD-IC, connecting V; and R,, to ports [ and m respectively, apply-

ing an open circuit to port n of the metamutator, the circuit in Figure 4.17 will
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be obtained,

Vo 4 i,

2

+
Vi
ii
Figure 4.17: Transconductance amplifier realization #4

In this case according to (3.20), the current in port k will be equal to V; multiplied

by the conductance in port m as shown in:

. Vs i 1
iy = — = | Al=] vI= R—(U) (4.23)

Equality confirms the operation of the circuit in Figure 4.17 as a transconductance

amplifier; the frequency domain I/O characteristics are given in Figure 4.18.

The metamutator was simulated using an AC voltage source with amplitude of
1V. As for AD-IC, TSMC, 0.25um CMOS process parameters were used with
transistor dimensions as shown in Table 3.6 and the circuit in Figure 3.48. The
supply voltages were chosen as£1.25V and Vp as 0.8V. The values of Ry and R,,
were selected as 102 and 10K(2 respectively. It can be observed that the circuit

operates as transconductance amplifier for a wide range of frequency.
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Figure 4.18: I/O characteristics vs. frequency of transconductance amplifier

4.2.2 Transimpedance Amplifier

Another recently proposed application of metamutators in [120] was the real-
ization, using Add-Subtract circuits, of a Transimpedance Amplifier. Here the
realization will be done using AD-IC based metamutator. By connecting one
resistor and one AC current source (/) to two of the ports and applying open
circuit to the third port according to Table 4.5 the voltage in the fourth port will
be equal to I, multiplied by the impedance in the other port.

Applying realization #2 of Transimpedance Amplifier in Table 4.5 to the meta-
mutator with AD-IC, connecting I, and R,, to ports [ and n respectively then
applying an open circuit to port m of the metamutator, the voltage in port k will
be equal to I, multiplied by the resistance in port n. The circuit of the resulting

transimpedance amplifier is shown in Figure 4.19.

In this case, according to (3.20), the voltage at port k will be equal to Iy multiplied

by the resistance in port n as shown with (4.24),

1

R (Q) (4.24)

v =—R.I, = |Al|=| % =
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Vi
ii
Figure 4.19: Circuit of transimpedance amplifier realization #2 of Tran-
simpedance Amplifier

Equality (4.24) confirms the operation of the circuit in Figure 4.19 as transimp-

dance amplifier. Moreover, the frequency 1/O characteristics are given in Figure

4.20.
6K
5K e ]
aK ; y
1 ~N
E T N T T Y
2K
o : : _
1 10 100 1K 10K 100K 1M
— |AI[] Simulated Frequency [Hz]

- lal [©2] Caleulated

Figure 4.20: 1/O characteristics vs frequency of transimpedance amplifier

The transimpedance amplifier of Figure 4.19 was simulated using an AC current

source with amplitude of 100uA. As for AD-IC, TSMC, 0.25um CMOS process
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parameters were used with transistor dimensions as shown in Table 3.6 and the
circuit in Figure 3.48. The supply voltages were chosen as £1.25V and Vg as
0.8V. The values of R, and Rj were selected as 5K and 100M¢2 respectively. It
can be clearly observed that the circuit operates as a transimpedance amplifier

in a wide frequency range.

4.2.3 Voltage Mode Multiple Input Single Output Universal Filter

Universal filters are popular as they can provide several filter functions with the
same circuit and the literature on them is abundant; in [33-41] several multi input
VM universal filters were introduced in contrast to [42-50] in which several multi
output filters are being treated Different kinds of filters can be realized by proper
selection of input voltage terminals in multi-input filters whereas different kinds
of filters are realized by the selection of the output for multi-output filters. In

this subsection VM-MISO filters will be treated.

However, these circuits suffer from one or more of the following problems:

i. In [36-37, 39-41] the necessity of passive component matching conditions,

ii. In [33-35, 38] lack of orthogonal controllability of the resonance angular fre-

quency (wp) and quality factor (Q),

iii. In [37, 39-40] use of many passive components.

In this subsection a new application of metamutator as VM-MISO universal filters
is being presented. Different realizations of this type of multifunctional filters
using a metamutator were shown in Table 4.5. This new application will be
illustrated by applying the realization in row #1 of multifunctional filter voltage

mode in Table 4.5 to an AD-IC based metamutator.

The resulting block diagram of the universal filter obtained by applying realization
in row #1 of multifunctional filter voltage mode in Table 4.5 is shown in Figure

4.21.
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Figure 4.21: Universal filter structure

As the ports description matrices of all types of metamutators are the same, the
proposed realizations of filters in Table 4.5 stand true for all of them. According
to (1.9) the output voltage for VIM type metamutators, when all sources are

present, is:

s2C1CoR Ry R3 Vi + sCoRaR3Vig + Ry Vg

‘/ou =
t<8) SQClcQRlRQRg + SOQRQRg + Rl

(4.25)

By connecting properly elements according to realization in row #1 of multi-
functional filter voltage mode in Table 4.5 to AD-IC based metamutator the

configuration will become as shown in Figure 4.22.

According to (1.9) and (3.20), vy = v3 and assume that the output is vy, = vy =
v3 KCL at node A of the circuit in Figure 4.22 gives:

(Us2 - %ut)

I, = sCy (Vi — Vour) + R

(4.26)
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R, Vs3 I +
Vs

Figure 4.22: VIM based VM-MISO universal filter

Using i = 4; and v; = —uvy from (3.20), iy = —v;/R3 = vy/R3 and V) =
(V3 — Vi3)/sRyCy in (4.26) gives:

SC2 R2 Rg

Vs — Vg = s°C1Co R R3 (V1 — Voout) + i,
1

(V2 — Vour) (4.27)
As v3 = V,; , solving for V,,; in terms of source voltages, the output voltage
when all sources are present, is obtained as shown by (4.27) with the selection

of various voltage sources resulting in different filter functions as illustrated by

Table 4.6.

Selection | Vi | Vo | Vi3 | Filter Type
#1 Vin | 0 0 High-Pass
#11 0 0 Vin Low-Pass
#II1 0 Vin 0 Band-Pass
#IV Vin 0 Vin | Band-Notch
#V Vin | =Vin | Vin All-Pass

TABLE 4.6: Different filter types depending on voltage source locations

All filter functions and their simulated characteristics will be displayed in Table

4.7 and Figure 4.23 respectively.
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Filter Function Filter Type

1 High-Pass
Vout( ) 8201023332
s) =
Vin s2C1CyR3 Ry + 802%—‘;’]%2 +1
2 Low-Pass
‘/out ]-

B 820102R3R2 + 8021;—?1%2 +1

3 Band-Pass

CoR3Ro
S—Rl

B 820102R3R2 + Sng—?RQ +1

4 Notch
V;)ut 820102R3R2 + 1

B 820102R3R2 + S%‘i’RQ +1

’ All-Pass
‘/‘)Ut 820102R3R2 + SCQg—i}RQ + 1

S
Vin 52C1CyR3 Ry + S—CQI;?FQ +1

TABLE 4.7: Transfer functions of different filters

1 JEERFEN—— — .g.vq ‘‘‘‘‘ fo e ey
0.8
0.4
0 3 T = -
100K 300K 10Mm 30m 100M 300M
Frequency [Hz
— .. —a High Pass & ek
¢ Low Pass
------- v Band stop
— - ° BandPass

Figure 4.23: Simulation results of all filter types

The filter in Figure 4.22 was simulated by applying an AC voltage source with
amplitude of 1 V to all inputs, one by one, following Table 4.5. For element
values,R1 = Ry = R3=1k2 and C; = Cy= 25pF were taken. As for AD-IC,
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TSMC, 0.25um CMOS process parameters were used with transistor dimensions
as shown in Table 3.6 and the circuit in Figure 3.48. The supply voltages were
chosen as +1.25V and Vz as 0.8V.

There is no requirement for matching conditions in any of the filter realizations.

The angular resonance frequency wy and the quality factor @) of all filters are:

1
N oNeN

Ch
= 4.2
o N (1.29)

Wo G1
. _ 4.30
0~ G (4.30)

(4.28)

BW =

As shown by (4.28)-(4.30), the angular frequency can be controlled by Ry and/or
R3 and the quality factor can be independently controlled by R;. So the angular
frequency and quality factor are orthogonally controllable. In this case, as C} =
Cy = C= 25Pf and Ry = Ry = R3 = R= 1k} the angular frequency becomes
wo = 1/RC = 4.10"(rad/s) and the quality factor is Q = 1.

Using expressions (4.28)-(4.30) sensitivities become,

1
Wi Wi

Sgl = -1, S§2,G3,Cl = —532 = (4.32)

1
2

SalV =8V =1 (4.33)
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The absolute values of calculated sensitivities are low and equal to unity only for

bandwidth sensitivities.

4.2.4 Current Mode Single Input Multiple Output Universal Filter

CM filters have received significant attention due to their advantages such as
higher frequency of operation, larger dynamic range, simpler circuitry and less

power dissipation compared to their VM counterparts [42-47].

Universal filters are popular as they can provide several filter functions with the
same circuit and the literature on them is abundant. To cite a few: in [47]
a Single-Input Three-Output filter with four active devices (DOCCII) and five
passive components, each DOCCII consisting of 20 MOS transistors, in [42] a
Three-Input Single-Output filter with two active devices (CCCCTA) and two
passive components, each CCCCTA consisting of 54 BJT transistors, in [43] a
Three-Input Single-Output filter with two active devices (CFTA) and two pas-
sive components, each CFTA consisting of 25 MOS transistors, in [44] a Fully
Differential Current Mode Universal Filter with seven active devices (CDCC)
and two passive components, each CDCC consisting of 46 MOS transistors, in
[45] a universal filter with single-input three-output only one active device FD-
CCII and four passive components, FDCCII consisting of 59 MOS transistors,
in [46] a biquadratic filter with one active device (VDCC) and three grounded
passive components, VDCC consisting of 22 MOS transistors, are given. All of
these filters operate in Current Mode. Commercial monolithic IC universal filters

such as LTC1562 [48], UAF42 [49] and MF10 [50] are also available.

In the sequel a new application of metamutator as CM-SIMO universal filter is
being presented. Different realizations of this type of multifunctional filter have
been shown in Table 4.8. This new application of CIM metamutator, will be

investigated by applying the realization in row #4 of Table 4.8.
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Realization Rs Cyl|R4||Lin Cs Ry
#1 Port n Port [ Port k | Port m
#2 Port k Port m Port n | Port [
#3 Port [ Port n Port m | Port k
#4 Port m Port k Port [ | Port n

TABLE 4.8: Multifunctional filter realizations

By applying realization #4 of Table 4.8 to AD-IC based metamutator, the circuit

diagram of CM-SIMO universal filter will be obtained as shown in Figure 4.24.

G
. |
Iy 1|
+ I =
. L , V¥V H
I:li Iapj = 4 I_L..H Iff‘t
R1§ Vu Metamutator |Vm
fkn Vi

Figure 4.24: Circuit diagram of the CM-SIMO universal filter

For investigating the operation principle of CM-SIMO universal filter, the real-

ization #4 is applied to the metamutator with AD-IC, as shown below,

Writing KVL, KCL and using element defining relations and solving for Igp1, Igp2,

Igps, I1p1, I, pe and Iy p in terms of I;, results in filter functions as shown in Table

4.9.
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Figure 4.25: Current mode filter realization #4

Filter Type | Transfer Function
Band pass
I (S) _ 52R102R304R4 — SR102R3 + R4 I (S)
AP 82R102R304R4 + SR102R3 + R4 .
Band pass
I (S) _ 52R102R304R4 — 8R102R3 + R4 I (S)
i 82R102R304R4 + SR102R3 + R4 R
Low pass
I (S) _ 52R102R304R4 — 8R102R3 + R4 I (S)
AP 82R102R304R4 + SR102R3 + R4 b
High pass
I (S) _ S2R102R304R4 — 8R102R3 + R4 I (S)
AP 82R102R304R4 + SR102R3 + R4 b

According to description matrix of metamutator as i; = i and i3 = i4 so are
Igp1 = Igps and I py = Ipps. As seen from Table 4.9 the newly introduced
current mode filter enables Low Pass, Band Pass and High Pass responses simul-

taneously. One can obtain the Band Stop filter by adding the I;p and Iyp or an

TABLE 4.9: Transfer function of different filters
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All Pass filter by adding up the negative of Igp to the sum of I;p and Igp. In
these cases, the transfer functions become as given by (4.34) and (4.35) and the

frequency behavior of all filters is shown in Figure 4.26.

82R102R304R4 + R4
Ins = I 4.34
Bs 82R102R304R4 + SR102R3 + R4 ( )

82R102R304R4 — 8R102R3 + R4 I <4 35)
82R102R304R4 + SR102R3 + R4 b )

Iap =

0.8

0.4

0

100K 300K im im 10m 30m 100M 300Mm

Frequency [Hz
— .. —2 High Pass 4 o [Hz]

— © Low Pass
....... ¥ Band stop
— - - = BandPass

Figure 4.26: Simulation results of all type filters

The filter in Figure 4.25 was simulated by applying an AC current source with
amplitude of 10mA to port 4 and selecting resistor and capacitor values as Ry =

R3 = R4:1kQ and 02 = 04:10I1F

following Table 4.8. As for AD-IC, TSMC, 0.25um CMOS process parameters
were used with transistor dimensions as shown in Table 3.6 and the circuit in

Figure 3.48 The supply voltages were chosen as £1.25V and Vj as 0.8V.

The angular frequency wy , quality factor Q and Bandwidth for all types of filters

are obtained as:

(4.36)

Wy =

AV4 Rl 02R304
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Cy
— Ry / 4.
@ =R R,CoR5 (4.37)

wo _ G (4.38)

BW = = —
Q G

The quality factor (Q)) and bandwidth are independent from angular frequency
(wp) and can be independently adjusted by changing the value of passive compo-

nent Ry.

In particular, choosing Co, = Cy = C' and Ry = R3 = R4 = R the angular
frequency becomes wy = 1/RC' and the quality factor ¢ = 1. In this case all

filters have non-inverting unity gain.

Using expressions (4.36)-(4.38) sensitivities become,

1
Sevas = —Scie, = 5 (4.39)
S9 =1, s¢9 __ge ! 4.40
Gy — b G1,G3,Cy — ~ MCy — 5 ( . )
Sl =-8fW =1 (4.41)

The sensitivities in (4.39)-(4.41) are all single parameter sensitivities e.g. S, ((g(i),Gs) =
1/2 means that S = 5°) = 1/2 . The absolute values of calculated sensitivi-
(G1) (G3)

ties are low and equal to unity only for bandwidth sensitivities.
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Chapter 5

Two Operationally Nonlinear Applications of AD-IC

5.1 Analog Multiplier

Nonlinear building blocks like multipliers and dividers are widely used in sev-
eral applications in analog signal processing. For example, applications such as
mixers, modulators, adaptive filters. are composed of analog multipliers. In the
literature different techniques have been applied for designing analog multipliers
[51-59]. But, the growing interest in the design of fully integrated systems on
chip encourages the inclusion of active blocks in their structures. Several analog

multipliers using active building blocks are mentioned here.

In [51-52] second-generation Current Conveyors (CCIIs), in [53-54] Current Con-
trolled Conveyors (CCCllIs), in [55] Dual-X Current Conveyors (DXCCIIs), in [56]
current controlled current differencing buffered amplifiers (CCCDBAs), in [57-58]
transconductors, in [59] Operational Transconductance Amplifiers (OTAs) are

used for building analog multipliers.

However most of these analog multipliers suffer from one or more of the following

disadvantages:

i. Excessive numbers of active devices [54], [59],

ii. Additional active or passive resistors [53],
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ili. Complex internal circuitry of active device [54-56], [58],

iv. Appearance of the process parameters’ dependent components at the output

of the multiplier [55],

v. Excessive number of transistors [56-59].

Most of these realizations are not able to be fabricated as an integrated CMOS
system on chip. For example, the circuits in [51-54], [56], [58-59] use bipolar or
bipolar-JFET technology which involve more expensive processes. The complex-
ity of the CMOS implementations given in [55] and [57] prevents the realization
of the analog multipliers using commercially available CMOS circuits. Thus, it

becomes a necessity to realize simple, compact fully CMOS multipliers.

In this section an AD-IC based voltage multiplier is offered. The operation prin-
ciple of the newly proposed multiplier is based on squaring and subtracting the
output voltages of AD-IC. The schematic block diagram of the proposed multi-

plier is shown with Figure 5.1.

vt | PMOS Based | I Lout

| — - O
Y1 ‘XZ Squarer » Vout
+I

v AD-IC

V1-V3 NMOS Based

l * l_ E X1 Squarer

Figure 5.1: Block diagram of proposed multiplier

In the structure of proposed multiplier one AD-IC active element, a PMOS and
an NMOS squarer circuits, consisting of two transistors each, are being used.

According to (3.19),
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Vg1 = Uyl — Uyz = U1 — U2
(5.1)
Vg2 = Uyl + Vy2 = U1 + vo

For NMOS and PMOS based squarer circuits the structures shown in Figure 5.2

(a) and (b) extracted from [60] are used. Transistor dimensions are given with

Table 5.1.

I auey = pr
Q

oo
& l:M;_

(a) (b)

Figure 5.2: Voltage in/current out squarer circuits: (a) NMOS-based, (b)
PMOS-based

NMOS Transistor | W(um)/L(pum)
My, M; 3.6/1.8

PMOS Transistor | W(um)/L(um)
M, M, 3.6/1.8

TABLE 5.1: Transistor dimensions of the squarer circuits

When NMOS based squarer circuit is in positive cycle of v;,, M is off and M, is
in saturation region; when NMOS based squarer circuit is in negative cycle of v;,,
Mo is off and M is in saturation region. Thus, the output current of the squarer

for the whole cycle of input voltage is:

1
IoutN = §Kn‘/;n2 (52)
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Here K,,; = K,» = K,, with K,, = ,unCox% and W/L is the transistor aspect
ratio, u, is electron mobility, and C,, is the gate oxide capacitance per unit area

and the threshold voltages Vi of NMOS transistors are assumed to be equal.

When PMOS based squarer circuit is in positive cycle of v;,, M is off and M; is
in saturation region; when PMOS based squarer circuit is in negative cycle of vy,
M; is off and M is in saturation region. Thus the output current of the squarer

for the whole cycle of input voltage is:

1
Louip = §Kp‘/in2 (53)

Here K1 = Kp» = K, with K, = upCoz% and W/ L is the transistor aspect ratio,
{1, is electron mobility, and C,, is the gate oxide capacitance per unit area and
the threshold voltages Vrp of PMOS transistors are assumed to be equal. So the

currents 41, i and I, in Figure 5.1 can be calculated as,

. Kn
Loty =12 = KT(Ul - U2)2 (5.4)
Lowp = i1 = (01 + v2)?
. . K, K,
Lowt =11 — iy = [7]9(7)1 + 1) — 7(1}1 — v3)’] (5.5)
By selecting, K, = K, = K, the output current /,,; can be expressed as,
]out = 2K’U1U2 (56)

By terminating the output of the multiplier with a resistor Ry, when a voltage

mode operation is desired, the output voltage can be expressed as:

Vout = K 0109 (5.7)
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where 2R K = K);. Asit can be seen from (5.6) and (5.7) the proposed multiplier

can operate in both transconductance- and in voltage-mode.

The most significant application of multipliers being to operate as modulator, in
the remainder of this section, AD-IC based multiplier circuit’s Amplitude Modu-
lation (AM) capability will be illustrated.

By applying two sinusoidal voltage sources with different frequencies, one as mes-
sage signal and the other one as carrier signal, to the inputs of multiplier circuit,

it will operate as a modulator. The simulation results are shown in Figure 5.3.

100

o

V(1)[mV]

-10

mulmmmmnmlmmmnl
| | AR

200

V(2)[mVv]

0 P Anaaaanifl
PV

V(out)[mV]

-20

T t T T T T T
1] 5 10 15 20 25 30 35 40 45 50

Time [ms]

Figure 5.3: Simulation result of multiplier as modulator

The modulator circuit is simulated by applying two sinusoidal voltage sources,
one as message signal with amplitude of 100mV and frequency of 100Hz and the
other one as carrier signal with amplitude of 200mV and frequency of 2000Hz.
As for PMOS and NMOS squarer circuits transistors with process parameters
TSMC, 0.18um CMOS were used with dimensions as shown in Table 5.1 and the
circuit structures proposed in Figure 5.2; supply voltages were chosen as £0.4V.
For AD-1C, TSMC, 0.25um CMOS process parameters were used with transistor
dimensions as shown in Table 3.6 and the circuit in Figure 3.48, the supply
voltages were chosen as +1.25V and Vg as 0.8V. v, in Figure 5.3 confirms the

operation of the AD-IC based multiplier as modulator.
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5.2 Full-Wave Rectifier

Precision rectifiers are widely used in many fields such as analog signal processing,
control engineering, communications and also in measurement applications and
instrumentation such as AC voltmeters and ammeters, averaging circuits, signal-

polarity detectors, peak-value detector rectifications [61-62].

In general rectifier circuits, consisting of diodes and several passive components
exist in the literature but because of the threshold voltage limitations of diodes,
which are about 0.3V and 0.7V for germanium and silicon diodes respectively, the
usage of these types of rectifiers for high-precision and low-voltage applications
are not suitable. Consequently, for high-precision rectification and/or achieving
wider frequency response ranges, active elements have been used. Many different
topologies of rectifiers, with one or more active IC devices in their structures,
have been introduced in [63-81]. However, these circuits suffer from one or more

of the following disadvantages:

i. quite a large number of transistors,

ii. high area occupancy,

iii. high power consumption [69-78],

iv. and necessity of satisfying different element matching conditions [63-69].
By connecting terminal y; of AD-IC to ground, applying a voltage source as
input to terminal y, and connecting diodes D; and Dy to terminals x; and s
respectively the structure of the proposed voltage mode full-wave rectifier will
become as shown in Figure 5.4. The most important feature of the proposed

circuit is its simple structure containing only twelve NMOS transistors and two

diodes.

To see that the configuration in Figure 5.4 operates indeed as a full wave rectifier

consider the following:
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Vino— Y, Xz

Figure 5.4: Block diagram of AD-IC

e As one can observe the terminal y; is grounded hence v,; = 0 and in this

case, v;1 which is equal to v, — vy2 Will be equal to —v;,.
e on the other hand v, which is equal to v, + vys will be equal to vy,.
When the input of the proposed full-wave rectifier has positive values, denoted

by v;n(t)+, the voltage at terminal z; is equal to —v;, and the voltage at terminal

x5 is equal to vy,, so Dy is off and Dy is on yielding:

Uout(t) = Ui?’b(t)-l— (58)

When the input of the proposed full-wave rectifier has negative values, denoted
by vin(t)_, the voltage at terminal x; is equal to v;, and the voltage at terminal

Zo is equal to —v;, , so Dy is on and Ds is off giving:

The input voltage of the proposed full-wave rectifier can be expressed as,

Vin () = 0in(t) 4 + vin(t) - (5.10)
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From (5.8), (5.9) and (5.10) it can be concluded that the output voltage of pro-

posed full-wave rectifier can be given as,

Uout(t) :| vzn(t) | (511)

which proves that the circuit proposed in Figure 5.4 operates as a full-wave rec-

tifier. The proposed AD-IC based rectifier circuit has the following advantages:

i. Voltage-mode operation,

ii. Low-output, high-input impedances which make it suitable for IC fabrication

without the need of any additional buffer circuits,
iii. Fewer CMOS transistors with respect to rectifiers in [64-78],

iv. No resistors are used hence there is no need of resistive matching conditions.

By applying a sinusoidal voltage source with amplitude of 100 mV and frequency
of 1kHz to the input of the circuit in Figure 5.4, the time domain waveforms of v;,
and v,,; and, the DC transfer characteristic of the full-wave rectifier are shown in
Figure 5.5 and Figure 5.6 respectively. For diodes D; and Dy the 1N4148 model
is used. The supply voltages are chosen as £1.25V and Vp as 0.8V.

From both, Figure 5.5 and Figure 5.6 it can be seen that the output waveform
and the DC characteristic of the proposed rectifier are in very good agreement

with the expected behavior.

Another set of parameters to evaluate the behavior of the proposed full-wave
rectifier and enable its comparison with other full-wave rectifier circuits are the
DC value transfer (Ppc) and RMS error (Prass). These values are defined with
(5.12) and (5.13) respectively where v,,(t) and v,;(t) represent the actual and
ideal output signals of rectifier and 7" is the period of the rectified signal. (5.12)
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Figure 5.5: Time-domain input and output waveforms of the rectifier with
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Figure 5.6: DC characteristics of the non-inverting full-wave rectifier circuit

and (5.13) imply that the ideal values for Ppc and Pgys are unity and zero

respectively.

[ voatdt
Ppo =L 2 5.12
PO ogtdt (5.12)

Prus = \/fT[UOCL?;) — va(Ddt (5.13)

2. (t)dt

o

The characteristics in Figure 5.7 clearly show that as the input frequency in-
creases, the value of Ppc decreases and that of Prjss increases due to the non-

ideal effects present in the rectifier. In order to show how well the newly proposed
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Frequency [Hz]

Figure 5.7: Ppc,Prims) characteristics of the rectifier in 100mV input ampli-

tude

rectifier circuit with AD-IC behaves, a comparison with previously published rec-

tifiers has been presented in Table 5.2.

paper #of ICs #of #of Re- | High In / Res.
Transis- | sistors Low Out Match
tors Impedance Re-
quired
[64] 2 OTA >> 12 7 NO/YES YES
[66] 2 CCIIL >> 12 2 YES/NO YES
[68] 1 CCII- 15 2 NO/NO YES
[69] 1CCII,1 DXCCII | 29 2 YES/NO YES
[70] 2 CCII 36 2 YES/NO YES
[71] 1 DO-OTA 24 1 YES/NO NO
[72] 1 CCIL,1 OpAmp | 41 3 YES/YES YES
[73] 2 CCIIL 80 3 YES/NO YES
[74] 2 CCIIL 36 2 YES/YES YES
[75] 2 CCIIL 42 2 YES/NO NO
[76] 2 CCII,1 Buffer 26 4 YES/NO YES
[77] 2 DVCC 24 26 YES/YES YES
[78] 4 CCCII 60 5 YES/NO YES
[79] 2CFOA, 3/2NMOS | 39/38 0/1 YES/YES YES
Here 1AD-IC 12 2 YES/YES NO

TABLE 5.2: Comparison of the proposed rectifier with others
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Chapter 6

Conclusion

A brief introduction to basic circuit elements together with a new class of memory
elements namely, memstors were presented in the first chapter. Also, the necessity
of using mutators together with previously developed mutator circuits in literature
was considered. A brief overview of 4-port metamutators according to their port
description matrices, their classification into two categories: Voltage Inverting

Metamutator (VIM) and Current Inverting Metamutator (CIM) were presented.

The necessity of using mutators and the basic definition of 2-port mutators with
their port relation matrices and different kind of mutators for mutating nonlinear
circuit elements to memristors or converting memristors to other non-volatile
circuit elements like meminductor and memcapacitor, also some of the previously
developed classical mutator circuits well-known in the literature, were presented

in the second chapter.

Many incognito mutator-like 4-ports hidden in the simulations/emulations of de-
vices in the literature have been uncovered and named metamutator in the third
chapter. In addition to introducing some of these incognito metamutator realiza-
tions, newly designed metamutator circuits with one or two active devices, with
their ports relation matrices and their different realization tables were presented.
Also a novel realization of a metamutator with single active device, Additive and
Differential IC (AD-IC) was proposed and implemented with twelve transistors

only; a minimal number among all realizations.
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In the fourth chapter, different applications of metamutators developed during
the research period of this thesis were presented. As the port description matrix
of all introduced metamutators in Chapter 3 are the same, these applications
stand true for all of metamutator realizations. Depending on how some of the
ports are terminated, many metamutator applications, which can be classified

into two groups, is attained:

I. 1-port circuits realized with metamutators,

IT. 2-port circuits realized with metamutators.

It has been shown in this chapter that in 1-port realizations, by properly termi-
nating three ports of the metamutator the resulting circuit behaves like a mu-
tator, floating and/or grounded impedance scalor, oscillator. In addition, fourth
chapter also contains new 2-port realizations: transconductance/transimpedance-
amplifiers, voltage mode multiple input single output universal filters and current
mode single input multiple output universal filters. Also, a list of all of these ap-
plications were demonstrated with Table 1.3 and Table 4.5. The advantages of
the introduced circuits were demonstrated and these applications were verified
in detail with PSPICE simulations using transistor parameters obtained from
layout level descriptions of metamutators. Comparisons between simulation and

theoretical results were also presented.

In the fifth chapter, two new applications: a voltage multiplier with single AD-IC
and two squarer circuits consisting of two transistors each, and a full-wave recti-
fier again with only an AD-IC and two diodes in its configuration were presented.
Both of the circuits were simulated with parameters extracted from the layout
and have shown very good conformity with ideal voltage multiplier and full-wave
rectifier behaviors. Also detailed comparison tables of the proposed analog mul-
tiplier and full-wave rectifier with others existing in the literature, were included

in this chapter.

114



Future work will concentrate on the comparison of VIM versus CIM, novel types
of metamutators, their different realizations, tuning with external elements to
improve the behavior of these circuits and further applications. Comparing the
effects of using different kind of metamutators in the design of filters realized here

will deserve special consideration.
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