CHAPTER -1

INTRODUCTION

1.1 Introduction

The present work describes the current mode / voltage mode active building blocks introduced
in the domain of analog signal processing after the introduction of Current Conveyor by Smith
and Sedra in 1969 [1]. There had been several major developments in the area of analog circuits
and signal processing which have taken place during the past four decades. There is a bulk of
material available about the various active blocks developed post Current Conveyors. In this
dissertation an attempt has been made to highlight some of these current mode / voltage mode

active blocks and implementation of some of these blocks has also been studied and discussed.

Introduction of Current Conveyor was necessary because of the limitations posed by the
traditional Operational amplifier which is a highly versatile element. With opamps many circuits,
both linear and non linear, can be realized successfully. Extensive research had been carried out
from mid-sixties to mid-eighties on the design of various linear and non-linear analogue circuits
using integrated circuit (IC) op-amps. Since opamp based circuits employ RC elements, their
monolithic IC implementation was difficult because precise tuning of the time constant RC was
difficult to implement. Moreover their limited performance due to less bandwidth, slew rate etc.
forced the analog designers to look for other active blocks [2]. Switched capacitor circuits was
one solution where the resistor was replaced by a periodically switched capacitor but it again

posed problems like aliasing and clock feed through [3].

In eighties Operational Transconductance Amplifiers (OTA) was introduced. The OTA-C circuits
employ only transconductors and capacitors to build various functional circuits and thus, do not
require any resistors; moreover, their internal structure is also resistor-less, thus adding to its
advantage list. In OTA circuits the transconductance can be controlled electronically through an
external DC bais voltage / current making its gain variable (programmable). The period 1985-95
witnessed a phenomenal research activity on the various aspects of OTAs and OTA-C circuits.
Publications showing possible ideas related to the design of OTAs (bipolar,CMOS and biCMQOS)

as well as application circuits using OTAs , have still not been completely exhausted.



The developments in digital circuit design particularly, CMOS digital circuits, have had a
profound influence on the developments in analogue circuits particularly in those cases where
both digital and analogue parts are to be integrated on the same chip using the same
technology (CMOS). Even though the digital systems have many advantages over the analog
type the latter can’t still be avoided as the natural world is analog. The various developments in
the field of integrated circuit (IC) technology, again, posed various challenges to analog
designers to match the analog system with their fast growing digital counterparts. It is such
requirements which have resulted in continued research on efficient analog circuit designs
especially current-mode (CM) techniques and circuits for evolution of elegant and efficient
solutions to many contemporary problems in mixed-mode circuit design problems. The current
mode approach to signal processing is often considered to have one or more of the following
advantages: higher frequency range of operation, lower power consumption, higher slew rates,
improved linearity and better accuracy [4]. Before describing the developments in analog signal

processing and circuit designs we will first analyze some of the basics of signal processing.

1.2 Analog signal proc essing vs Digital signal processing

The signal processing operations involved in many applications like communication systems,
control systems, instrumentation, biomedical signal processing etc can be implemented in two
different ways

(1) Analog or continuous time method and
(2) Digital or discrete time method.

The analog approach to signal processing was dominant for many years and it uses analog circuit
elements such as resistors, capacitors, transistors, diodes etc. With the advent of digital
computer and later microprocessor, the digital signal processing has become dominant now a
days. The analog signal processing is based on natural ability of the analog system to solve
differential equations that describe a physical system. The solutions are obtained in real time. In
contrast digital signal processing relies on numerical calculations. The method may or may not
give results in real time. The digital approach has two main advantages over analog approach
(1) Flexibility: Same hardware can be used to do various kind of signal processing operation,
while in the core of analog signal processing one has to design a system for each kind of

operation. (2) Repeatability: The same signal processing operation can be repeated again and
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again giving same results, while in analog systems there may be parameter variation due to
change in temperature or supply voltage [5]. Added to these ,digital signal processing has many
advantages added to its list like, better noise immunity than analog signals. They are compact
and much cheaper than their analog counterpart. Digital signals can be encrypted so that only
the intended receiver can decode it. It Enables transmission of signals over a long distance and

it enables multi-directional transmission simultaneously[6].

Taking these advantages into account, the designers are forced to look for digital solutions
rather than analog in VLSI systems. Even then, analog circuits are fundamentally necessary in
many of today’s complex, high performance systems. This is caused by the reality that naturally
occurring signals are analog. Practically all signals in the physical world are continuous in both
amplitude and time, and hence always analog techniques will be required for conditioning of
such signals before they can be processed by digital signal processing circuits. Therefore analog
circuits act as a bridge between the real world and digital systems. Another important reason
for the existence of analog signal processing is the bandwidth, which can be some order of

magnitudes higher, if the signal is processed in analog circuits than in digital.

13 Current mode signal processing vs. Voltage mode signal processing

Any signal processing done in electric or electronic circuits is performed by means of more or
less organized movement of charge, where voltages and currents are usually the variables and
time, resistances, capacitances and inductances are parameters of the circuit defining the
properties of the signal processing. The main reason for using only voltages and currents in
analog signal processing is that active devices, which are exploited in analog electronics, operate
mostly with resistances (conductance), as parameters for controlling the signal processing. The
signal is then processed by miscellaneous voltage-current and current-voltage conversions,
amplification, weighted addition and multiplication, etc [7]. Historically voltage has been used
as the main variable for signal processing, probably because the thinking in terms of voltages is
easier and simpler for the designers, than the thinking in terms of currents. However, during
the years the analog electronics became practically only voltage processing and most of the

building blocks used in analog electronics (like opamps) are typical voltage processing circuits.



In order to increase the speed of circuits for analog signal processing and to decrease the supply
voltages of integrated circuits, designers devote their attention to the so-called current mode.

Here the individual circuit elements should interact by means of currents and not with voltages.

The difference between voltage and current processing circuits is that a single output terminal
of a current processing block is able to supply only a single input terminal, since the inputs of
current processing blocks cannot be arranged into a serial connection. Therefore, if more input
terminals are required to be supplied by the same input signal, it is necessary to design current
processing building blocks with multiple outputs giving the same output signal while in voltage
processing circuits a single voltage-output terminal can supply more voltage-input terminals

connected in parallel.

1.4 Scope and outline of the work presented in thesis

The basic elements in analog signal processing namely, VFA (Voltage Feedback Amplifier), CFA
(Current Feedback Amplifier), OTA (Operational Transconductance Amplifier), and particularly
Current Conveyors (CC) are either modified or extended in an effort to increase the application
potential of the element giving the form of a new element with any improved feature like simple
internal structure, lower power consumption, or improved speed of operation or electronic

tunability etc.

This thesis is primarily directed towards the study of various active elements of current mode and
voltage mode which were introduced after the Current Conveyors. In this thesis the newly

introduced active elements are categorized into three classes as:

Current Conveyors and its derivatives,

Opamps, FTFNs, Hybrid Opamp-CC,

Other Active elements

New active blocks introduced in each of these classes are discussed in the following chapters.

Practical realisation of few of the newly introduced active blocks with commercially available
units like AD844 and LM13600 is attempted by simulating their various applications using
PSPICE.
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CHAPTER-II

CURRENT CONVEYOR AND ITS DERIVATIVES

2.1 Introduction

Due to the advances made in integrated circuit (IC) technology during the last two decades,
circuit designers have quite often exploited the potential of current-mode analog techniques,
using current as the medium of signal processing for evolving elegant and efficient solutions to

several circuit design problems.

Consequently, current mode circuits are receiving significant attention due to their larger dynamic
range, higher band-width, greater linearity, simpler circuitry, lower power consumption, and
reduced chip area as compared to their voltage mode counterparts like Operational Amplifiers. In
recent years, due to the integration suitability with CMOS technology, current mode devices are
finding even more consideration in circuit designs. Analog building blocks, such as current
conveyors (CCII) and current controlled current conveyor (CCCII), have emerged as a very

useful device to develop various analog signal processing circuits like filters.

The second-generation current conveyor (CCII) is one of the most versatile current-mode
building block. Since its introduction it has been used in a wide range of applications and several

circuit realizations have been proposed for its implementation.

Current conveyors were introduced in the late sixties, early seventies by Smith and Sedra [1- 2].
In the first years of their appearance the performance of current conveyors was severally limited
by the available technologies, which did not allow well-matched devices on fabricated chips.
Since the technologies have improved in the eighties, the current conveyors gained the attention
of many analog designers. Today the current conveyors have developed to very useful building
blocks of analog electronics. They are parts of a number of very often used circuits, like active
filters, transimpedance and ‘“current feedback' operational amplifiers, voltage and current
operational amplifiers and other more, and their main application areas are in high-speed, high-

frequency circuits for both voltage and current signal processing.



2.2 Characteristics of First and Second generation Current Conveyor , (CCl and
CCIl)

The First generation current conveyor introduced by Smith and Sedra was defined as a
three-port device, which can be represented by the figure 2.1

CC zf—oVz

Fig 2.1 CCI (a) Symbol (b) Nullator-Norator representation

a) b)

This device operates so that the voltage applied to its high-impedance Y-terminal appears also at
its low-impedance X-terminal. The current being forced into the X-terminal is conveyed to the

high impedance output terminal Z of the current conveyor as well as to its input terminal Y.

Mathematically the performance of the current conveyor can be described by the hybrid equation

[3]
Iy Vy
R
I 2

where the + sign applies for positive current conveyors denoted as CCI+, in which the current

0 1 0
1 0 O
0 1 0

flows into both the X- and Z-terminal in the same direction, and the - sign stands for the opposite
polarity of the X-to-Z-terminal current transfer of the negative current conveyor CCI-.Somehow

this model of Current conveyor didn’t become popular.

Later in 1970 a second generation current conveyor was proposed by Smith and Sedra to increase
the versatility of the previous generation. In this device no current flows into its input terminal Y

and so the mathematical representation of the CCI becomes

L7 [0 0 oY
[Vx] =1 0 0]
I, 0 +1 O0dLbLvy

for the CCII, where again the + sign denotes the positive X-to-Z current transfer of the positive

current conveyor CClI+ and the - sign determines the negative X-to-Z



Fig 2.2 (a) The positive conveyor CCIlI+, i; = ix. (b) The negative conveyor CCII-, i; =- ix.

This current-conveyor differs from the first generation conveyor in that the terminal Y is a high
impedance port, i.e. there is no current flowing into Y. The Y-terminal of the second generation
current- conveyor is a voltage input and the Z-terminal is a current output, the X-terminal can be
used both as a voltage output and as a current input. Therefore, this conveyor can easily be used
to process both current and voltage signals unlike the first generation current- conveyor or the
operational amplifier [4]. The principle of second generation conveyor is shown in Fig 2.2.

Ever since the introduction of Current Conveyors several variations have been proposed to
improve the performance resulting into a large number of active blocks that could be classified as
derivatives of Current Conveyors. Now we will narrow down the discussion to some of the

recently introduced derivatives of Current Conveyors.

2.2 Fully Differential Current Conveyor Il (FDCCII)

In 2000 a new active element called Fully differential current conveyor (FDCCII) was proposed
[5] to improve the dynamic range in mixed mode application where fully differential signal

processing was required.

FDCCII is an important generalization of the conventional CCIl. The x, y, and z terminals occur
here in pairs. The basic circuit equations of the CCII are now valid for differences of voltages or
currents which correspond to these pairs. FDCCII is thus designed for applications with fully

differential architecture for fast signal processing.

The circuit symbol of FDCCII is shown in fig 2.3. The Y1 and Y terminals are high impedance

terminals while X; and X, terminals are low impedance ones.

The differential input voltage Vv, applied across Y1 and Yterminals is conveyed to differential

voltage across the X;and X, terminals; i.e., (Vxi2 =Vv12). The input currents applied to the X; and



X are conveyed to the Z; and Z; terminals that is, (I.1=lx1 and 12=Ix2). The Z; and Z, terminals are

high impedance nodes suitable for current outputs.
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Fig 2.3 The circuit symbol of FDCCII

Taking the Non idealities in to account the voltage current relationship of FDCCII can be

characterized by:

_vx+_
Ves] [0 O B =B, Bz 07|l
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Where ideally B1 = B2 = 3= P4 =1 and an = ap = 1 that represent the voltage and current transfer
ratios of the FDCCI|I .respectively. The CMOS realization of the as proposed by Alzaher, Elwan,
and Ismail [6] FDCCII is shown below. In Fig 2.4

All transistors are assumed to be operating in the saturation region.
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Fig 2.4  CMOS realization of FDCCII



The applications of FDCClIs in filters and oscillators design using only grounded passive
components were demonstrated in [7] [8] A current mode multifunction filter configuration was

proposed using FDCCII by Kacar, Metin, Kuntman and Cicekoglu [9].

Four first order voltage mode cascadable all-pass sections using FDCCII as single active element
and three grounded passive components were proposed by Jitendra Mohan, Maheshwari, and
Chauhan. [10]

2.4  Operational Floating Current Conveyor (OFCC)

The OFCC is a five-port network, comprised of two inputs and three output ports, as shown in
Fig. 2.5. The OFCC combines the features of current feedback (CFB) operational amplifier,
second generation current conveyor and operational floating conveyor (OFC) [11]. In this
diagram, the port labeled X represents a low-impedance current input, port Y is a high-impedance
input voltage, W is a low-impedance output voltage, and Z+, and Z- are the high-impedance

current outputs with opposite polarities.

oI W w
i . v,
OFCC Lrfpoo 3
W, . P
i, i,

Fig 2.5 Block diagram representation of OFCC

The OFCC operates where the input current at port X is multiplied by the open loop
transimpedance gain Z: to produce an output voltage at port W. The input voltage at port Y
appears at port X and, thus, a voltage tracking property exists at the input port. Output current
flowing at port W is conveyed in phase to port Z+ and out of phase with that flowing into port Z-,
so in this case, a current tracking action exists at the output port [12]. Thus, the transmission

properties of the ideal OFCC can be conveniently described as:

[b] [0 0 O O 0[1@]
v« |2 0 0 0 off i
l[vwl|=l0 z, 0 0 ol
lLHJ 00 1 0 oflvey
iz 0 0 -1 0 olly,
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Where iy and vy are the inward current and voltage at the Y port, respectively as shown
in Fig 2.5 ix and vx are the input current and voltage at the X port, respectively. iw and vy are the
output current and voltage at W port. respectively iz+ and vz. are the output current and voltage at

Z+ respectively .Z; represents the impedance between X and W ports.

v sl CM3

o W
o It
l—o Z-

o CS2 CMd
Fig. 2.6 Circuit scheme of OFCC

The OFCC can be implemented by applying the principle of supply current sensing to a
current feedback (CFB) op-amp, such as illustrated in Fig. 2.6. The current mirrors CM1 and
CM2 establish the output current at port Z+. Also, CM1 and CM2 and their cross-coupling with
the current mirrors CM3 and CM4 through the current steering transistors CS1 and CS2 generate
a complementary output current at port Z. The OFCC is basically designed to be used in a closed
loop configuration, with current being fed back from port W to port X. OFCC is designed with a
feedback resistor (negative feedback) between W and X. This feedback resistor allows the OFCC
to operate at a positive or negative current-conveyor while simultaneously reducing the input
resistance at X port [13]. Also, the negative feedback improves the dc stability as well as the
transfer function accuracy [14, 15]. The OFCC, as a current-mode device, shows flexible
properties with respect to other current or voltage-mode circuits. A new CMIA circuit based on

an OFCC has been proposed by Ghallab, Badawy, Kaler, and Maundy[16].

2.5  Current Controlled Current Conveyor (CCCII)

Current mode circuits like current conveyors are getting significant attention in current analog
ICs design due to their higher band-width, greater linearity, larger dynamic range, simpler

circuitry, lower power consumption and less chip area.
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In 1996 Fabre proposed a second generation current controlled conveyor (CCCII) constructed by
bipolar transistors based on CCIl and BJT translinear loop [17]. The parasitic resistance at
terminal X is given by Rx=V+/2l, and it will be able to be controlled by biasing current I, and is

inversely proportional to the biasing current I,. This gives electronic programmability of CCCII.

It is well accepted that the configurations possessing inbuilt electronic tunability [18] property
can easily be adapted for signal processing in integrated circuits environment. The basic second
generation current conveyor (CCIl) does not have in built tuning property, whereas second
generation current controlled current conveyor (CCCII) has, owing to the adjustability of intrinsic
resistance at port X of CCCII by bias current.

Since its introduction a variety of CCCII circuits have been proposed: CCCII with negative
intrinsic resistance [19]; CCCII based on Wilson current mirror [18]; CCCII operating in radio
frequency; CCCII in pseudo-class AB operating in radio frequency. The applications based on
CCCII are very extensive: such as current mode filters, oscillators, amplifiers, radio frequency
oscillators and low noise amplifiers, ASK/FSK modulators and so on several CMOS

implementation of CCCII was also proposed [18].

Description

Fig. 2.7 show the symbol of the second generation Current Controlled Conveyor (CCCII). A
CCCll-based circuit, whether positive, negative or dual output, provides electronic tunability and
wide tunable range of its resistance at X-terminal [21]. The CCCII requires no external resistors;
hence it is very suitable in the design of integrated filters and oscillators. Also, as the CCCII is

current controlled current source, the CCCII based circuit is very suitable for high frequency

operation.
V l L I
v zZ
— y VA mman
I Cccclh | |
llp— X 7— —b—l!
V

Fig2.7  Symbol of CCCIlI
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The relationship between the voltage and current variables at input and output ports X, Y and Z of

the CCCII can be expressed by the following matrix,

Vs R, 1 01]h
Li=]o0 oolvx
L| L1 o0 ol

where the sign + refers to plus-type or minus-type CCCII, respectively, and Rx denotes the
intrinsic resistance at X terminal. Rx is adjustable by a supplied bias current I, which can be

expressed through a class AB trans-linear loop, which is used as input section.

l,=0
1)
Vi =V, + Ix Ry
)
I+ = Iy
©)
l- =-Ix
(4)

A new wideband second generation current controlled conveyor (CCCII) introduced by
Barthélemy and Fabre [19] in 2002 and the proposed circuit exhibits an intrinsic resistance at
port that is negative. It can also be connected to implement negative controlled resistances that
can be either grounded or floating. The new conveyor described in this brief operates in a similar
manner but exhibits an intrinsic controlled resistance Rx that is negative. Fig. 1shows the
equivalent circuit used to describe a positive/negative type second generation current controlled
conveyor (CCCII), [2]. This is equivalent to an ideal positive/negative type CCII in series with

an intrinsic resistance at X which value is positive and controlled from the DC bias current Io.

The voltage and current relationship of the new conveyor with a negative intrinsic controlled

i e

here 1z is the positive-type output current and 1z, the negative-type one.

resistance is as given

coc oo
RTINS
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Fig 2.8 Equivalent symbol; of + / - type CCCII

L J

- Y _ J

Fig 2.9 The proposed CMOS implementation of CCCIlI+ with negative intrinsic resistance[19]

2.6 Current Controlled Fully Balanced Current Conveyor (CFBCCII)

The circuit symbol of CFBCCII is shown in Fig. 2.10, where Ig denotes the bias current of
CFBCCII. Here, Y+, Yare differential voltage input terminals, X+ and X- behave as differential
voltage tracking terminals, Z1+, Z2+ and Z1-, Z2- are the current output terminals. The number
of current output terminals Z can be extended if necessary. Its ideal port characteristics can be

expressed as:
ly+ =1.=0
Vit = Ve = (Wye - Vi) + (e - 1x)Rx
|21+ - |21. = |zz+ - |zz. = |x+ - |x—

Where Rx is the parasitic resistance of terminal X
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Fig.2.10  Symbol of CFBCCII

The circuit frame diagram of CFBCCII is given in Fig. 2.11. The circuit is made up of four
blocks: the differential voltage input stage, the second-generation current controlled current
conveyor (CCCII), voltage-sampling circuit, and the common mode feedback circuit (CMFB).
The basic principle of the circuit is analyzed as follows: There are two signal-feed paths in the
circuit, the feedforward and thefeedback path. The feedforward path consists of a differential
input stage and two CCClls. Differential voltage signals are added to the differential input stage,
and the voltages would be transferred to the points A and B. The current controlled current
conveyors (CCCII) are employed to transfer VA and VB to the output terminals. The feedback

path consists of voltage sampling circuit and CMFB circuit [21].

The voltages of the points A and B will be sampled in the voltage sampling block, where the
common-mode (CM) voltage VCM is generated. The CMFB circuit is employed to suppress the
CM signals, by comparing VCM and VRCM, VCM is forced to follow VCM = VRCM, in this
way, the CM signal can be effectively suppressed.

The CFBCCII with fully balanced structure can suppress common-mode signals, and its port
relation has electronic programmability. The produced filters from systematic method have fully
balanced structure which can reduce even order distortion and common-mode interference

effectively. Moreover, the frequency of the filters is electronically adjustable.

The realization of the CFBCCII circuit is illustrated in Fig. 2.12

1-u|_u :{ —--I:.—
) Waltage e Tio —eLrs
CMFB » % ampling . CCCII EI_-. S
()
| Y.
Vi Differantial fIH
v, Input Stage X, _..-1:1—
XL B CCCII i
I—. E_._ _...I.-_-

L
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Fig 2.11 Frame diagram of CFBCII

L

<0 1M25

M32

Fig 2.12 Circuit realization of CFBCCII

2.7 Universal Current Conveyor, UCC

A current conveyor is generally a four (or five) terminal device which (when arranged with other
electronic elements in specific circuit configurations) can perform many useful analog signal
processing functions. Many new types of current conveyors have been designed since the first
introduction in 1968 (CCI). There have been the second-(CCII) and the third-generation (CCIII)
[22] current conveyors and recently the inverting second generation current conveyor (ICCII)
[23]. All these types could be divided into categories which describe the current transfer between
X-terminal and output Z-terminal; "+" is for positive transfer (both currents have the same

direction), and - is for negative transfer.

Universal current conveyor proposed by Betva,'Vrba ,Zeman and Musil in 2000 was a versatile
building block that was able to replace any type of then existing current conveyor.[24]. The
universal current conveyor is an eight port building block. It has three high impedance inputs

(differential Y1, Y2 and summing Y3), one low impedance input X and four current outputs (Z1

,Z2, 21,22 ), Outputs zL, 22 are complementary to outputs Z1, Z2. The matrix description of

UCC and its symbol are given in figure below:
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yi] 0 0 0 0 0 0 0 07[V1]
iy2] 10 0 0 0 0 0 O Of|Vz
igs| [0 0 0 0 0 0 0 OfVys
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izl 1o 0 0 -1 0 0 0 ollvz

Fig 2.13 Matrix description of UCC

-

Fig 2.14 Symbol of UCC

All existing types of current conveyor could be realized with the help of UCC providing suitable
connection between its terminals. Procedures realizing some of the current conveyors with single
high impedance input terminal can be given as in table below shows the possible realizations of

current conveyors with differential input.
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Type Inputs f Qutputs f Connected J§ Grounded |
CC WYY | 757 |YLZI V2,Y3
7272
CClx [V13Y |msz |2 ¥3,¥3
7,72
cCi+- [Yi3Y |@2-Z Y1, 21 ¥I, ¥3
7137 72
cci- [visy | Fiaz Y2,¥3 |
21,722,723
[CCitle [ YI»Y |ZI2Z I EP R
23,
71,72
cci- iy (2132 Y2, Y3
>7 ZL,Z2
coil- fviay {7352 vz Y2, Y3
71,72
coni [y 252 |yiz o | vavs
72,72
ccu fyi=y |z2152 Y171 Y2, Y3
- 7237 Z2
ICCI- JV22Y |71z |Y2.21 Yi, Y3
72,22
ICCI+ fv2=Y 2252 | v Z1 Y1, Y3
71,72
ICCIH-  VI2Y |229Z ENT FTR
Z137 72
TETHN NeEA N T Y1, Y3
71,272,773
ICCIF | ¥3ayY [213Z Y1, ¥3
2,
7172
1ICCI+ [ V22Y |z15Z Y1, ¥3 |
- 21>z Z3Z2
wcem-Ivaay [ 5357 vz Y1, Y3
21,22
Icchl V235 |22 |v2z3 Y1, ¥3
* ' 72,72
iccur (Y25Y [Z5Z [vaz1 Y1, Y3
pig 2237 z2

CMOS Implementation

A universal current conveyor was designed in CMOS form using CMOS technology AMS
1.2um. The circuitry of UCC is shown in Fig. 2.15. All transistors operate in the saturation

region.
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Fig 2.15 CMOS implementation of Universal Current conveyor

2.8 Fully Balanced Second Generation Current - Conveyor, FBCCII

The second-generation current conveyor (CCIl) is one of the most versatile current-mode
building block. The CCII is a single ended device, however, most modern high-performance
analog integrated circuits incorporate fully balanced signal paths. This is because fully balanced
operation improves the performance of analog systems in terms of noise rejection, dynamic range
and harmonic distortion [25] and reduces the effect of coupling between various blocks [26].
Moreover, most modern systems employ both analog and digital parts on the same chip. A fully
balanced architecture of the analog part becomes more essential as it provides immunity to digital
noise.

Alzaher, Elwan, and Ismail proposed in their paper in 2003 the design of a fully balanced
secondgeneration current conveyor (FBCCII) which is obtained by sensing the output currents of
a fully balanced version of CMOS differential difference amplifier (DDA) [27]

(FBCCII) is a six-terminal device and we give it the symbol shown in Fig 2.16. The FBCCII can
be described by

b1 10 0 o07(%
vg|=|1 0 Of |
LI lo +1 ol |v,

However, here all signals are in differential form
(ie, de = pr — Vxn, de: Vyp — Vyn, Idx = pr - Ixn, IdZ = Izp - |zn )

In addition, all CM (common mode)output signals should be ideally zero (i.e.Vemx = (Vxp + Vin)/2

=0, lemx = (Ixp + bn)/2 =0, lemz = (Izp + 120)/2 = 0) ). In FB system, there is no need for inverters
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as the input or the output terminals can be exchanged to change the transfer function polarity.

Thus, both the positive and negative CClI types have the same fully balanced realization.

A fully balanced architecture of the DDA (FBDDA) is designed in a similar manner as the
conventional op-amp resulting in a differential output (Vop = -Von ). A current sensed FBDDA is
obtained by copying the currents through the two output terminals (Vo, and Von ) to two
additional current ports ( I, and I, ) using current mirrors. The current sensed FBDDA can be
configured as a FBCCII by feeding back the two output voltage terminals (Vop and Vo, ) to two of
the inputs (Vpn and Van ), respectively. Thus the feedback results in Vay = Vax and lg; becomes
equal to lawx. Also, the feedback action develops the required low input impedance at the
terminals.With unity gain feedback, the proposed FBCCII exploits the entire frequency operating
range of the FBDDA that is its unity gain frequency.
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Fig 2.17 CMOS implementation of FBCCII

2.9 Dual-X Current Conveyor, DXCCII
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One active element which has been recently popularized by analog circuit designers is dual-X
second generation current conveyor (DXCCII). It was introduced in 2002 by Zeki,, Toker [28].
The DXCCII is a combination of conventional second generation current conveyor and inverting
second generation current conveyor (ICCII) [1], [2]. It is more versatile as it combines the
features of both CClIl and ICCII.

A DXCCII, shown in Fig. 2.18 is characterized by the following ideal terminal relationship:

I, [0 0 0
Vyp |1 0 0| 4
|VXN|=|—1 0 0I Iyp
| 1 | l0 1 OJ Iyw
l,y] Lo o 1

Wy ——Y Zole 2

DXCCII
x=r£h-—}(p L
VxluTXN ZN"'—M
M

Fig.2.18 Symbolic representation of DXCCII

Maheshwari, Ansari in their paper proposed 15 practical realizations of DXCCII some using only
AD-844 and rest with AD-844 and opamps [29].

Its known fact that AD-844 is equivalent to a second generation current conveyor with additional
feature of buffered voltage output and has been a natural choice for realizing current conveyor
and its assorted off shoots. One such realization of DXCCII using AD844 proposed by

Maheshwari,r Ansari is given in figure below

Fig 2.19 Practical realization of DXCCII using AD844
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2.10  Modification of Third Generation Current Conveyor, MCCI|I

The third generation current conveyor (CCIII) presented by Fabre [22] is shown to be a useful
active element to pick up the current of a floating passive element. However it is shown that
Fabre’s conveyor can also be used to implement different circuit blocks. A CMOS
implementation of CCIII is presented in [30]. CCIII can be considered as a current controlled
current source with unity gain. The use of controlled sources with unity gain in the design of
active- RC filters leads to structures with tight design equations. In order to relieve these, it may
be useful to insert a gain larger than unity. In a recent work, a new active building block,
modified CCIHII (MCCIII) is introduced to realize this property and to provide new possibilities in
the circuit synthesis using this element [31].
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Fig 2.20 CCIlI as proposed by Fabre using two CCIl+
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Fig 2.21 Ideal modified Third generation current conveyor

An ideal modified third generation current conveyor shown in Fig. 2.21 is characterized

by the following constitutive relations.

Iy 0 -1 0 o1[W%
Vo.[_11 0o o0 o]
L o =x o ofl|v,| (a)
I,, 0 1 0 ollvy,
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According to this equation, the element offers a current gain of —1 between ports X and
Y, a current gain of 1 between ports X and Z, and a current gain of —k (usually k=2) between

ports X and Z;. The latter property enables new possibilities in circuit design.

Allpass Filter Topology Transfer Function
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Fig 2.22 MCCIII based all pass filters and related transfer functions

Fig. 2.22 lllustrates current-mode allpass filters as proposed by Bodur , Kuntman,
Cicekoglu [28] using a single MCCIII. The related transfer functions are also given in Fig. 2.22.
Note that the multiplier k provides flexibility to obtain any desired gain value for the allpass
transfer function which is not possible for the standard CCIII.
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CHAPTER 111

OPAMPs, FTFNs, HYBRID OPAMP - CCs

3.1  Four Terminal Floating Nullor and Multioutput- FTFN

Active devices widely used in current mode circuit are usually a second-genertion current
conveyor (CCIl),a current feedback op-amp (CFOA), a four terminal nullor (FTFN) and
operational transconductance amplifier(OTA).

However it has been shown that the FTFN is more flexible and versatile building block than other
active devices [1]. Interest in using FTFNSs to design current mode circuits has increased recently
due to the fact that FTFN-based structures provide a number of potential advantages such as:
complete absence of passive component matching requirement , minimum number of employed

passive elements and improvement of high frequency characteristic.

Many FTFN realization schemes are based on the use of conventional op-amps as the major
active element. These realization schemes are less appropriate for high frequency applications
and are uneconomical for applying to an integrated circuit form. In monolithic form their

realization becomes too complicated.

Jiraseri-amornkun, Chipipop and Surakampontorn in 2001 proposed an alternate form for
realizing a monolithically integrable multi output FTFN [2]. Which offers higher gain and wider

dynamic range.

Circuit Description

FTEN is a high gain transconductance amplifier with floating input or can be called as an
Operational Floating Amplifiers (OFAs) [3]. Figure below shows a nullor model of a FTFN,

which is equivalent to an ideal nullor.
The port relations of the FTFN can be characterized as

Vi=V; Ih=1=0 lor = -lo2
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Fig 3.1. Model of an FTFN () Nullor model (b) Traditional implementation

The output impedance of the W and Z ports are generally arbitrary. However most of the FTFNs
are traditionally realized from the basic type shown in Fig.3.1b, where the output impedance of
the W port is very low while that of Z port is very high. This type of FTFN is also called
operational mirrored amplifiers (OMAS) [4].
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Fig 3.2. (a) Symbol of multioutput FTFN (b) Possible implementation of multioutput FTFN

Fig 3.2 (a) shows the schematic diagram of multi-output FTFN as proposed by Jiraseri-

amornkun, Chipipop and Surakampontorn, [2] it can be characterized by the relation
Vi=V; h=1=0 lor = lo2 = - los

The bipolar integrated form of the multioutput FTFN is shown in figure below
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Fig 3.3 The bipolar integrated form of the multioutput FTFN

An alternative realization scheme for realizing a monolithically integrable multi-output FTFN or
multi-terminal floating nullor (MTFN), which provides electronically variable current gain was
proposed by Tangsrirat in 2008 [5]. The proposed circuit is based on the use of a

transconductance amplifier, an improved translinear cell and some current mirrors.

Fig. 3.4 shows the cascade npn current mirror that can adjust the current gain by the external bias

currents, where lis and lo. are respectively the input and output signal currents.

Transistors Q; to Q4 function as a classical translinear loop, and the currents I, and I, are the
external DC bias currents [6]. In addition, the cascade stages Q5 and Q6 provide the high output
impedance and also lead to minimize the severe peaking of the frequency responses [7].
Applying the translinear principle and assuming that all the transistors are well matched with the
common-emitter current gains B >> 1, then the relationship of the collector currents can be

characterized by the following equation:
lciles= lczlca

where g1 = Iy, lc2 = lp, Iez = lin and lcs = low. Therefore, the output current lo, of this circuit

becomes
lo. = K.lin
where k is the current gain of the mirror and equals to the ratio of the external bias currents 11/ I,.

Cascade npn current mirror with adjustable current gain
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Fig 3.4 Cascade npn current mirror with adjustable current gain

The circuit implementation and representation of the proposed electronically tunable MTFN,

namely ET-MTFN, is shown in Fig. 3.5 below,
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Fig 3.5 ET-MTFN (a) bipolar realization , (b) its symbol
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3.2 Tunable FTFN

Even though FTFN structures have a number of potential advantages till the intial years of last
decade tunable FTFN (TFTFN), whose current gain can be varied was not practically realized.
The FTFN whose the current gain can be electronically tuned is more attractive, flexible and
suitable for design and implementation of the frequency selective systems, suchas, biquads,
oscillators and so forth. It was the team of Tangsrirat, Dumawipata and Surakampontorn who in
2001 proposed the realization of FTFN with variable current gain [8].

In [8] a simple circuit technique for realizing the FTFN with variable current gain is proposed.
The circuit realization uses an op amp in input together with current mirrors with adjustable
current gain to constitute output Z, which can be adjusted current transfer ratio between port W
and Z by tuning the extemal bias current. Some applications using the proposed tunable FTFN
were given with the simulation results and it showed that the characteristics of the resulting

circuit become an electronically tunable.

The circuit implementation and circuit representation of the proposed tunable FTFN, namely
TFTFEN, with variable current gain deduced from an ideal FTFN are shown in Fig. 3.6. The
circuit consists of an opamp, two complementary current mirrors with controlled gain CM1 -
CM2, and two standard improved Wilson current mirrors CM3-CM4. Therefore, the current
flowing through the port W will reflect to the port Z, which has the current transfer ratio as k = iz
/ iw, and consequently this TFTFN will provide a unity voltage transfer between port Y and X,
and a current transfer between port W and Z that the gain value is equal to k. In the same way as

mention from eqn.(l), a four-port device that realizes TFTFN can be rewritten as :

iy=ix=0,vx=vandi,=K iw
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Fig 3.6 TFTFN with variable current gain () circuit diagram (b) symbol

A similar practical implementation of FTFN with variable voltage and current gain was proposed
by Hirunporm, Unhavanich, Tangsrirat, and Surakampontorn.in 2007[9]. The proposed tunable
FTFN offers independently variable dc voltage and current gains while remaining a constant
bandwidth. Moreover, the dc gains of the circuit can be tuned by adjusting grounded resistors
without effecting the useful bandwidth. The performances of the proposed variable-gain FTFN

using a commercial AD844 IC is verified.

3.3 Fully Balanced FTFN , FBFTFN

The four-terminal floating nullor (FTFEN) combines both voltage and current mode capabilities is
a more versatile analog building block than the operational amplifier (opamp) or the second-
generation current conveyor (CCIl) [10-14]. It has been used in several applications ranging
from current amplifiers, voltage to current converters, gyrators, floating immittances to active-RC

filters and sinusoidal oscillators.
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In modern systems, analog and digital circuits are implemented in the same integrated circuit (1C)
chip. Therefore, it is required to implement the analog part using fully balanced architecture.
Fully balanced systems are more immune to digital noise. In addition, fully balanced architectures
are used in high performance analog applications to enhance the dynamic range, reduce harmonic
distortion, and minimize the effect of coupling between various blocks [15]. The single single-

ended FTFN is, therefore, not suitable for mixed analog and digital Circuits.

A method was proposed by Alzaher and Mohammed Ismail [16] for the design and
implementation of fully balanced FTFN (FBFTFN) using the proposed circuit, any single ended
FTFEN based circuit can be converted to its fully balanced architecture. This paves the way for
FTFN-based circuits to be used in IC applications. A low-power class AB CMOS realization of
the proposed FBFTFN is fabricated in a 1.2- m chip. Proposed FBFTFN provides solutions for
fully balanced realizations of both voltage and current-mode circuits.
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Fig 3.7 FBFTFN (a) Symbol (b) CMOS implementation

According to the FTFEN definition, its fully balanced version is an eight terminal device that can

be characterized by the following equations:
bp=ln=1lp=l=0
Vax = Vxp — Vxn = Vay = Vyp— Vyn
ldz = lzp-lzn = -law = -(lwp — lwn).
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The proposed low-power CMOS realization is shown in Fig. 3.7(b). It has been fabricated
in a 1.2- m N-well CMOS process with the device sizes shown in Table I. Like the op amp, the
circuit consists mainly of two stages: a differential-input single ended output transconductance
stage (differential pair with active loads) and a second gain stage. Class AB output stages are
used to achieve well determined low standby power consumption with good output current

driving capability instead of the conventional class A (common-source amplifier) counterparts

Device sizes

Device Names W/L (pm/pm)
My, My, Mg, My 198/3.0
My, Ay 99/3.0
My, Mg, My7, My 9/4.8

Mg, Mya, Mys, Myg, My 180/2.4
Mg, Mg, My, Mag, Mas T2/2.4
My, Mya 150,24
Mo, M2 99/3.0
Mo, Moy 180,/2.4

3.4  Current Feedback Amplifiers, CFA

Among the various current —mode active building blocks, the current feedback amplifier (CFA)
or current feedback operational amplifier (CFOA) is an interesting active component, especially
suitable for a class of analog signal processing [17-19]. This device can operate in both current
and voltage modes, provides flexibility and enables a variety of circuit designs. In addition, it can
offer advantageous features such as high-slew rate, free from parasitic capacitances, wide
bandwidth and simple implementation [20-22]. Presently, the CFA can be commercially found,
for example AD844 of Analog Devices Inc. [23]. It can be employed to realize filters], amplifiers,

oscillators], inductance simulators, and etc.

Conventionally, the electrical characteristics for applications of the CFAs cannot be adjusted by
electronic methods, which this means that they cannot be controlled by currents and/or voltages.
Although, they can be achieved by passive element adjustments, the electronic control method is
being more popular more than those by passive elements (i.e. resistors and capacitors) due to it
can be easily adapted to automatic or microcontroller-based controls. In addition, the CFA can
not be controlled by the parasitic resistance at current input port so when it is used in a circuit, it
must unavoidably require some external passive components, especially the resistors. This makes
it not appropriate for IC implementation due to occupying more chip area, high power dissipation

and cannot be electronic controllable. If it is employed for an off-the-shelf design, the circuit
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description is composed of a large number of external passive elements. Thus, a modified-
version CFA whose parasitic resistance at current input port can be controlled by an input bias
current, called current controlled current feedback amplifier (CC-CFA), was proposed by
Siripruchyanun, Chanapromma, Silapan, and Jaikla [24]. To reduce offset phenomenon, a
BiCMOS technology was used for realizing the proposed element. In addition, the voltage

follower was also developed to reduce the offset output current and voltage. The CFA properties
can be shown in the following equation

Il

The symbol and the equivalent circuit of the CFA are illustrated in Fig. 3.8(a) and (b),

(el e R @)
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respectively. A circuit implementation of CFA can be achieved by using second-generation
current conveyor (CCII) as input stage, followed by a buffered amplifier as depicted in Fig.
3.8(c).

(c)

Figure 3.8. CFA (a) Symbol (b) Equivalent circuit (c) Element implementation
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3.5  Basic Concepts of CC-CFA

CC-CFA properties are similar to the conventional CFA, except that the CC-CFA has finite input
resistance Rx at the x input terminal. This parasitic resistance can be controlled by the bias current

Is as shown in the following equation
y 0
Vi | _ |Re
I 1
Vi 0

Vr is the thermal voltage, which is 26mV at room temperature.

SO Rr o
o O O
o O O O
SN S

|4
Where, R, = #
B

The symbol and equivalent circuit of the CC-CFA are illustrated in Fig. 3.9 (a) and (b),
respectively. In similar, we can realize the CC-CFA by using second-generation current
controlled current conveyor (CCCII) as input stage, followed by a buffered amplifier as illustrated
in Fig. 3.9 (¢).
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Figure 3.9. CC-CFA (a) Symbol (b) Equivalent circuit (c) Element implementation
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The proposed CC-CFA consists of two principal blocks: a second generation current controlled
current conveyor and the modified voltage buffer, as explained. The proposed realization of the
CC-CFA in BICMOS technology is shown in Fig. 3.10. The second-generation current-
controlled current conveyor as input stage consists of mixed translinear loops (Q6-Q9). The
mixed loops are DC biased by Ig using current mirrors (M1-M3 and M10- M11). The output z-
terminal that generates the current of x terminal is realized using CMOS (M4- M5 and M12-
M13). The buffered amplifier is realized using BJTs and CMOS (Q10-Q22 and M14-M21,
respectively). Only npn transistors are employed in this topology, which enables to achieve high
frequency. A traditional high frequency class AB voltage follower, providing better linearity than
its equivalent class A structure, could be implemented but such technology requires complex and
costly additional mask levels that constrain several companies to use only “standard” BiCMOS

technology, which high frequency pnp bipolar junction transistor is not available [24].
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Figure 3.10. BiCMOS current controlled current feedback amplifier

The proposed CC-CFA shows low distortions, low output offset errors and wide bandwidth of
frequency responses and it is very appropriate to realize in commercially purposed integrated
circuit for employing in instrumentation/measurement systems, battery powered, portable

electronic equipments or wireless communication systems.

3.5  Operational Conveyor, OC

In a basic current conveyor shown in figure 3.11,in ideal case the voltage Vx at the inverting
input x tracks the voltage Vy at the high impedence non-inveriting input y and the current 1z at the
high impedance output z is equal to the input current Ix flowing in to the inverting input. The

impedance seen at the input x is ideally zero. But in a practical current conveyor, the buffer
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connecting terminal y to x has an output impedance Rx# 0 which is the impedance seen at x. As
a result Vx # Vy and the accuracy of the system transfer function is affected since it depends on Ry

which is a low tolerance component .

Y

_’
V. oLl b=

rea
L]

Fig 3.11 the current conveyor

Inorder to overcome this problem Gift (2001) [25] introduced a circuit referred to as operational

conveyor. It consists of an operational amplifier (OA) and a current conveyor (CC) in a hybrid
arrangement shown in Fig. 3.12 (Z is an external impedance and not part of the circuit). The
input terminals of the current conveyor are included in the feedback loop of the operational
amplifier with the effect that Ry is virtually eliminated from the system transfer function.

Fig. 3.12 The Operational Conveyor with impedance Z
Characteristics of the Operational Conveyor

Three of the parameters which characterize the performance of a current conveyor are the
voltage transfer ratio V«/ Vy and the transfer function. Now these parameters for the OC is found

that the voltage transfer ratio is found to be close to unity,

At low frequencies the transfer function of Operational Conveyor is found to be



Which is independent of Rx, (refer the figure given below)
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Fig 3.13 Operational Conveyor in non-inverting configuration
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CHAPTER IV

OTHER ACTIVE DEVICES

4.1  Current Differencing Buffered Amplifier, CDBA

As an active building block, operational amplifier played a predominant role in the last two
decades and an enormous number of publications exist in the literature on various circuit
examples so that the design engineer can make choice of them. However, opamp-based circuits
exhibit several drawbacks in their performance arising from the limited bandwidth and slew-rate
of these active elements. Therefore, current-mode approach has been increasingly recognized as a
way to overcome the opamp drawbacks and to realize high speed systems. In the recent years new
current-mode active building blocks like second generation current conveyors (CCll+ and
CCII-), current-feedback opamps (CFOA) received considerable attention due to their larger
dynamic range and wider bandwidth [1, 2]. In addition, different types of active elements like
electronically controlled current-conveyor (ECCII), differential voltage current conveyor
(DVCC), differential difference current conveyor (DDCC), third generation current
conveyor(CCIII), dual output operational transconductance amplifier (DO-OTA) and four
terminal floating nullor (FTFN) are presented in the literature.

Current differencing buffered amplifier (CDBA) is introduced by Acar and Ozoguz to provide
further possibilities in the circuit synthesis and to simplify the implementation [3,4]. The CDBA
can offer such as high-slew rate, wide bandwidth and simple implementation for internally
grounded input terminals [5]. Moreover CDBA is suitable for integrated circuit (IC)
implementation in both bipolar and CMOS technologies [6]-[11]. Since the CDBA can be
considered as a collection of current and voltage-mode unity gain cells, it has large dynamic
range and quite wide bandwidth similar to its current-mode counterparts such as, current feedback

operational amplifiers (CFAs) and second generation current conveyors (CCIIs).

Many applications based on CDBA were reported in the literature. Many applications of CDBA
has demonstrated that the CDBA is a versatile active building block for voltage-mode and

current-mode signal processing applications.
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Circuit Description OF CDBA

The circuit symbol of the current differencing buffered amplifier (CDBA) is shown in  Figure

4.1, where p and n are input terminals, w and z are output terminals.

I -
L e e — p W —e—0 Vi
i I CDBA I.
Vi os 1n z —»—o0 V;

Fig4.1 Symbol of CDBA

—11[Yz
Ly
ip
in

According to the above matrix equation and equivalent circuit shown Figure 4.1 the current

CDBA is characterized by the equation given below

I

N

S O OO
S OO

0
W 1
v, 0
v, 0

o O O

through z-terminal is the difference of the currents through p-terminal and n-terminal, hence, the
z-terminal is called current output; p- and n-terminals are non-inverting and inverting input
terminals, respectively. Since the voltage at the w-terminal follows the voltage of z-terminal, it is
called voltage output. The input terminals, through which i, and i, flows, are internally grounded,

where ideally the input impedance of the terminals p and n are internally zero.

=
[
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Fig 4.2 CMOS implementation of CDBA
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CDBA contains the so-called CDU (Current Differencing Unit) and the voltage unity-gain buffer.
Basically, CDU is a current conveyor of the MDCC type: It has two low-impedance terminals, p
and n. The difference of currents I, and I, flows out of the z terminal and the corresponding
voltage drop on the external impedance is copied by the buffer to the w output. That is why the
additional impedances are necessary for implementing the feedbacks from the voltage output to
the current inputs. It is inconvenient from the point of view of simplicity and low power
consumption. Another drawback is the impossibility of direct electronic control of circuit
parameters such as that for the OTA-based applications.

This problem is solved via two different approaches. The CC-CDBA (Current Controlled CDBA)
is described in [12], DC-CDBA (Digitally Controlled CDBA) [13].

4.2 Current Controlled CDBA, CC-CDBA

CDBA offers advantage of high impedance current output as well as a buffered voltage
output. The finite parasitic resistance at the two input ports of the CDBA (P and N) can be used
as an advantage if made controllable. In 2003 Maheshwari and Khan proposed the current
controlled CDBA[12], in which the parasitic resistances are current-controlled using mixed

translinear input loops and current mirrors.
Already discussed CDBA is characterized by the following port relationship
Vp=Vn= O, |z= Ip'ln y VW:VZ e et eee e, (a)

Here the two input terminals (P and N) offer a finite parasitic resistance [97]. These
parasitic resistances can be current-controlled in a CCCDBA whose symbol and bipolar
implementation are given in Figure 4.3. The circuit implementation of Figure 4.3 (b) consists of
mixed translinear loops [14] (transistor 1-6) realizing two input terminals with a ground potential.
The mixed loops are dc biased by lo using mirrors (transistors 7-13). The output Z-terminal that
generates the current difference of P- and N-terminals is realized using transistors (14-21). The
buffered output (W) is realized using transistors (22-25). The P- and N- terminal resistance can

be obtained by the following relationship [15].

prn = VT / 2'0 ................... (b)
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Fig 4.3. CC-CDBA (a) Symbol (b) Implementation

From Eq.(b) it is clear that the P- and N- resistances can be varied by external bias current (lo) of
the CCCDBAs. By replacing the current sources used in buffer stage by transistorized circuitry
the proposed CCCDBA can be IC implemented.

4.3 Digitally Controlled CDBA, DC-CDBA

In analog signal processing area, there are many engineering applications which require
programmable characteristics such as, adaptive filters, music synthesizers, formant speech
synthesizers and tracking filters. Generally, analog or digital tuning can be employed to control
the circuit parameters. However, in low-voltage applications, there is a limitation on the
allowable range of the analog tuning voltage. Hence, in these applications, the digital control is
more attractive [16]. Therefore, digitally programmable tuning characteristics have been an
ongoing research topic for a number of years. In 2008 Prasertsom, Tangsrirat, Surakampontorn
proposed a low voltage digitally controlled CDBA, DC-CDBA which is realized by

interconnecting a current differencing circuit, a current division network (CDN), and a unity-gain
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voltage amplifier[13]. The novel CDN circuit is also proposed in order to provide the digital
control of the current gain of the DC-CDBA.

Circuit Descriptions

The proposed DC-CDBA is a versatile analog building block, described symbolically as shown in
Fig. 4.4 (a) and mathematically by the following matrix equation.

[

z 0 0 a —al[Y
Vw[_|1 0 0 o0 [|w
Vo[Tlo 0 o o ||| (1)
Vol 100 0 ollin

Where a is the current gain that is controlled digitally. According to eq.(1), this device
consists of three stages as shown in Fig. 4.4(b). The input stage is a current differencing circuit to
provide the difference of the input currents (i, and in) through the terminals p and n into the x-
terminal current (ix). The second stage is a CDN, which is based on the linear current division
principle. At this stage, the current ix is copied to the z-terminal and is digitally controlled by the
current gain parameter o. The last stage is simply a voltage buffer, since the voltage at the w-

terminal follows the voltage of the z-terminal.

4.3.1 Current Differencing Circuit

Fig. 4.5 shows the proposed CMOS current differencing circuit, which is composed of two unity-
gain current amplifiers (M1A-M5A) and (M1B-M5B) . Due to the current mirror M7-M8, the

signal current flowing out of the terminal x (ix) can be expressed as:
ix = ip'in ........ (2)

In this case, the input resistances of the terminals p and n can also be written as [11],

r, = (g:m) (ﬁ) and ry = (gmlla) (1+1Fn) ......... 3)

where gmia and gmis represent respectively the transconductance of the transistors Mia and Mig
(i=1,23,45)

T T
Fp - (gmzAgm4A oB) and E, = (ngBgm4-B OB)
Im241t9Imsa 9Im2B+9Im3B
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Therefore, the input resistances rpand r, are very low due to the factors from the feedback (1+Fp)

and (1+F,), respectively.
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Fig 4.4. (a) Circuit Symbol

(b) Block diagram of DC-CDBA
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Fig 4.5 CMOS of Current differencing circuit
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4.3.2 Current Division Network
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Fig4.6 CDN (a) Circuit diagram (b) Circuit Symbol

The current division network (CDN), consisting of n CDCs, is shown in Fig.4(a). As can be seen,
the output current i; of the CDC; (i=0, 1, 2, ..., n) is used as an input current of the next stage
and the current io is added to ixi. Therefore, the output current (io) of the proposed CDN can be

described by

lout = (2"%) [1 + Z}LO aizi]ix

i, i 1 '
X = —Z_ = out _ (2n+1) [1+Zln=0aizl] .................. @)

ip—in ix
From eq.(4), the current gain (o) of the proposed CDN can be controlled digitally, where a is less

than, or equal to, unity.

4.4  Current Differencing Transconductance Amplifier, CDTA

A new active element with two current inputs and two kinds of current output, namely the
Current- Differencing Transconductance Amplifier (CDTA) was Proposed by Biolek [17] and the
element is a synthesis of the known CDBA (Current-Differencing Buffered Amplifier) and OTA
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(Operational Transconductance Amplifier) elements to facilitate the realization of current-mode

analog filters.

Despcription

A simple model of ideal CDTA element is in Fig. 4.7. Analogously to the CDBA, it has
difference current inputs p and n. The difference of these currents flows from terminal z into an
outside load. The voltage across the z terminal is transferred by a transconductance g to a current
that is taken out as a current pair to the x terminals. This last element part is the familiar
transconductance operational amplifier (OTA). In general, the transconductance is controllable
electronically through an auxiliary port that is not shown in Fig. 4.7.

Fig 4.7 Behavioral model of CDTA

The pair of output currents from the x terminals, shown in Fig. 4.7, may have three combinations

of directions:

1. Both currents can flow out.

2. The currents have different directions.

3. Both currents flow inside the CDTA element.

Accordingly we can mark them as CDTA++, CDTA+-, and CDTA-- elements. It is suitable to
mark the current directions in the circuit symbol by the signs + (outside) and — (inside) as shown
in Fig. 4.8(a)

The proposed symbol of CDTA is in Fig. 4.8 (a). Also in Fig. 4.8 (b) is given a possible
implementation of CDTA using the familiar CCIl+ and OTA components.
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Figure 4.8(a) Symbol of the CDTA element, (b) its implementation by current conveyors and by
OTA with double current output.

Marking the voltages of p, n, X, and z terminals in Fig. 4.8 (a) with symbols Vp, Vn, VX, and Vz,

then for the CDTA+- element the following equations are true:

(1 10 00 1 -1 %
[ L+ | [9 0.0 0 0 ||V
[L—|=[-g 0 0 0 o0 |[V]|
Vp IO 0 0 0 O Ip
4 lo 000 ol I

The CDTA element proposed by Biolek enables an easy implementation of multiple-input current

integrators. That is why it seems to be a promising building block of current-mode filters.

Compared with CDBA, the CDTA element is less universal in the sense that — to avoid all
additional current-to-voltage-to-current conversions- it does not enable setting the summing
coefficients simply by means of outside R and C components. The voltage mode prototypes

provide more design freedom.

CMOS realization of the CDTA element is shown in Fig.4.10 [18]. The CDTA is a universal
active building block for implementing many signal processing functions including sinusoidal
oscillators. Recently, a single-CDTA-based SRCO circuit has been reported by Prasad et al. [19].
Which enables independent control of the frequency of oscillation (FO) and the condition of
oscillation (CO).
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The modified CDTA was proposed by Biolek, Keskin, Biolkova [20] its schematic symbol is
shown in 4.9. It has a pair of low-impedance current inputs p and n, and an auxiliary terminal z,
whose outgoing current is the difference of input currents. In addition to the CDTA, a copy of the
z-terminal current is also available at the zc high-impedance terminal. Therefore this modified
CDTA element is called ZC-CDTA (Z Copy CDTA).

45  ZCopy CDTA,ZC-CDTA

Similar to the CDTA, this element provides a pair of x-terminals whose currents are equal in
magnitude, but flow in opposite directions, and the product of transconductance (gm) and voltage
at the z-terminal determines their magnitudes. The circuit equations of the ZC-CDTA are as

follows
V,v1 10 0 0 0 0 071lp7
Vi [0 0 0 0 0 oI,
L [t -1 o o0 0 oflv,
L i [t =1t 0o o 0 ol|lv,
L.| [0 0 gn 0 0 ollv,
L.l lo 0o —gu 0 0 ollv_
ZC-CDTA

Ix-

- =0 Vx-

=0 Vx+

Ix+

In

o=
=

p Ip

Fig 4.9 (a) Symbol of ZC-CDTA (b) ZC-CDTA implementation based on CDTA and OTA

51



Voo

oy Eiﬁ ] R e ML

) “°3c+

2] e —*—H:_—{[: M1E:“——|[:M18
M JF————[ ]

Fig 4.10 CMOS realization of CDTA

46  Modified CDTA, MCDTA

Another modification of CDTA was attempted by LI in 2011 [21] by means of adding a
transconductance amplifier and several current mirrors in the traditional CDTA. Number of x port
and z port for the CDTA can be extended and a modified CDTA (MCDTA) was realized. Its
circuit representation and equivalent circuit are shown in Fig. 4.11. The terminal relation of

MCDTA can be characterized by the following set of equations:
Vp:Vn:O IZC:IZ:Ip_In
Iy = gmlvz ) Ixo = Om2 V;

Here, gm and gm2 represent transconductance gains of two different balanced operational
transconductance amplifiers, respectively. For a MCDTA implemented with bipolar technology,

gm and gmo can be expressed as follows:

Ip1 Ip2

Im1 = 2V y9m2 = 2V

Here, Ig1 and Ig are bias currents of MCDTA. V7 is the thermal voltage.
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Fig 4.11 (a) Symbol of MCDTA ,(b) Equivalent circuit of MCDTA

4.7 Current Controlled CDTA

Current differencing transconductance amplifier (CDTA), has provided new possibilities in the
current-mode circuit. The CDTA seems to be a versatile component in the realization of a class of
analog signal processing circuit; especially analog frequency filters. It is really current-mode
element whose input and output signals are currents. In addition, output current of CDTA can be
electronically adjusted. Besides, the modified version of CDTA wherein the intrinsic resistances
at two current input ports can be electronically controlled has been proposed by Siripruchyanun,
Jaikla, [22]. This CDTA is called current controlled current differencing transconductance

amplifier (CCCDTA).

The schematic symbol and the ideal behavioral model of the CCCDTA are shown in Fig. 4.12(a)

and (b). It has finite input resistances: Ryand R, at the p and n input ports, respectively. These
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intrinsic resistances are equal and can be controlled by the bias current ;. The difference of the
ip and in input currents flows from port z. The voltage V. on z terminal is transferred into current

using transconductance gm, which flows into output terminal x. The gm is tuned by lg,.

In general, CCCDTA can contain an arbitrary number of x terminals, providing currents I, of both

directions.

The characteristics of the ideal CCCDTA are represented by the following hybrid matrix

V1 R, 0 0 0 71l
Vol_1lO0 R, 0 0 [|I,
LI |1 -1 0 o0 ||V
L, 0 0 0 £gnllV,

If the CCCDTA is realized using CMOS technology [23]. , Ry, Rn and gm can be respectively
written as

Rp = R, = L v kp = 8unCoy (¥)8—11 =8unCox (%)12_15

krlp1

And

gm = Jkglpz; kg = tnCox @)2930

Here k is the physical transconductance parameter of the MOS transistor. The CMOS
implementation of the CCCDTA is shown in Fig. 4.13.

oLl —x X
i CCOCDTA -
o— =l H +x - |

D

(a) ()

Fig 4.12. (a) symbol (b) Equivalent Circuit
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Fig 4.13 Schematic of the CMOS CCCDTA.

4.8  CurrentConveyor Transconductance Amplifier , CCTA

The CCTA (Current Conveyor Transconductance Amplifier) is the newly designed type of analog
block proposed by Prokop and Musil in 2005, [24] that was inspired by transimpedance amplifier
(current feedback amplifier whi ch is built from CCII conveyor followed by voltage buffer).
CCTA is designed for usage mostly in current mode circuits but it is also good choice in case of
hybrid (voltage-current) circuits. Behavioral model of the CCTA is shown in Fig. 4.14. From its
behavior the possible internal structure can be visible (Fig. 4.15). The CCTA consists from two
basic blocks. The input is represented by the current conveyor CCIII that is followed by double

output transconductance opamp (OTA).

Figure 4.14: (a) Behavioral model of CCTA, (b) example of schematic symbol of CCTA

CTA
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Figure 4.15: (a) CCTA element as a connection of CCIll and OTA element
(b) CCTA with possibility to choose “transconductance” by an outside two-pole

The input behavior is mostly given by properties of the CCIII conveyor that is described below.
Conveyor output current flows out of the CCTA terminal “z” into an outside load. The voltage
across the z-terminal is converted through a transconductance gm into a two output currents with
opposite polarity. The transconductance can be either fixed or given by external component or
controlled electronically from an auxiliary terminal as well. The CCTA may be reasonably
useful, for example, in current sensing applications. In fact, if a current, at a generic point into a
network, has to be sensed, the current “probe” should be able to make flow a current with very

low series impedance while the sensed current can be further processed (amplified, filtered etc.).

99

If the terminal “z” is not connected (high impedance) the CCTA with terminal “y”

grounded can be also used as a COA (current operational amplifier). [25].

The CCTA is brought in as the new convenient element for current mode signal
processing, which should be very convenient for several applications, e.g. sensor output signals
processing. CCTA is supposed for usage mostly in current mode circuits but it is also good choice
in case of voltage mode and/or hybrid (voltage-current) circuits (e.g. V/I converters). This
modern active device is a newly designed type of analog block that was inspired by
transimpedance amplifier (current feedback amplifier which is basically built from CCII
conveyor followed by voltage buffer), but CCTA expects even much more versatility in circuit

applications.
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49 Current Controlled CCTA, CC-CCTA

One drawback of CCTA is that it can not control the parasitic resistance at input port so when it is
used in some circuits, it must unavoidably require some external passive components, especially
the resistors. This makes it not appropriate for IC implementation due to occupying more chip
area. In addition, the CCTA has a third-generation current conveyor (CCIII) as input stage which
has flexibility for applications less than a second- generation current conveyor (CCIl). A
modified-version CCTA, which is named current controlled current conveyor transconductance
amplifier (CCCCTA) was proposed by Siripruchyanun and Jaikla [26], where the parasitic
resistance at current input port can be controlled by an input bias current, and then it does not
need a resistor in practical applications.

Basic concepts of CCCCTA

V, i +i V.,
e _'|.' 1
Voo COCCTA iV
o—S gl T Il

b

Fig 4.16 The CCCCTA (a) symbol (b) equivalent circuit

CCCCTA properties are similar to the conventional CCTA, except that the CCCCTA has finite
input resistance Rx at the x input terminal. This parasitic resistance can be controlled by the bias

current lg: as shown in the following equation

k1 1o o o orly
Vi|_|Rx 1 0 Of|Vvy
L| (1 0 o0 ofly,
Ll Lo 0 tgn olly,]
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Where

Vr =P
R = — = —
x 2Ly, 'IM 2Vr

where gm is the transconductance gain of the CCCCTA and V7 is the thermal voltage. The
symbol and the equivalent circuit of the CCCCTA are illustrated in Fig. 4.16(a) and (b),
respectively
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Fig4.17 Realisation of CCCCTA using Bipolar technology

4.10 Modified -CCCCTA

CCCCTA which is relatively newly proposed current mode active building block [26], can be
operated in both current and voltage modes, providing flexibility. In addition, it can offer several
advantages such as high slew rate, high speed, wider bandwidth and simpler implementation.
Moreover, in the CCCCTA one can control the parasitic resistance at X (Rx) port by input bias
current. A modified CCCCCTA was proposed by Pandey, Bazaz, and Manocha [27] with the
various advantages such as output current gain controllability, resistorlessness, and compactness
in chip area added to the original unit.

The MO-CCCCTA properties can be described in the following matrix equation

I, 0 0 0 0k
AR
L.l 11 o o o]y
l,.l Lo o +g, olly

The MO-CCCCTA has a finite input resistance Rx at the X input terminal and an additional

transconductance gm amplifier in the output side. The parasitic resistance Rx and the
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transconductance gm can be controlled by bias currents lp: and Iy, respectively. A BJT-based
MO-CCCCTA [27] is illustrated, and the intrinsic resistance (Rx) and transconductance (gm) are
expressed as

Vr Ipz

R, = rgm:m

T 20,

where I (i = 1, 2) and Vr are the bias currents and the thermal voltage, respectively.MO-
CCCCTA has been employed owing to the various advantages such as output current gain
controllability, resistorlessness, and compactness in chip area.

:,,,.J l I

Iy & X Vile— Iy

MO-CCCCTA

IF A — = lz-

[ O+

Io- T J, Ton

Fig 4.18. Functional symbol of MO-CCCCTA

CMOS implementation of the active block is shown in figure 4.19,

M22 -
M5 M6 M1 MI16 M24 M26 M20 M21
Mi14 . _
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Fig 4.19. CMOS implementation of MO-CCCCTA

4.11 Differential Voltage CCTA, DVCCTA
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It is well known that DVCC has some advantages, specially for applications demanding
differential and floating inputs, over CCII or CCCII owing to two high input impedance terminals

for DVCC compared to one high input impedance terminal for CCIl or CCCII.

However, DVCC does not have a powerful inbuilt tuning property in contrast to CCCIl. Recently
proposed active building block namely differential voltage current conveyor transconductance
amplifier (DVCCTA) [28] has DVCC as input block and is followed by TA. The DVCCTA has
all the good properties of CCTA or CCCCTA including the possibility of inbuilt tuning of the
parameters of the signal processing circuits to be implemented and also all the versatile and
special properties of DVCC such as easy implementation of differential and floating input
circuits[29-31]. However, the same may be implemented using separate DVCC and OTA analog
building blocks, but it will be more convenient and useful, if DVCCTA is implemented in
monolithic chip which will result in compact implementation of signal processing circuits and

systems.
Circuit Description

The DVCCTA is based on DVCC [28] and consists of differential amplifier as input, current
mirrors and transconductance amplifier. The port relationships of the proposed DVCCTA as

shown in Fig. 4.20 can be characterized by the following matrix:

[ly1] 0 0 0 0 0 07[%
Iyo 0O 0 O 0 0 0]|Vy2
v, [_[1 -1 0 o o0 o]l
L,|7lo 0o 1 0 o ollv,
Ll oo 1 0o o ofl.
Ll lo o 0o —gn 0 olly_
where g is transconductance of the DVCCTA
Ve
Iy ]
e Y, 7+ | "Z+
DVCCTA
Iy — |y z ——1,_
- | *2 . —
X /

Fig. 4.20 Circuit symbol of DVCCTA
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depicted in Fig. 4.21 the value of gm is given as \/Z,uCox (W / L)I,, which can be adjusted by
bias current lo. The TSMC 0.25_m CMOS [32] process model parameters and supply voltages of
Vpp = -Vss = 1.25V and Veg=-0.8V are used. The aspect ratio of various transistors is given

below.

My

M, M, T"‘ o X o £+
Yo+ :| M ¥l 0—{ M; |

Fig. 4.21 CMOS model of VDCCTA

Aspect ratio of various transistors

Transistor Aspect ratio (W {pm)/L{pm))
M,-M, 10/0.5

Ms, Mg 5/0.5

M, Mg 27.25/0.5

Mo, M, M5, M 5, M 5 8.5/0.5

M, M2, M g, M 7, M 5 44/0.5

M o, M 30, M 53—M 5 5/0.5

M 3, M 3 27/0.5

412 Differential Difference CCTA, DDCCTA

The DDCCTA element is based on the use of the DDCC as an input stage and the OTA as an
output stage. The DDCCTA can easily be implemented from a DVCCTA by adding the Y3
terminal as shown in Fig. 4.221, the port characteristics of the DDCCTA can be described by the

following expressions:

61



ivi =ly2 =lya=0, Vx = Vy1 — Vy2 + Vy3,
iz= ix,io=ngz

where gn is the transconductance parameter of the DDCCTA.

1‘5" D_— .Y-_ [0 — it o
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l T I-.E
1"_1.

Fig. 4.22 Circuit symbol of DDCCTA

The internal structure of the DDCCTA in CMOS technology is shown in Fig. 4.23. The scheme
is based on the internal circuit of the DDCC [33], which is followed by a TA [34]. In this case,
the transconductance gain (gm) of the DDCCTA can be given by:

w

xTIB

Im = |uC,
where lg is an external DC bias current, u is the effective channel mobility, Cox is the gate-oxide
capacitance per unit area, W and L are channel width and length, respectively. It should be noted
that the gm-value of the DDCCTA can be adjustable electronically by 1z.[35].

+V

Fig. 4.23 CMOS internal structure of DDCCTA
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4.13 Voltage Differencing Transconductance Amplifier, VDTA

VDTA, can be compared with CDTA, the previously introduced active element. In CDTA,
differential input current (l,, 1) flows over the Z terminal. The voltage drop at the terminal Z is
transferred to current at the terminal X by a transconductance gain. In VDTA, differential input
voltage (Ve ,Vw) is transferred to current at the terminal Z by first transconductance gain and
the voltage drop at the terminal Z is transferred to current at the terminals X+ and X- (negative of
X+) by second transconductance gain. Both transconductance are electronically controllable by
external bias currents. Compared to other active blocks discussed so far, the advantageous
feature of VDTA is that this new element exhibits two different values of transconductances so
that several applications such as biquad filters, oscillator, inductance and FDNR (frequency
dependent negative resistor) simulator can be realized with a single active block employing one
or two capacitors. Another important feature, this block can be used easily at transconductance

mode applications owing to input terminals is voltage and output terminals is current.
Circuit description

The circuit symbol of the proposed active element, VDTA, is shown in Fig. 4.24, where Vp and
Vn are input terminals and Z, X+ and X- are output terminals. All terminals exhibit high
impedance values. Using standard notation, the terminals relationship of an ideal VDTA can be
characterized by:

I, Im1 —Im1 0 Vyp
L= 0 0 Imz | |Vwn
Ix— 0 0 —9m2 VZ
LY I_\:.
e [ e o
_ VDTA | |,
Vi —i S N L
£

Fig. 4.24. The circuit symbol of VDTA

Consequently, the above describing-equations, the input stage and output stage can be simply
implemented by floating current sources. According to input terminals, an output current at Z
terminal is generated. The intermediate voltage of Z terminal is converted to output currents. The
new CMOS realization of the VDTA is shown in Fig. 4.25.
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The introduced circuit employs two Arbel-Goldminz transconductances [36]. Input and output
transconductance parameters of VDTA element in the circuit are determined by the
transconductance of outputs transistors. It can be approximated as

Im1= @3+ 9)/2 ,Gme= (G5 +98)/2  OF gma = (gs +97)/2

where g is the transconductance value of ith transistor defined by

gi = ’IBi.uiCox [%]l ,

i is (i = n, p) the mobility of the carrier for NMOS (n) and PMQOS (p) transistors, Cox is the gate-
oxide capacitance per unit area, W is the effective channel width, L is the effective channel length
and I is bias current of ith transistor.[37].

1'-'IHF

P

Ve

Fig . 4.25 CMOS implementation of VDTA

4.14  Current Follower Transconductance Amplifier, CFTA

This new active element was introduced by Herencsar, Koton, Vrba, and Lattenberg in 2008 [38].
The element is a combination of the Current Follower (CF) and the Balanced Output
Transconductance Amplifier (BOTA). The ideal behavioural model of the CFTA element is
shown in Fig. 4.26(a). The element is a combination of the Current Follower (CF), which is the
input part of the designed element, and the Balanced Output Transconductance Amplifier
(BOTA) [39-40], which forms the output part of the element. The schematic symbol of the
CFTA element is shown in Fig. 4.26(b)
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Fig 4.26 (a) Behavioral model of CFTA+ element (b) Schematic symbol of CFTA+

The element has been defined in compliance with network convention i.e. all currents are flowing
into the circuit. The element has one low impedance current input f. Current from the terminal f
is transferred by the Current Follower to auxiliary terminal z. The voltage V. on this terminal is
transformed into current using the transconductance gm, which flows into output terminals x+

and x-.

Relations between the individual terminals of the CFTA+- element can be described in matrix

form as follows:

I, 0 0 0 111V:
Ix+ gn 0 0 O][Vx+
| " |-gm 0 0 0][Vie
Ve 0 0 0 olLI

415 Z-Copy CFTA, (ZC-CFTA)

The active element CFTA is a simplified variant of the CDTA (Current Differencing
Transconductance Amplifier) element [17], [41]. In CDTAs, mostly one of the input terminals p
or n is not used may cause some noise injection into the monolithic circuit. Moreover, the current

differencing property at an input stage can be achieved by the current feedback connection via the
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+x terminals. This implies that the input terminals p or n do not necessarily require for some

applications.

In order to alleviate the mentioned problems, the simplified version of the CDTA so-called Z-
copy current follower transconductance amplifier (ZC-CFTA) was firstly suggested in [20]. The
ZC-CFTA is slightly modified from the conventional CDTA by replacing the current differencing
unit with a current follower and complementing the circuit with a simple current mirror for
copying the z-terminal current. Thus, the ZC-CFTA element can be thought of as a combination
of the current follower, the current mirror and the multi-output operational transconductance
amplifier. As a consequence, a number of applications based on ZC-CFTAs can be extended.
The symbolic notation and equivalent of the ZCCFTA are shown in Fig. 4.27. The ZC-CFTA
element consists of low-impedance input p, high-impedance outputs z, zc, x and x+. The input
current from the terminal p (i) is respectively transferred to the terminal z (i;) and auxiliary
terminal zc (i,c) by a current follower and a current mirror. The voltage drop at the terminal z (v;)
is transformed into output currents via a multi-output transconductance stage with a
transconductance gain (gm). Using standard notation, the port relations of the ZC-CFTA can be

defined by the following matrix equation [42].

vp1 0 0 0 0 Oy
|[iz]| [1 0 00 0”vz]|
Lel=l1 0 0 0 0f|v,
el [0 +gm 0 0 0f[v,,
i, ] lo -g, o o ollv, ]

where +gm and and -gm correspond for the positive output current (ix+) and negative output current

(ix.), respectively.

In general, the gm-value is electronically controllable by external bias current/voltage.

ZC-CFTA i
) —»
I, XtH——o V.
v |
po——| P I !
i .
z e X-—o V¥,
B l |
.l
v v
-4 -f o
(@
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Fig . 4.27 (a) Electrical Symbol  (b) Equivalent circuit of ZC-CFTA

4.16 Voltage Differencing Buffered Amplifier , VDBA

In [20], the circuit principle called VDBA (Voltage Differencing Buffered Amplifier) is proposed
as an alternative to the existing CDBA (Current Differencing Buffered Amplifier) [3] the input
stage of VDBA is composed of the differential-input OTA. The voltage buffer is connected to the
OTA current output. This structure is semi-differential. A method of augmenting the voltage
buffer by an inverting output is also mentioned in [29] with the corresponding abbreviation
DOBA (Differential Output Buffered Amplifier). Replacing the voltage buffer in the VDBA by
the DOBA vyields a fully differential circuit element.

According to the methodology in [20] such an element should be specified as VDDOBA (Voltage
Differencing Differential Output Buffered Amplifier). A specific drawback of the VDDOBA
consists in the necessity to implement both the voltage buffer and the inverter. Among other
shortcomings, it implies a more complicated circuit structure. Therefore, another solution was
Proposed by Biolkova and Kolka and Biolek [43] which is based only on voltage buffers,
concurrently providing more versatility than VDDOBA. To differentiate it from VDDOBA, it
was termed FB-VDBA (Fully Balanced VDBA).

Circuit description

The proposed schematic symbol and behavioral model of the FB-VDBA are in Fig. 4.28 (a) and

(b). The model can be described by the following set of circuit equations:
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Fig. 4.28 (a) schematic symbol (b) behavioral model of VDBA

I7+ gm —Em 0 O][V+
IZ— - —8m 8m 0 Of|V-
Viv+ 0 0 1 0\ IVH
V- 0 0 0 111V,

FB-VDBA has a pair of high-impedance voltage inputs v+ and v-, a pair of high-impedance
current outputs z+ and z-, and two low impedance voltage outputs w+ and w-. The input stage
can be simply implemented by a differential-input differential output OTA. When connecting
two identical grounded resistors to the z+ and z- terminals, the voltage drops on them will be of
equal value but different directions. The output voltages of w+ and w- terminals thus will be Vw-

= -Vw+. In this way, the voltage inversion is achieved without the utilization of voltage inverter.

4.17 Current Follower/Inverter Buffered Transconductance Amplifier
(CFBTA, CIBTA).

In 1999 and 2003, two papers were published which introduced new circuit elements: CDBA
(Current Differencing Buffered Amplifier) [1] and CDTA (Current Differencing
Transconductance Amplifier) [2]. Both contain the so—called Current Differencing Unit (CDU)
with two low-impedance terminals, p and n, and one high-impedance terminal, z. The difference
of currents I, and I, flows out of the z terminal and the corresponding voltage drop on the external
impedance is either copied by the voltage buffer to the w output of the CDBA or transformed by
the Multiple- Output Operational Transconductance Amplifier (MO-OTA) to the x-terminal
currents Ix of the CDTA. Many applications of CDBA and CDTA in the analog signal processing
area have been described in the literature. Their survey as well as a comparison of these universal

blocks was summarized in [20].
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In order to simplify the internal construction of both devices, the CDU can be replaced by a
simple current follower or inverter. It is shown in [20] that the universality of the resulting
element is still preserved when the output stage is represented by a multiple—output OTA,
providing the currents of both directions. An extension of the above Approach was proposed by
Bajer, Vavra and Biolek [44] in which the conventional CDTA is modified such that the CDU is
replaced by the current follower or inverter, and the z—terminal voltage is buffered by the voltage
follower. The first modification simplifies the input stage, which improves the dynamic

performance and power consumption, and the second one increases the circuit universality.

The symbols and behavioral models of proposed active elements are in Fig. 4.29 (a) and (b). The

corresponding circuit equations can be arranged in the following matrix form:

CFBTA I CIBTA I,
I il B "
V—=p bl I;—_}En x- = -
: w—T z W I

Fig. 4.29 (a) Symbol (b) Equivalent circuits of CFBTA and CIBTA
I, 0 0 0 (—)1][ Y2
Vo |_|1 00 o0 []|w
I gm 0 0 0 Vx
Vo 0 00 o0 llpm

According to the above Equations and equivalent circuits, the p and n input terminals behave as
grounded because their voltages are zero. The z-terminal current is a copy of the p or n terminal
current, flowing out of the device for CFBTA and into the device for CIBTA. Moreover, the z
terminal voltage is copied to the low—impedance w terminal and transferred to the x terminal

currents via the OTA transconductance gm.
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CFBTA and CIBTA, represent two main improvements in comparison to the well-known CDBA
and CDTA: 1) simplified input stage in the form of current follower or inverter, and 2) more
universal output stage, containing both the multiple—output OTA for providing current outputs

and the voltage buffer for supplying subsequent blocks with voltage-type signal.
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CHAPTER V

RESULTS & DISCUSSIONS

51 Introduction

Some of the active building blocks which have been described in the previous chapters have been
implemented / being implemented by different research groups working in this area using either
off the shelf available discrete components or they have presented Bipolar / CMOS
implementations of their designs. In the present chapter we present simulation results of some of
these blocks in different application using off the shelf components. The realization of various
active element circuitry is done with commercially available ICs like AD844 (CFOA) and
LM13600 (OTA). The circuits are simulated using Orcad-Pspice 9.1 version.

5.2  Current Conveyor Transconductance Amplifier (CCTA)

Recently there is a growing interest in synthesizing current-mode circuits because of their many
potential advantages such as, larger dynamic range, higher signal bandwidth, greater linearity,
simpler circuitry and lower power consumption [1], [2]. Many active elements able to function in
current-mode such as OTA, current conveyor, current differencing buffered amplifier (CDBA),
current feedback amplifier (CFA), and current differencing transconductance amplifier (CDTA)

have been introduced in response to these demands.

The current conveyor transconductance amplifier (CCTA) [3], is a versatile component in the
realization of a class of analog signal processing circuits, especially analog frequency filters. It is
supposed for usage mostly in current-mode circuits, but it is also a choice in case of voltage mode
and/or hybrid (voltage-current) circuits (e.g. V/I converters). In addition, it can also adjust the
output current gain. The mentioned CCTA is implemented by connection of CMOS transistors is
not easy to really experiment therefore the practical implementation of CCTA was proposed by
Jaikla, Silapan, Chanapromma and Siripruchyanun in 2008 by using the commercially available
ICs like AD844 (CCII) and LM13600N (OTA). [4].

Basic Concept of CCTA has already been discussed in 4.8
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Practical Realization of CCTA

The Figure 5.2.1 below shows the implementation of CCTA using commercially available ICs

V

a

Fig 5.2.1 Implementation of CCTA using AD844

It consists of two principal blocks: a second generation current conveyor (AD844) as input stage
and a transconductance amplifier (LM13600N) as output stage. The transconductance can be

adjusted by input bias current of the LM13600N.

A sinusoidal oscillator was designed with the proposed CCTA as shown in figure 5.2.2

R, ir” J
Wh— . i

T C, CCTA

]
T°

Fig5.2.2 CCTA based sinusoidal oscillator

It consists of only single CCTA, 1 resistor and 2 grounded capacitors. Considering the circuit in

Fig. 5.2.2 and using the CCTA properties, yields the characteristic equation of the circuit to be
52C1C2Rx + S(Cl - Cz) + gm = 0

From the above equation, it is seen that the proposed circuit can be set to be an oscillator if
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And it is called the condition of oscillation ,thus the characteristic equation of the system

becomes,

s?4 Im =
C1CoRy

The oscillation frequency of such a system will be

. = Im — Ip
o C1C3Ry 2V7C1CaRy

It can be seen that, from the above expression that the oscillation frequency (wo, ) can be

controlled by the bias current.

The circuit in figure 5.2.2 is simulated using AD844 and LM13600 with the component value
listed below

C.=1nF
C, = 1.07nF (slightly larger than C1 for the oscillations to start)
Rx=1kQ
ls = 100pA
And the baising voltages are fixed to £12V

The actual simulated circuit using AD844 and LM13600 using Orcad-Capture is shown in Figure
5.2.3. The confirmed performance of the oscillator can be seen in Fig. 5.2.4 showing the

simulated response of the oscillator.
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5.3  Practical implementation of Current Controlled Current Feedback

Amplifier

Among the various newly introduced current mode active blocks the current feedback amplifier
(CFA) or current feedback operational amplifier (CFOA) is an interesting active component,
especially suitable for a class of analog signal processing applications. This device can operate in
both current and voltage modes, provides flexibility and enables a variety of circuit designs. In
addition, it can offer advantageous features such as high-slew rate, free from parasitic
capacitances, wide bandwidth and simple implementation, Presently, the CFA can be
commercially found, for example AD844 of Analog Devices Inc. [5]. It can be employed to
realize filters, amplifiers, oscillators, inductance simulators, and etc. A modified-version CFA
whose parasitic resistance at current input port can be controlled by an input bias current, called
current controlled current feedback amplifier (CC-CFA), was proposed by Siripruchyanun,

Chanapromma, Silapan, and Jaikla [6] and the details of it has already been discussed in 3.4.

The implementation of CC-CFA by using the commercially available I1Cs, was proposed by
Chanapromma, Maneetien and Siripruchyanun [7] which uses AD844 as a current conveyor and
LM13600N (OTA) as an electronically tunable floating resistance simulator to perform as the
parasitic resistance at current input port. The performances of proposed CC-CFA are verified by
PSPICE simulation and experimental results it is found that they show good agreement as

mentioned.

Implementation of CC-CFA using AD844 and LM13600

The implementation of CC-CFA is shown in Fig. 5.3.1. It consists of two principal blocks:
floating resistance simulator implemented by 2 OTAs (LM13600N), modified from single dual
output OTA-based floating resistance simulator, and CFA (AD844). The floating simulated
resistance: Ry connected with x input terminal of the CFA can be controlled by Ig as shown in
figure.5.3.1
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Fig 5.3.1. Implementation of CC-CFA using commercially available active blocks

Application of the above implementation can be verified by an inverting amplifier circuit. The
voltage inverting amplifier based on the CC-CFA is shown in Fig. 5.3.2. By straightforward
analysis of the circuit in Fig. 5.3.2, the output voltages of the circuit can be obtained as

y = —Bley )

vy L in
. X

CC-CFA Wl—-eF.,

re

R

|”_'VV\'— [

Fig 5.3.2. Non-Inverting voltage amplifier

It can be seen from Eqg. (1) that the circuit in Fig. 5.3.2 can perform as voltage amplifier whose

voltage gain can be electronically controlled via control current Ig.

The circuit in Fig. 5.3.2 is simulated using Orcad-Pspice version 9.1 and the actual
implementation of it with AD844 and LM13600 is as shown in Fig 5.3.3.

Fig 5.3.4displays the output voltages as a function of the input bias current Iz whereas
Vin=20mV,. These figures prove that the magnitude of the output voltage can be

easily/electronically controlled in accordance with the theoretical anticipations, as depicted in Eq.
D).
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5.4  Practical implementation OF Current Differencing Buffered Amplifier

Current differencing buffered amplifier (CDBA) is one of the current-mode components
introduced [87] at the beginning of last decade. It offers wide range of features such as high slew
rate, freedom from parasitic capacitance, wide bandwidth, and simple implementation [8]. Since
the CDBA consists of a unity-gain current differential amplifier and a unity-gain voltage
amplifier, this element would be suitable for the implementation of voltage and current-mode
signal processing applications. As far as the applications of the CDBA are concerned, various
voltage-mode filters and oscillators have been reported in literature. Only few can perform both
biquadratic filter and oscillator in the same circuit configuration [9]. The configuration presented
in [9], it is restricted to only bandpass filter function design and cannot another type of the
standard biquadratic function characteristics. Moreover, it generates a single-phase output
voltage when it performs as a sinusoidal oscillator. There was no CDBA-based circuit
configuration, which could realize the universal biquad filter and quadrature oscillator both in the
same circuit configuration till in 2007 Tangsrirat, Pukkalanun, and Surakampontorn proposed
CDBA-Based Universal Biquad Filter and Quadrature Oscillator in the same circuit[10]. Where,
a the voltage-mode universal biquadratic filter and sinusoidal quadrature oscillator using two
CDBAs, four virtually grounded resistors, and two capacitors were proposed. The first proposed
CDBA-based biquad filter can realize lowpass (LP), bandpass (BP), highpass (HP), bandstop
(BS), and allpass (AP) biquadratic functions without changing the circuit topology. The filter
also provides an orthogonal control of the natural angular frequency (wo) and the bandwidth
(BW). Moreover, a CDBA-based sinusoidal quadrature oscillator circuit can be realized by
slightly modifying the first proposed CDBAs-based circuit configuration.

All passive components used in the circuit realization are grounded / virtually grounded, which is
insensitive to the effects of the stray capacitance. The oscillation condition and the frequency of
oscillation can be controlled independently through different virtually grounded resistors. The

circuit proposed was realized with commercially available IC AD844.
Detail description of CDBA is given in 4.1

Although the CDBA can be realized by using several well-known circuit techniques, one possible

practical implementation is given in Figure 5.4.1
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~_AD844
4

CFA ™

Fig 5.4. 1 .Implementation of CDBA using two CFAs (AD844)

CDBA-Based Universal Biquad Filter

Figure 5.4.2shows the proposed voltage-mode universal biquadratic filter, which consists of only

two CDBAs, four virtual-grounded resistors, and two capacitors.

Vie—wh—p W Whe—— [ "
CDBA CDBA
] @ z H @ z __I_
Ch | = C3
E;R:' I <Ry 1
] i "

Fig 5.4.2.CDBA based Universal biquad filter

By straight- forward analysis, the single output voltage function realized by this configuration is

found to be

_ S2V3+ (s/R2C)Va+ (1/R1R2C1C)Vy
0 524 (5/R4C2)+ (1/R3R,C1C3)

From (1), by choosing the component values of R1 = R3 and R2 = R4, we can see that

(1) if V1 = Vis (an input voltage signal), and V> = V3 = 0 (grounded), the LP response can be
realized with the passband gain HLP = 1;

(2) ifV2=Visand V1= V3 =0, the BP response can be realized with the passband gain HBP =
1;

85



(3) ifVs=Vinand V; = V2 =0, the HP response can be realized with the passband gain HHP =
1;

(4) ifVi=V3;=Vjand V; =0, the BS response can be realized with the passband gain HBS =
1;

Clearly, the filter can be used as a voltage-mode three-input single-input universal filter that can
realize all the standard types of the biquad filter functions.

Also the natural angular frequency (wo), the bandwidth (BW), and the quality factor (Q) in all

cases are given by

1

Wy = /———
JRaRBC1Cy
1
BW =
RpC;

_ |RBC;
Q= \/RAcl

where Ra=Ri1=Rsand Re = R, =Ry

Simulation settings

The supply voltages were taken as £12 V. The passive component values were chosen as
Ri =R2=R3=Rs=10kQ and C; = C, = 1nF, which is designed to obtain a universal filter with
a natural angular frequency of fo = wo/2x =~ 15.91 kHz and the quality factor of Q = 1.

The Pspice simulation of the above filter circuit is shown in figures 5.4.3 and 5.4.4

Simulation results shows the frequency of oscillation as 15.85 kHz
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54.1 CDBA-based Quadrature Oscillator

From the first configuration of Figure 5.4.2 setting V1 = V.= V3 = 0 V (grounded) and connecting
the resistor Ry between the terminals p and w of the CDBA2, the CDBA-based sinusoidal
quadrature oscillator can be obtained as shown in Figure 5.4.7

Fig 5.4.7 CDBA-based sinusoidal quadrature oscillator

In this case, the characteristic equation of the second proposed configuration can be given by

2010+ sCy (= =)+ (=) =0

Ry Ry RzR3

The oscillation condition and the oscillation frequency (wo) of this configuration can be obtained,
respectively, as

R1=R4

1

W, = —————
0 VR2R3C1C;

From the configuration of Figure 5.4.7the relationship between two quadrature output voltages

Vo1 and Vo2 can be expressed as

Voo _ 1

Vo1 SR3Cq

where the phase shift is ¢ = 90-. This guarantees that the proposed oscillator circuit provides the

guadrature outputs Vo1 and Voz.
The above described circuit is simulated using the following passive component values

R: =R, = Rz = 10 kQ and C; = C,= 1nF. The simulated quadrature output waveforms V,: and
Vo2 of the oscillator are illustrated in Figure5.4.9 here the value of Rs= 10.5 kQ was chosen to be
slightly larger than R: to ensure that the oscillations will start. The simulated frequency was
measured as 15.37 kHz, which is lower than the theoretical value of 15.91 kHz, owing to the
parasitic elements Ry, z, and C, of the AD844.Figure 5.4.8 shows the actual layout of the circuit

shown in Fig 5.4.7
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5.5 SUMMARY AND SCOPE FOR FUTURE WORK

In the present work a survey of the active building blocks introduced in the domain of analog
signal processing after the introduction of Current Conveyor has been presented. Particular

emphasis has been put on those works which have been presented during the last one decade.

Scope for future work : The work presented in this thesis has concentrated mainly on the active
building blocks introduced in the domain of analog signal processing after the introduction of
current conveyors. This work may be extended to classification of these works from the point of
view of specific applications (filters/oscillators/non-linear applications etc.). Another useful
classification could be in terms of implementation technologies employed and power
consumption etc. Thus there is ample scope for extending this work in future.

A chapter wise summary of the project is as follows:

Chapter | of the thesis gives an overview of signal processing, it identifies, compares both the
types namely Analog and Digital types of signal processing. This chapter gives a brief
introduction followed by comparison of current mode and voltage mode of signal processing. It

also includes the general outline of the thesis.

Chapter 11 of the thesis briefly describes about the significance of current mode circuits and the
various active blocks that is introduced of current mode type after Current Conveyors generally
called the derivatives of Current Conveyors. At the start of the chapter the characteristics of first
and second generation current conveyors are described before describing their latest derivatives.

General application of each of them is added to their description.

Chapter Il of the thesis gives a description about the FTFNs ,Opamps and the various hybrid

varieties of Opamp and Current conveyors ,the developments in each of the classes is discussed.

Chapter IV of the thesis gives the details of evolution of some of very versatile active blocks like
CDBAs , CDTAs and their various derivatives with added potentials.

Chapter V of the thesis presents the simulation results for some of the applications of those active
building blocks which can be constructed using off-the shelf available components. Finally

Summary of the thesis and scope for future work in this area are outlined.
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