CHAPTER 1
INTRODUCTION

1.1 I ntroduction:

Information is the data or details related to ajector event. Signal carries the information

about magnitude or time relating to an object anév.e. physical quantity.

Output of a transducer is usually a voltage or séon@ of electrical signal. The two most
important properties of voltage are its magnitude &equency, though polarity may be
considered in some cases. Many transducers del@lopoltage of order of mV and some
even of micro volts. A fundamental problem is teyent this signal being contaminated by
unwanted signals like noise due to an extraneousceovhich may interfere with original
signal. Another problem is that a weak signal maylistorted by processing equipment. The
signal after being sensed cannot be directly tratetnto the next stage without removing
interfering sources, as otherwise highly distomesllts may be obtained which are far from
true. Many a times it becomes necessary to perfmveral operations before it is transmitted
further. These processes may be linear like aroptibn, attenuation, integration,
differentiation, addition, subtraction and filteginSome nonlinear process like modulation,
detection, sampling, chopping, clipping etc. asoglerformed on the signal to bring it to the
desired form to be accepted at the next stagesg$t@m. This process of conversion is called
signal conditioning. The term signal processindudes many other functions in addition to
variable conversion and variable manipulation. daot fthe element that follows the primary
sensing element in any instrument is called sigeahditioning element. Signal
processing/conditioning can be done in both anasgvell as digital domain. In digital
domain the signal processing is done with the haflpmicroprocessors, digital signal
processors or general purpose computers along A¥thand D/A converters whereas in
analog domain the signal processing tasks are peefib with the help of amplifiers resistors
and capacitors. The amplifiers used may be a wel&gplifier, or a current amplifier, a
transresistance amplifier or a transconductancdif@npSome new amplifier configurations,
which are derived from a combination of variousibasnplifier topologies, have also been
used in analog signal processing. Some of the sgm&essing schemes use single ended
inputs and the output of these schemes is alwagsingr referred whereas others use

differential inputs and may give single ended/fuliferential output.




1.2 An overview of the prominent developmentsin the area of analog cir cuits and signal

processing:

In the following, we present a brief overview oflpsome of the important developments in
the area of analog circuit design and signal prsings This overview is based on the material

presented in [1]

The universal op-amp- Undoubtedly, the integrated circuit operational &fep popularly
known as op-amp has been the most important altillding block of analog circuit design
since long because of its very well understood isgcture and versatility. In the area of
analog circuits, almost everything can be donegusip-amps. One can realize using op-
amps, all linear circuits such as the four condllsources (VCVS, VCCS, CCVS and
CCCS), integrators, differentiators, summing andfetencing amplifiers, variable-gain
differential/ instrumentation amplifiers, filtersscillators etc. Op-amps can also be used to
realize a variety of non-linear functional circusisch as comparators, Schmitt trigger, sample
and hold amplifiers, precision rectifiers, multbvators, log-antilog circuits and a variety of
relaxation oscillators. Since op-amp based circut@riably employed RC elements, such
circuits posed difficulty in their realization inanolithic integrated form since resistors and
hence, RC time constants, could not be implemeweed precisely. Particularly, search for
fully integrable filters did not find RC op amptél circuits to be favourable candidates for

this purpose. The circuit symbol and the port retabf the op-amp are shown in figl.1
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Fig. 1.1 (a) Symbol of OP-AMP, (b) Port relation




The operational Trans conductance Amplifier (OTA):-The OTA-C circuits employ only
transconductors and capacitors to build variougtfanal circuits and thus, do not require
any resistors. Furthermore, since the internaugsoof OTAs also can be designed without
using any resistors, the resulting circuits are @etely resistor-less. Since the trans
conductance of an OTA is electronically control&abihrough an external DC bias
voltage/current, the resulting OTA-C circuits araitable for realizing electronically
controllable functions and were amenable to integmain both bipolar and CMOS

technologies.
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Fig. 1.2 (a) characterizing equation of OTA and, (b) notation of OTA

Current Conveyors- Current Conveyors (CC) introduced by Sedra andiSdhring 1968-
1970 [2] is the basic building block of a numbercohtemporary applications both in the
current and the mixed modes. The principle of theent conveyor of the first generation
was published in 1968 by K. C. Smith and A. S. 8dadr1968. Two years later, today’'s
widely used second-generation CCIl was describe@nd in 1995 [3] the third-generation
CCIIl [4] was introduced by Fabre and his co-woskdlowever, initially, during that time,
the current conveyor did not find many applicatibesause its advantages compared to the
classical operational amplifier (Op Amp) were noidely appreciated and any IC
implementation of Current Conveyors was not avalatommercially. An IC CC, namely
PA630, was introduced by Wadsworth in 1989[5] (mpissduced by Phototronics Ltd. of
Canada) and about the same time, the now well kndia®44 (operational transimpedance
amplifier or more popularly known as a current fesmck op-amp) was recognized to be

internally a CCII+ followed by a voltage followeB][ An excellent review of the state-of-the-
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art of current-mode circuits prior t01990 was pdad by Wilson [7]. Today, the current
conveyor is considered a universal analogue byldiock with wide spread applications in
the current, voltage, and mixed mode signal proegs#s features find most applications in
the current mode, when its so-called voltage iryaatgrounded and the current, flowing into

the low-impedance input is copied by a simple current mirror into theutput.

Since 1995 in particular, many successive modifioat and generalizations of the basic

principle of CCIl have appeared in literature.
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Fig. 1.3 Basic block and port relation of current conveyor

Current feedback amplifier- Current feedback amplifier popularly known as CF@ds

been developed as a high speed operational amphheh does not suffer from the slew
rate limitations of the internally compensated a&gé amplifier. Also the constant gain
bandwidth product limitation of the voltage amm@ifidoes not affect the CFOA as the
bandwidth can be varied independent of the gainctanally the CFOA can be thought of
as a cascade of a CClI+ and a voltage followers Bhilding block is gaining fast popularity

in the signal processing community.

Operational transresistance amplifier, Current differencing buffered amplifier etc.-
Operational transresistance amplifier (OTRA), Cuotraifferencing buffered amplifier
(CDBA), CCCDBA, DC-CDBA, CDTA, CCCDTA, DC-CDTA, CTA, CD-CTTA, CCTA,
CCCCTA, DC-CCTA, OFA are some of the other receptigposed active building blocks

that have been used in analog signal processing

1.3 Single-ended versusfully balanced processing:

There is a real danger noise from extraneous esuend to be injected into the analogue
signal processing circuitry, where they may causeraus deterioration of the signal noise
ratio. The “noise” may be coupled into the filtéher directly or via the substrate, the power
supply, or the ground lines .To reduce these proptiesigners of analogue ICs usually build
their circuitry as differential rather than singleded structure. A further improvement is
obtained if the circuitry is not simply differentidut fully balanced, with completely
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symmetrical layout so that all parasitic injectioouple equally into the inverting and the
non-inverting signal paths common mode signals. differential nature of the circuits along
with good power supply and common mode rejectianthssures that extraneous “noise”
voltage contaminate the main signal only minimaly.course, this design approach does not
come without cost, because, as it require dugpbicaof much of the circuitry. In spite of the
practical advantages of balanced designs, we leetieat the derivations of a single ended
filter and its operation are easier to understdnaoh tthose of a balanced differential design.
Moreover, once a single-ended design has been éoyndis quite easy to convert it into

fully balanced configuration if required.

A general rule to follow when converting a givengle ended circuit into a balanced one is

the following [8]:

Draw the single ended circuit and identify the grdwnode(s). Mirror the whole circuit at
ground, duplicating all the elements and divideghim of all active devices by 2. Change the
sign of gain of all mirrored active elements andgeeany so resulting pair with inverting-
non inverting gains into one balanced differentatput device. Because signals of both
polarities are now available, realize any devick®se sole effect in the original circuit is a

sign inversion by a simple crossing of wires.

Before illustrating the application of this simplde with a few examples which are useful as
building blocks for active filters, Let us emphasan important point to remember: in many
op amp circuits, additional op amps are used ftw@compensation or to achieve a phase

change; the high Q integrator and the non invepingse-lead integrator are good examples.

Fully Differential Op Amp Integrators-Inverting integrator is redrawn together with their
mirror images as specified in our conversion rkig.1.4 contains the final converted circuits
with final differential inputs and outputs. The @iion of the corresponding two op amps is
implemented by crossed wires. A non inverting iraign can be obtained simply from the
balanced miller integrator by crossing its outputew, because output voltages of both
polarities are now available. We can see that theQf elements has been doubled i.e. it
requires more elements, so the cost & complexityciafuit increases. This is the main

drawback of fully balanced processing.




Fig. 1.4(a) Inverting op amp integrator and mirror image
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Fig. 1.4(b) fully balanced version of integrators

Advantages of fully differential signal processing-Fully-differential signal processing is
becoming a more and more used technique due t@hdynamic range and power supply
rejection compared to single-ended (SE) countespafhese parameters are especially
relevant in low power circuits. The other inherawlvantages of fully-differential circuits

include immunity from common-mode noise signals kmeer harmonic distortion.

In the first chapter general introductions sigpaicessing like development in the area of
analog circuits and signal processing, single enagdus fully balanced signal processing,
advantages of differential signal processing hasnbgresented . In the second chapter
general introduction and description of varioudyfuifferential active elements and their
applications have been presented. In the third tehdpw realizations of various types of




signal processing circuits such as current-modeliienp, integrators, differentiators and
biquad filters in CMOS technology using the follogitypes of active building blocks have
been presented. (i) Fully differential second gatien Current Conveyor. (ii) Differential
voltage current conveyor. (iii) current differengibuffered amplifier. In the fourth chapter a
newly introduced building block namely Current Bincing Current Conveyor which has
been introduced very recently has been implemeamed) DVCC and used to realize various
fully-differential signal processing circuits sual fully-differential current-mode amplifier,
fully-differential biquad filter, fully-differentib biquad filter with tunable gain. This fully

differential filter requires minimum passive compais (all of which are grounded).
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CHAPTER 2

FULLY DIFFERENTIAL ACTIVE BUILDING BLOCKS AND THEIR APPLICATIONS

2.1 Introduction:

This chapter presents the result of some studielullyf differential building blocks for
instrumentation application which include univergalrrent mode filter, current mode
amplifier, current mode lossy and lossless integraturrent mode differentiator etc. The
building blocks considered are DVCC, ICCIl, DCCMDCC, DDCC, FDCCII, MCCIII,
CCCIl, CGCll, DDA, DDOFA, & CDBA etc.

The main thrust of the work presented here has badhe review of the prominent work in
the area of fully differential active building blacThe recently developed Fully Differential
signal processing with their so many advantagesbhkas used to develop many processing

elements used in instrumentation and control.

2.2 Fully differential signal processing:

Fully-differential signal processing is becomingrmre and more used technique due to
higher dynamic range and power supply rejection pamed to single-ended (SE)
counterparts. These parameters are especiallyardglem low power circuits. The other
inherent advantages of fully-differential circuit€lude immunity from common-mode noise

signals and lower harmonic distortion.

A number of fully-differential active building blas (FDABB) and fully-differential circuit

have appeared during the last two decades. liesetore, worthwhile to review these works.
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2.2.1 Differential voltage Current Conveyor:

It has widely gone unnoticed in the literature tttiee Differential voltage Current Conveyor
(DVCC) was first proposed by Pal in as early a89[8]. Although it was then realized by
op-amps, Elwan and Soliman have presented a CM@&imentation of the building block
in 1997. its symbolic diagram and its CMOS impletaéion proposed by them. The DVCC
is characterized by the following equations:
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y- bvcc s z

Fig. 2.1 DVCC notation and port relation
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Fig. 2.2 Summer substructure using DVCC

In this the original “voltage” inpuy is split into a pair of inputs ¥and Y,. The voltage of the
x terminal is then given by the voltage differencetlod voltage inputs. This offers more
freedom during the design of voltage- and mixed-enaplplications.
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DVCC with the complementary pair of and zterminals is known as DVCCC (Differential
Voltage Complementary CC) [8]. As a special cas®WCIl for y; grounded, the ICCII
(Inverting CCII) is described in [9]. On the comyraDDCC (Differential Difference CCII) is
an extension of DVCCII [10], Voltage at tlkgerminal is given by a combination of voltages
at three terminalsyy y,, and y. Splitting thez terminal of DDCC into a pair of terminals
with currents |, = I, yields DDCCC (Differential Difference Complementa®C) [11].
Another generalization of the classical CCIl is D@Qifferential Current Conveyor), in
which thex input is replaced by the pair & andx,. The current through theterminal is
given by the difference of currents through theand x, terminals. MDCC (Modified
Differential Current Conveyor) [12] is a simplifitan of DCC on the assumption that signal

(voltage) at they terminal is zero.

ICCIl+ z

Fig. 2.3 ICCII notation and port relation
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Fig. 2.4 DCCIl notation and port relation
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Fig. 2.5 MDCC notation and port relation

2.2.2 Differential difference current conveyor:

The next important contribution in the developmeinfully-differential active building block
was the introduction of Differential Difference Cemt Conveyor (DDCC) in 1996 by Chin,
Liu, Tsao and Chen [10]. They presented a CMOSiaersf DDCC. This device combined
the advantages of the conventional Current Convagdrthe DDA element. The device was
used to realise a differential-squarer circuit fedéntial-integrator circuit (all in voltage-
mode) and a current-mode biquad filter. There wasattempt to use the block to realise

fully-differential circuits (circuits in which theutput is also available in differential form).

|Y1: |Y2 = |Y3 =0
Ix :VYl _VY2 +VY3

|, =+I,

Fig. 2.6 DDCC symbol and port relation
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Fig. 2.7 CM biquad filter using DDCC

In the same year, 1996, Walker and Green proposeduse of fully-differential trans
conductor to design fully-differential voltage-mofileers. In their work, they had used fully-
differential transconductor blocks in which no extommon-mode feedback circuitry was
required.

Szczepanski, Jakusz and Schaumann in 1997 presantedly-balanced CMOS OTA
structure for VHF applications. The proposed CMOBAQvas shown to be highly linear and
was used to design fully-differential voltage-mauatel current-mode ladder filters.

2.2.3 Fully differential second generation Current Conveyor:

The fully differential second generation Currentn@eyor (FDCCII) was introduced by EI-
Adawy, Soliman and Elwan. FDCCII (Fully DifferenitiaCIl) [13] is an important
generalization of the conventional CCII. Tkey, andz terminals occur here in pairs. The
basic circuit equations of the CCIl are now vabd differences of voltages or currents which
correspond to these pairs. FDCCII is thus desigonedpplications with fully differential
architecture for fast signal processing. This tygdeconveyor is called FBCCIl (Fully
Balanced CCII) [14].

14
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Fig. 2.8 FDCCII notation and port relation
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Fig. 2.9 Fully differential amplifier using FDCCII

The so-called modified CCIlI (MCCII) provides suah@peration that the current through the
zterminal does not depend on the direction of curkgn.e. |, = abs(y). This feature can be
used with advantage to implement economically vitdive rectifiers. Joining two current
conveyors CCII- yields the so-called Operationalafihg Conveyor (OFC) [16]. OFC is a
universal differential-input differential-output iding block, enabling current, voltage, and
mixed-mode applications. An extreme embodiment wilversality is the so-called UCC
(Universal Current Conveyor) [17]. By means of teiement, one can implement all the
above types of current conveyor. However, such arsality is at the cost of non-optimal

parameters for a concrete application.

A modification of the third-generation currentneeyor is MCCIII [18]. Modified CClll is
equipped with a couple af; and z terminals. Currents through these terminals are of
opposite directions and the following equalitie$dnd,, = -2, 12 = Ix. Unequal values of the

currents enable the design of interesting appbaoati
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Fig. 2.10 MCCIII notation and port relation

The non-zerox-terminal impedance is an important parasitic patam of the current
conveyor, which negatively affects its behaviougrtigularly in filtering applications.
However, this phenomenon is paradoxically utilizada new type of conveyor, namely
CCCIl (Current Controlled Conveyor) [19-21], whetke resistance ok terminal is
controlled electronically via the bias currentc#in be shown that this active device can be
used in filters whose parameters may be contraledtronically. Such a feature has been
inherent in the so-callegimCfilters, i.e. filters, compounded only of OTAs acapacitors.

cccr: g

>
=
I
+ O

Ibias

Fig. 2.11 CCCIl notation and port relation

Another method for controlling electronically therpmeters of applications employing
current conveyors is based on conveyors with vigiabrrent gain/lx. such a conveyor is

identified by the abbreviation CGCCII (Current G&cgII). The current conveyor of such a
type, concretely CCII, was formerly manufacturedBdgntec under the code EL2717 [22].
The variable gain is implemented via transformingrent |, into voltage by means of

resistors, and via back transformation of voltage icurrent by gains of electronicaliyn

controlled OTA. The most recent solution is chagdeed by digital control of the gain,
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utilizing the so-called CDN (Current Division Netrkp and DCCF (Digitally Controlled
Current Follower) [23].
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Fig. 2.12 CGCII notation and port relation

2.2.4 Differential difference amplifier:

In 1987, Sackinger and Guggenbuhl introduced aaive building block termed as the
Differential Difference Amplifier (DDA) [24].
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(a) The DDA symbol
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Fig. 2.13 A programmable instrumentation amplifier using DDA

This differential active building block was used itoplement a number of voltage-mode
circuits like instrumentation amplifiers, invertinguffers, comparators and a voltage-
controlled current source. Though the DDA elemeas @esigned to take differential-inputs,
the output available from the block was groundmrefd

In contrast to the conventional Op-Amp, DDA hasrfbigh-impedance inputsp, pn, np,
and nn. Whereas the Op-Amp amplifies the difference \g#t&/,-V, and provides the
equality V,=V, with the help of negative feedback, the DDA respotalthe “generalized”
difference voltage\pp-Von) — (Vnp-Vin), and maintains the equaliWpp-Von= Vip-Van Via the
feedback. Among other things, this principle enslae implementation of applications with
high signal dynamics with a minimum number of aiddidl elements and without the
necessity of satisfying the limiting matching cdralis between the parameters of such

elements [25].

2.2.5 Differential Difference Operational Floating Amplifier (DDOFA):

In 1998, Mahmoud and Soliman introduced a new {fdifferential active building block
which they named as ‘Differential Difference Operaal Floating Amplifier (DDOFA)’[26].
This block was a truly differential block in thense that the input voltages were taken in
differential form and the output current was alsaikable in differential form. This fully-
differential active building block was shown to bseful in a number of voltage-mode
applications like lossless and lossy integratoqugded and floating resistors, current-
integrators, mixed mode and voltage mode biquétérdij differential-integrators, multipliers
and divider cells.
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(a) DDOFA symbol and port relations
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Fig. 2.15 Lossless integrator using DDOFA

2.2.6 Differential Difference Complementary Current Feedback Operational Amplifier:

Differential Difference Complementary Current Fegch Operational Amplifier (DDCCFA)
was formally proposed by Gupta and Senani in 2005[# was shown that a single
DDCCFA is sufficient to generate SRCO circuits sséng the following properties
simultaneously: (a) use of a single ABB (b) empleytof two GCs along with a minimum
number (only three) of resistors (c) non-interagtaontrols of condition of oscillation and
frequency of oscillation (d) a simple condition ofcillation (i.e. not more than one

condition) and (e) availability of current-mode araltage mode outputs both.

19



2| DDCCFA

|.I|

".’r- I

lyy =1y, =143 =0
Iy =Vi =Vy, +Vy,
I

ZZZIX

71
Vi =Vz,
Vivz =Vz,
Vi =~V

Fig. 2.16 DDCCFA notation and port relation

Employing DDCCFAs, all previously known buildingdoks can be derived as special cases

and hence, a DDCCFA can be considered to be théumosersal building block known till

date.

2.2.7 Current differencing buffered amplifier:
The Current Differencing Buffered Amplifier (CDBARS8] was introduced by Acar and
Ozuguz. The characterizing equations and symbabi@tion of the CDBA is given in

Fig2.17.

CDBA

w-—-

Fig. 2.17 CDBA notation and port relation
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Fig. 2.18 Current mode second order notch filter using CDBA

In 1992 and 1999, two papers were published whittoduced new circuit elements OTRA
(Operational Trans resistance Amplifier) and CDBARufrent Differencing Buffered

Amplifier) [28]. The latter is also known as DCVOifferential Current Voltage Conveyor)
[29]. CDBA, a generalization of OTRA, is a univdreement for filter design, primarily for

voltage-mode operation. Numerous papers were aaisabout CDBA applications [30-36].
Some of the applications profit from the basic CDBzature, i.e. the non-problematic
implementation of both non inverting and invertingegrator as a building block of filters of

arbitrary order.

V, =V, =
OTRA Viw = Rule =Ryl

Fig. 2.19 OTRA notation and port relation

CDBA contains the so-called CDU (Current DifferamgiUnit) and the voltage unity-gain
buffer. Basically, CDU is a current conveyor of ti®CC type: It has two low-impedance

terminals,p andn. The difference of currentp andIn flows out of thez terminal and the
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corresponding voltage drop on the external impegl@acopied by the buffer to theoutput.
That is why the additional impedances are necedsarynplementing the feedbacks from
the voltage output to the current inputs. It isoimeenient from the point of view of simplicity
and low power consumption. Another drawback is ith@ossibility of direct electronic
control of circuit parameters such as that for @BA-based applications. This problem is
solved via two different approaches. The nonzaragitic resistances pfandn terminals of
the CDU are controlled electronically via bias emts. Thep and n terminals thus act as
voltage input terminals. These voltages are thanstormed into currents, whose values are
electronically controlled. In fact, this approadpresents a transition to a “pure” voltage
mode. Another solution is described in the formaafew circuit element called DC-CDBA
(Digitally Controlled CDBA) [38]. The output curremof the current differencing unit is
modified in the CDN (Current Division Network), wée current output is connected to the
terminal of the voltage buffer input. The CDN bloalorks as a current attenuator with
digitally controlled attenuation. Such a conceptcohtrolling the parameters seems to be
optimal, because in contrast to the analogue cbatgreater accuracy of the parameter race
of more active elements in the application can lergnteed.

Vo =Rl
VN :RNIN
[, =1,-1
Ibias ‘ P N
Vi =V,
- P RP:RNZL
Kl

CCCDBA

Ibias

Fig. 2.20 CCCDBA notation and port relation
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VP :VN =0
DC-CDBA
N Iz :A(IP_IN)
VZ :VW

Fig. 2.21 DC-CDBA notation and port relation

The input part of the CDTA [39] is formed — muckelifor the CDBA — by the current
differencing unit (CDU). It is followed by the migte-output OTA. The difference of
currentsl, and I, flows out of thez terminal, causing a voltage drop on the external
impedance. This voltage is then transformed viainkernal OTA back into the current.
From the point of view of currents, I, andly, the circuit operates as a current-mode
amplifier. Its gain is given by the product of exi@ impedance and internal trans
conductance. When tleterminal voltage is maintained within relativebwl levels, then the
circuit operation approaches the ideal current méd@rinciple, CDTA applications do not
require the use of external resistors, which areststuted by internal transconductors.
Analogously to the well-knowngmC' applications, the “CDTA-C” circuits are formed by
CDTA elements and grounded capacitors. Such stextare well-suited for on-chip
implementation. In the last decade, lots of papésut the CDTA and its applications have
been published in international journals and atfe@mces [40-42]. Within the frame of
EUROPRACTICE, the very first CDTA chip in CMOS texiogy has been fabricated.
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CDTA

Fig. 2.22 CDTA notation and port relation

The CDTA modification [43-45] is called CCCDTA (Gent Controlled CDTA). It is an
analogy to CCCDBA, where the electronic controb&sed on the dependence of parasitic
input resistances of the CDU on the bias currené dbove mentioned drawback consists in
moving the circuit operation to the voltage mode.

Note that the CDU, which is an important comporahe above elements, is a special case

of DCCII with they terminal grounded, i.e. MDCC with terminal omitted.

GCMI (Generalized Current Mirror and Inverter) [4i6] an element which is in a certain
sense a dual element to the CDU. GMCI kag, andz terminals and its equations are as
follows: 11 = aly, |2 = ble. Usuallya=1, b=-1. Then GMCI is reduced to current mirror and
current inverter, jointly excited from the low-ingencex terminal. This element has been
published formerly under the name DOCF (Double @u@urrent Follower).
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Ve =Rl

VN = RN I N
N B l212=1p — 1y
CcceDTA Viiz = ~9uVa
V.
o — R=Re= 2IT
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| Om Y
Ibias
Fig. 2.23 CCCDTA notation and port relation
Ibias
P X4
VP :VN =
DC-CDTA
I, = (I p I N)
ol — I ==l =GyV,;

Ibias

Fig. 2.24 DC- CDTA notation and port relation

for subsequent processing.
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A novel circuit element, CTTA (Current-Through Tsaconductance Amplifier), is described
[48]. In contrast to the CDTA, its input block iset so-called CTU (Current through Unit).
The pair of input terminals serves as a voltagetshicuit. The terminal current is copied to
the output terminal. The CTU is designed as anlideaent sensor because it converts a

current flowing through an arbitrary branch todtspy, which flows to an independent load

The CTU can be theoretically synthesized from tA&N after connecting its input and

output gates in parallel. However, among otherghijrithe parasitic gate impedances as well
as impedances of the individual terminals can causerious realization problem, because a
part of the current sensed can leak through therofahe CTU.




[
CTTA z

Fig. 2.25 CTTA notation and port relation

In respect of the difficulty of practical implematibn of the CTTA, a simplified version

called CCTA (Current Conveyor Trans conductance Wap has been described in [49].

Instead of the CTU, the well-known CCIII (Currendriveyor of the third generation) is used
here, enabling also the current sensing.

- P X+
CCTA IPZIN
V, =V,
N X
Z IZ_IN
I, =-l,. =G,

Fig. 2.26 CCTA notation and port relation
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; lo =1y
E— X#—
V, =V,
CCCCTA [ =1
z N
N X- I><+ = _Ix— :GMVZ
z RN = f(IBIAS)

Ibias

Fig. 2.27 CCCCTA notation and port relation

A generalization to the so-called CCCCTA (Curr€onntrolled CCTA) [50] is given, where

the above principle of electronic tuning of thegsatic resistance of theterminal is utilized.
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CHAPTER -3

CMOS/BIPOLAR IMPLEMENTATION OF SELECTED FULLY DIFFERENTIAL ACTIVE
BUILDING BLOCKS AND THEIR APPLICATIONS

3.1 Introduction:

In the previous chapter a detailed review of sofrth@important works on fully differential
active elements has been presented. In the prekapter CMOS implementation of few

applications of some these building blocks has Ipgesented.
The following building blocks and associated apgimns have been presented:

1. Fully differential current conveyor (FDCCII)
2. Differential voltage current conveyor (DVCC).
3. Current differencing buffered amplifier (CDBA).

As the signal after being sensed cannot be dirgctiysmitted to the next stage without
removing interfering sources, as otherwise highéyaited results may be obtained which are
far from true. Many a times it becomes necessanyetéorm several operations before it is
transmitted further. These processes may be lileaamplification, attenuation, integration,

differentiation, addition and subtraction. Usinggk blocks the implementation of various
applications like fully differential current modenalifier, voltage mode amplifier, integrator,

differentiator, fully balanced universal filter, tcb filter etc. have been presented and

simulated on Pspice.
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3.2 Second generation fully differential current conveyor (FDCCII):

The proposed block is an extension of the seconérgéion current conveyor (CCII)
introduced by Sedra and Smith [1] in 1970. The G€la versatile building block and is
described by the following matrix equation:

Wy 00 1|1y
Iz{=1]1 010 Vz .
Iy o oo ¥y

The FDCCII is an eight-terminal analogue buildingdi [2] shown symbolically in Fig. 3.1

with a describing matrix equation of the form:

|'i};+] |-n 0 1 -1 1 n-| H:t

Ve oo -1 1 01 Vy1
|_}z+ - |-l o o0 0 0 IJJ Vyz
Iz g1 0 0 00 Li}-}
Vya

o e

"2 rpeen

j ¥ z- L
.Y“' jr'_,_ W=

Fig. 3.1 FDCCII block and port relations

A CMOS realization of the FDCCII is shown in Fig23All transistors are assumed to be
operating in the saturation region. The input \getés applied to the gates of the differential

pair transistors M1 and M2.
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Fig. 3.2 CMOS Realization of FDCCII

It is clear that

Vx+ = Vyz + (Vy1 - Vyo)
Vx. = Vyg — (Vy1 - Vy2)
Furthermore

I7+ = Ix+

Similarly

|z_ = |x_

It is worth mentioning that the proposed FDCCII ¢endivided into two separate CCII's by
connecting and terminalsY1 &Y2 to ground by using, X+ &Z+ as the terminals of the
first CCll and Y4, X- &Z-as the terminals of thecemd CCIl. The proposed FDCCII has
been simulated with PSPICE using the AMI 1.2 m CM@®&hnology provided by MOSIS.
The aspect ratios of the transistors are givenabld |. The supply voltages used are 1.5V,

while the tail currentd is 50 uA and the standby curregg is 20uA.
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Transistor aspect ratio

Transistor W(um)/I( pm)
M1, M2, M3, M4, M5, M6 60 /4.8
M7, M8, M9, M13 480/4.8
M10, M11, M12, M24 120/4.8
M14, M15, M18, M19, M25, M29, 240/2.4
M30, M33, M34
M16, M17, M20, M21, M26, M31, 60/2.4
M32, M35, M36
M22, M23, M27, M28 4.8/4.8

3.2.1 Simulation results:

3.2.1.1 Current mode amplifier using two separate CClIsof FDCCI|I:

lin
> gRl Y lout
R CCli(+) z b
5%7 X
R2

Fig. 3.3 CM Amplifier using CCII

Current mode amplifier using CCII shown in fig.3t®& current-mode amplifier can be found

The gain of the amplifier can be adjusted by chagg; and/orR..
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The value of the component used afe=ROK, 20K and 30K, and R10K to give a value of
gain equalto 1,2 and 3

And approximately bandwidth of the circuit is 6MHZ

The simulated output result are shown in fig.3.4

v

Fig. 3.4 Frequency response of current amplifier

oV

Fig. 3.5 Transient response of current amplifier

37



3.2.1.2 Fully differential amplifier:

Certain applications require the use of fully diffietial signal processing to extend the
dynamic range of the signal, cancel even harmoaitd,suppress undesirable CM signals. A
fully differential amplifier that is used as a basell to realize fully differential filters is
shown in Fig. 3.5. It cabbe shown that the differential mode (DM) outputtagk is given

by:

. S .
i - __rJ T
Vi Z, " Via + V)
Where

Via = 2(Viy — Vi)

. L. . .
Vi = 50Vor — Vo)

However, to suppress the CM input signals, extanmlts should be applied to theY1 andY2
terminals where the CM gain is zero. In shortplement a fully differential filter, Y1 and

Y2 terminals are used for the external inputs wiYizeand Y4 terminals are used for the

v Y1

FIWCCTE

feedback signals.

Vioo—— w1

v, T ] Y

Fig. 3.6 Fully differential amplifier

The value of the component used age=Z0K, 20K and 30K, and1Z10K to give a value of

gain equalto 1,2 and 3

And approximately bandwidth of the circuit is 6MHZhe simulated output result are shown
in fig.3.7
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Fig. 3.8 Transient response of voltage amplifier
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3.3 Differential voltage current conveyor:

The DVCC was first proposed by PAL as a modifiedrent conveyor [9] and then
developed and realized in CMOS technology by Elewadh Soliman [10].

The DVCC has the advantages of both of the secenérgtion current conveyor (such as
large signal bandwidth, great linearity, wide dymamange) and the differential difference
amplifier (DDA) (such as high input impedance amihanetic operation capability). This

element is a versatile building block for applicas demanding floating input. The electrical

symbol and related equations are given in Fig.3.9.

l,,=1,.=0
— y- bvec z ——— Vy =V, — Vo

Iz =1x

Fig. 3.9 Basic block of DVCC and related equation

3.3.1 The CMOS implementation of DVCC:

e | w3l (M s
el
— |“‘|E

—71 / —22

M7 ma

/>\
+ .q G

Fig. 3.10 The CMOS implementation of DVCC




The aspect ratios of the CMOS transistors of theCB\are given in table below. MIETEC
0.5um CMOS process model used for simulatiog=wWs=2.5V

Transistor W(um)/I( pm)
M1, M2, M3, M4 0.8/0.5
M5, M6 4/0.5
M9, M10 14.4/0.5
M7, M8, M13, M14, M15 10/0.5
M11, M12, M16, M17, M18 45/0.5

3.3.2 Simulation results:

3.3.2.1 Current mode amplifier using DVCC:

Y1

lin lout1
—

Y1 Z1
DvCC

Y2
X
[‘b Y2

Fig. 3.11 DVCC based basic current processing block

lout2
zZ2

7

If in fig.3.9 the admittances are;¥1/R; and Y= 1/R;, the current-mode amplifier can be

found as:
lours - _ I ourz :&
l IN l IN RZ
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The gain of the amplifier can be adjusted by chagg; and/orR..

The following values of components were selecteck#dize a current-mode amplifier using
DVCC are R =10K, 20K and 30K, and R10K

And approximately bandwidth of the circuit is 1808BZ

The simulated output result are shown in fig.3.12

oV

Fig. 3.12 Frequency response of current amplifier

3.3.2.2 Current modeintegrator using DVCC.:

If in fig.3.11 the admittances are;*6C, and Y,=1/R,. The current-mode integrator can be

achieved as
IOUT1 - _|OUT2 - 1
N N sGRo
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3.3.2.3 Differentiator using DVCC:

If the admittances are;¥1/R; and Y,=sG, the current-mode differentiator can be obtained as

I I
IOUTl — IOUT2 =sCRy
IN IN

The following values of components were selectebfdize a current-mode integrator using
CCll are R=1K and G=.1pF.

——

Fig. 3.13 Output of differentiator

3.3.2.4 Summer/Substructure;

Differentiated input currents converted to voltagas be applied to thé terminals of the
DVCC, which results in a current-mode summer/sulsstire circuit as shown iRig.3.14the

output currents can be found as:

— _R | |
lour = ~lourz = I+ 1, ls+1,).
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<
< RrR2 Q
1 < R3

Fig. 3.14 DVCC based CM summer/substructure circuit

The following values of components were selecterk#dize a current-mode summer/substructure

circuit which are R=R, =R;=10K.The simulated result are shown in fig.3.13

i
MM

Fig. 3.15 Input and Output waveform of summer/substructure
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3.3.25 Universal filter:

Using the terminal relation between tiieandX-terminal and after the current to voltage (
— V') conversions, the CM universal filter can be iempénted fromas shown irFig. 3.16

It can be observed that the first stage is the semand the second and third stages are the
integrators circuit stages. The node analysis efdincuit of Fig. 3.16yields the following

current transfer functions:

| Rig2
HP — Ro
| s2 + 1 S+ Rl
CG1R2 RoR3R4C1Co

R
'ep RoR3Cy
! s2 + ! S+ RL
CiR2 RoR3R4C1Co

S

R
e __ RoR3R4C1C2
| 2. 1 o R
CG1Ro RoR3R4C1Co

The natural angular frequenayy and the quality facta® of the filter can be expressed as

_ Ry _ |RRC,
“0= \/ RoR3R4C1Co Q- R:R,C,
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Ragistar I :RZ I I R3 I R4

Fig. 3.16 (a) the proposed CM universal filter based on DVCC
(b) Electronic resistor

The following values of components were selecteg#édize a current-mode universal filter
based on DVCC with a cut-off frequency g£15.719 KHZ are RFR,=R;=R;=10K and
C,;=C,=.001uF. The simulated output result are showigid.fL7

o v

Fig. 3.17 Frequency response of current-mode universal filter using DVCC
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Fig. 3.18 Transient response of current-mode universal filter using DVCC

3.4 Current differencing buffered amplifier (CDBA):

The current differencing buffered amplifier (CDB)a recently reported active component
[12-19], especially suitable for class of analogignal processing application. The fact that
the device the device can operate in both voltagecarrent modes provides flexibility and
enables a variety of circuit designs. The basitding block and related equations are given
in Fig.3.19.

P
V, =V, =0
CDBA =1,
— N V, =V,
z

Fig. 3.19 Basic block of CDBA and related equation
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3.4.1 The CMOS implementation of CDBA:

631 M8 M1%‘ L:lmr M18 M1EJ
| Y. |
l T = !

M1
lﬁ M14
M1 M3 M13

J_T:— A | s Hi——

:}EJH: M%z —i*
& Tar

j

=8
|
o 8

T&

Fig. 3.20

Section current aresi=lg,=20uA, while lg3=25uA. 0.5um CMOS process model used
simulation .Bias current of Current Differencingpin. The aspect ratios of the CMC
transistors of the CDBA are given in table beldWETEC Vy4=-Vss=2.5V

Transistor aspect ratio

Transistor W(um)/I( um)
M1-M10 150/1

M11, M12 4/2

M13, M14, M17, M1 5/1

M15, M16 100/1

M19 20/1

M20 200/1
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3.4.2 Simulation results:
3.4.2.1 Voltage mode amplifier using CDBA:

If in fig.3.18 a voltage mode amplifier using CDB&Ashown. The impedances are R1 & R2

and the voltage-mode amplifier can be found as:

VOUT — RZ

Vin R

Fig. 3.21 Voltage Mode Amplifier using CDBA

oV

Fig. 3.22 Frequency response of Voltage Mode Amplifier

s
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The gain of the amplifier can be adjusted by chagéh and/orR,.The following values of
components were selected to realize a current-naagdifier using DVCC are R=100K,
200K and 300K, and R100K, and approximately bandwidth of the cir¢gsiBMEGHZ

WU,

oV

Fig. 3.23 Transient response of Voltage Mode Amplifier

3.4.2.2 Notch filter using CDBA:

A current-mode second-order notch filter circui®]lis given in fig.3.21. The current

transfer function of the circuit is given as follew

2 { 1 1 1 J 1
s“ + + - +
'our _ CIRL C2R2 CiRz) CICoRIR

L, 2 { 1 1 1 j 1
s+ + + +
CiRL CoRy CGRy ) CGICoRRp

Therefore matching condition for the realizationtiee second-order notch filter will be

CiR1+CR=C;R;. The natural frequencyay and quality factor, Q for the filter can be

_ / 1
“0 = C1CoRIR

expressed as:




VGGRR,

Q =
CR +C,R, +C,R
Cy
i1
|1}
Ry P w—o
lin o> AN CDBA
Ay H n Z >0 Iou[
R> 2

Fig. 3.24 Current Mode Second Order Notch Filter

The following values of components were selectedetdize a current-mode second order
notch filter using CDBA with a centre frequency f 127KHZ are R=50k, R=25K,
C,=25PF, And G=50PF.The simulated output result are shown i3 &%

Fig. 3.25 Frequency response of notch filter using CDBA
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3.5 CONCLUSION:

Various circuits for realizing analog signal pragieg functions used in instrumentation and
control using various active elements (FDCCIl, COEBADVCC) have been analyzed and

they are simulated in PSpice. Simulation resuttsedy match with theoretical values.
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CHAPTER -4

CURRENT DIFFERENCING CURRENT CONVEYOR (CDCC) AND ITS
APPLICATIONS

4.1 Introduction:

The CDCC (Current Differencing Current Conveyor)] [llas been proposed as a
generalization of the CDeTA. The basic idea sthdm the observation that OTA can be
implemented by the 2nd-generation current convayal one resistor. The admittance of a
two-pole connected between thlxeterminal of the CCIl and the ground serves as the
generalized transconductance. In this case, theabpes of the CDCC and the CdeTA are
similar. However, CDCC is more universal becausigsofi” terminal, which can be used as

an additional current input. Circuit diagram anlkted equation is given in fig.4.1

IP IX
—— P * =1, -1
z~—'p N
CDCC —
VZ _VI
IN -IX
[ N— N X — VP :VN :O
z |

Fig. 4.1 Basic CDCC block and port relation

4.2 DVCC implementation of CDCC:

To implement CDCC we have taken three DVCC preskeimechapter3. The proposed

implementation is shown in Fig.4.2 where the twput currents are sensed using two
DVCC. With all the Y terminals grounded the inpuoipiedance is very low. The two currents
are subtracted at one of the input nodes and threspmnding current conveyor conveys the
current difference to the Z terminal.
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Fig. 4.2 DVCC implementation of CDCC
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Fig. 4.3 The CMOS implementation of DVCC




4.3 Simulation results:

The CDCC has been implemented using DVCC desciibedapter 3. The CDCC has been

used to design the following signal processing kdoc

1. Fully differential current —-mode amplifier
2. Fully differential current —-mode universal filter

3. Fully differential current —-mode universal filteittv gain tunability

4.3.1 Current-mode fully differential amplifier using CDCC:

The proposed amplifier uses two grounded resistad is shown below in Fig 4.4. The
gain of the amplifier is given below as

IOUT - 2R1
IIN R2
lin lout
ﬁi P X+ ;
CDhcCcC
-lin X -lout
— N -

1T

Fig. 4.4 Current mode fully differential amplifier using CDCC

The following values of components were selectetetdize a gain of 1, 2 and 3 ;HK,
2K, 3K, and R=1K, with given input = 54A (P-P).The frequency response measured in
Pspice are given below in Fig. 4.5. The measurégevaf gain is (0.962, 1.92, 2.91,)
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AN

-
S S—_
0A
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Fig. 4.5 Frequency response of amplifier
8. OuA-

N S T\ W Y N Y

AN A N A T A T RN A A A T A E Y O
il i N A\l
VMl O L N 0
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Fig. 4.6 Transient response of amplifier
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4.3.2 Current-mode fully differential universal filter using CDCC:

Current-mode fully-differential universal filter imgg CDCC requires four CDCC blocks , first
two having two outputs (two X-) and last two havisig (Three X+ and Three X- ) output
current terminals. First two CDCC block attachedhe circuit only for producing two IHP
output, last two blocks are actual processing block

Last two CDCC blocks are lossy integrator conreeateseriesThe circuit simultaneously
provides the three basic filter functions, nameind pass (BP), high pass (HP) and low pass
(LP) functions. The notch and all pass (AP) funtdiocan be obtained by connecting
appropriate output currents directly without usiadditional active elements. The output
signals are obtained at high output impedance patigeh is important for easy cascading in

CM operation.

Current-mode fully differential universal filter mg CDCC is given in fig.4.7 various filter

transfer functions are given below

2
IHP_ S

| 2 25 4
s<+ +
RiC1 RICIRCo

2s

lBP - RiC1
| 2 25 4 4

IN ST+
RiIC1 RiGIRyCo

4

o RIR2Cic,

[ 32+ 2s 4 4
RIC1  RICIR2Co
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T_zl'Nx_ ] - _P ] o
o R, e = me B
I P axx X+ o
i N x N il AE
= x
;mx:—_ Xy L B
N -
= Lk

I||—/\;\/\,— -

7:

Fig. 4.7 Current mode fully differential universal filter

The natural frequencyo and quality factor, Q for the filter can be e)gzed as;

/ 4 RCy
aD = Q = |
RiR2C1C2 R,C,

The following values of components were selectetédize a current-mode fully-differential
universal filter with a cut-off frequency off 100KHZ and The value of the component used

are R1=R=150KQ, and G=C,=.00002uF. The simulated result are shown in fy(4) and
(b)

v A

Fig. 4.8 (a) Frequency response of fully differential universal filter
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Fig. 4.8 (b) Transient response

4.3.3 Current-mode fully differential universal filter using CDCC with gain tuneability:

It requires two additional CDCC blocks so that vea @amplify the input signal to get the
desired value of gain. Current-mode fully diffeiahtuniversal filter with gain tuneability

using CDCC is given in fig.4.9. Various filter tisfer functions are given below:

ILP+
P x x- x e
P P
I x X X X
N z
z | P N 3
X X
d1. = L
3 X- X-
1 BP-
== z X x4 X ILP-
= N N
- 1 BPY| X
P X+ X z z
I
1 PN WP
X
N T RL

H— -
]
\H_*i _

?
I FW—
A -wW—m-
a 3
|

Fig. 4.9 Current mode fully differential universal filter with gain tuneability
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I 2, 28
s+
RC, RCRC,

& 2s
L - R RC,
| 2, 2s N 4
RC, RCRGC,
R 4
I, _ R RRCyc,

I ,  2S 4
s°+ +
RC, RCRC,

The natural frequencyo and quality factor, Q for the filter can be exqaed as;

[ 4
“0 = RiR2C1C2

RC:
R,C,

The following values of components were selectegatize a current-mode fully-differential
KHN biquad filter with a cut-off frequency off 100KHZ and The value of the component
used are RFR,=150KQ, C;=C,=.00002uF and R20k, R~=10k to get the gain of value 2
The simulated result are shown in fig.4.10 (a) énd
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¢ v
Fig. 4.10 (a) Frequency response of universal filter with tuneable gain

Fig. 4.10 (b) Transient response
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4.4 CONCLUSION:

The newly proposed active element Current Differegp€Current Conveyor (CDCC) is ideal
for current mode fully differential functional cirts. In this work, A CMFD (current mode
fully differential) Amplifier, CMFD universal filte circuit and a filter with gain tuneability
has been presented. The Amplifier frequency resehsws it has constant Bandwidth with
variable gain. The filter employs four CDCCs, twapacitors and two resistors. All the
passive elements are grounded, which is importanttegrated circuit implementation. The
filter provides the basic three filter functionsRBHP and LP) simultaneously. The notch and
all pass functions can be obtained by connectimyagiate output currents directly without
using additional active elements. All the outputs taken from high output impedances,

which is important for cascade connections.
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CHAPTER -5

CONCLUSION

5.1 Introduction:

In the present dissertation some studies have bagred out on CMOS/Bipolar building

blocks for instrumentation application.

In the first chapter general introduction of sigmaibcessing, evolution & advantage of
current mode approach, difference between singldecdnand fully differential signal
processing, and advantage of fully differentiahsigporocessing has been presented.

In the second chapter description of various sygiefully-differential active building blocks
such as differential difference amplifier, fullyfigrential current conveyor, differential

difference current conveyor etc. has been presented

In the third chapter few sample realizations oiaas types of signal processing circuits such
as current-mode amplifiers, integrators, differatotis and biquad filters in CMOS

technology using the following types of active ldinlg blocks have been presented.

0] Second Generation Fully Differential Current Conwey
(i) Differential voltage Current Conveyor.
(i) Current Differencing Buffered Amplifier.

In the fourth chapter a newly introduced buildingdk namely Current Differencing Current
Conveyor and its DVCC implementation has been pttese that has been used to realize
various fully-differential signal processing cirtalisuch as fully differential current-mode
amplifier, fully-differential current-mode integmatand fully-differential biquad filter, (with
tuneable gain). This fully differential filter remas minimum passive components (all of

which are grounded).

These signal processing circuits have been simllatePSpice. Results closely match with

theoretical values.

66



SCOPE FOR FURTHER WORK

In the present work the emphasis was on realizatibriully-differential current-mode

building blocks and associated applications. Ldteesearch activity is currently under way
in the direction of development of fully-differeatiactive building blocks. Several directions
in which the present work can be extended have lgaemn in reference 1 of chapter -1.

Some of them are given below

(1) Good CMOS implementations of Differential buildibtpcks.

(i) Better methods of electronic controllability of eeant parameter of application
circuits.

(i)  Minimization of passive components required for &eg signal processing
applications.

(iv)  Minimization of active blocks required for a giveignal processing application.
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