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ABSTRACT

This dissertation thesis deals with the design e functional blocks usable in area of
analogue signal processing. The current feedbackuits (which in a suitable
configuration can operate in voltage or current @)ate used here. This allows to achieve
very promising results in the systems with a veny power supply. The versatility of the
circuits will find applications in many areas. Tboerreent-feedback amplifier is chosen as
the main building block for the detailed studiestbe analog signal processing circuit
design and realisation through various RC configoma. The thesis deals mainly with the
study, synthesis, and design aspects of deriving memittance functions covering
inductive and supercapacitive admittances, curpemveyors, voltage conveyors, high
quality selective filters utilizing the transimpeda, integrators and differentiators, non-
minimum phase allpass equalizers, and voltage aibedr oscillators. The work deals in
detail with these new particular blocks which aesatibed theoretically and evaluated by
simulations.

KEYWORDS

Analog signal processing, operational amplifieryrent feedback amplifier, conveyor,
integrator, differentiator, sensitivity



ANOTACE

Tato diserténi prace pojednava o navrhu novych fémikh bloki pouzitelnych v oblasti
zpracovani analogového signalu. Jde o obvody vdme#i modu, které mohou ve vhodné
konfiguraci pracovat v proudovém i v ri@pvém modu. To umoznilo ziskat velmi kg
vysledky v soustavach s nizkym napajecim étiap Mnohostrannostéthto obvod
nalezne uplatimi v mnoha aplikacich. Zesilo¥a proudovou znou vazbou byl zavolen
jako hlavni stavebni blok pro detailni zkoumanikicen obvod s RC operéni siti. Tato
disert&ni prace pojedndva o studiu, syntéze a navrhovgpekéech realizace novych
imitanénich funkci, jmenové induktivnich a superkapacitnich, proudovych aédapych
konvejorech, kmitétovych filtrech s velkou jakosti, integratorech #derencitorech,
fazovacichilenech s neminimalni fazi a riimn fizenych oscilatorech. Disetts prace se
detailre zabyva &mito novymi bloky, které jsou popsany teoretickywyhodnoceny na
zakladt simulaci vlastnosti.
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List of used shorts and symbols

ASP Analog Signal Processing

BP Band Pass

CMOS Complementary Metal Oxide Semiconductor
CCCS Current Controlled Current Source

CFA Current Feedback Amplifier

DAC Digital to Analog Converter

DVCCS Differential Voltage Controlled Current Source
DIL Double Integrator Loop

F(p) Complex Variable (alss)

FDNR Frequency Depend Negative Resistance
FET Field Effect Transistor

GB Gain Bandwidth

HP High Pass

LP Low Pass

LSI Large Scale Integration
MP Microprocessor

IC Integrated Circuit

OA Operation Amplifier

OTA Operation Transconductance Amplifier
PLL Phase Locked Loop

PRA Programmable Resistor Array

VCI Voltage Controlled Integrator

VCO Voltage Controlled Oscillator

VCD Voltage Controlled Differentiator
VCSO Voltage Controlled Sinusoid Oscillator
VLSI Very Large Scale Integration

VCVS Voltage Controlled Voltage Source

V; voltage amplitude

Z impedance



1. INTRODUCTION

During the years the analog, but also the digiéslighers began to think and calculate only in
terms of voltages rather than currents, althoughynd the signals handled by the analog
circuits are actually currents in their initial t8#aExamining the analog paths of the signal
processing system in Fig. 1.1. shows that the awudjgmals of the sensors, which are often
currents or charge, were first converted to vokagg I/V converters, before they were
processed in pure voltage signal processing cecagée Fig. 1.2. The pre-processed voltage
was input signal. A similar situation occurred fa¢ utput of the signal processing system,
where the output current of the D/A converter wast fconverted to voltage, the post-
processed and finally often converted back to atri@drive a physical transducer.

Real warld
h J
Digital N Filtering and . |Drivers and
Sensors control "l postprocessing "l huffers
3
l . I
Analog signal | Analog
conditioning "l processing ¥
Feal world
¥
Analog | | t
processing
& &
¥
Digital _ “&"Efi'é?tgalt” Digital _ Dﬁ'ﬂ';f‘éé” _|Drivers and
contral conversion processing COMVErsIon buffers

Fig. 1.1: General signal processing system [1]
A much simpler way here is to use analog circuitsally processing the signals in form of
currents, like indicated in Fig. 1.3. This wouldpskhe V/I and I/V converters necessary to
adjust the input signal for voltage processing @ordconverting to digital signals. The chip
area as well as the energy needed to drive thalspggncessing could be higher, because a
possible sources of errors would be cancelled too.
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Yoltage
SENSor - I~ »  signal - N - AD
converter processing conwverter comverter
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comwverter processing converter conwerter QrOCessing
Driver
Fig. 1.2:Voltage signal processing system [1]
Current Digital
; AD .
SEnsor s  signal - = signal
processing converter processing
Digital current
. O, . .
signal - *  signal »  [river
processing converter processing

Fig. 1.3: Current signal processing system [1]

The reason, why current signal processing was Ioletta establish itself until now, was the
missing high-performance current processing ciscuiivhile there are number of well
established building blocks for voltage processioges, e.g. operational amplifiers,
comparators, etc., there was not enough attenaahtp the design of similar building blocks
for current processing circuits.

A current conveyor belongs among those currentgasiog blocks. It is very useful building
block consisting of both voltage and current sutcké. Current conveyors were introduced
in the late sixties, early seventies by Smith aedr&. They were considered to be used as
controlled voltage and current sources, impedarmevearters, etc., but also as function
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generators, amplifiers, filters, etin current processing circuits mainly for instrurtegion
and measurement applicatic

In the first years of their appearance the perforceaof current conveyors was sever:
limited by the available technologies, which didaftow well-matched devict on fabricated
chips. Since the technologies have improved, threenti gained attention of many ana
designers. Today the current conveyors have dpedl@ao very useful building blocks
analog electronics and their main application asrasn higlspeed, hig-frequency circuits
for both voltage and current signal proces:

A conveyor is generally a thr-port device (except special types) operating mastlyhe
current mode. It consists of two blocks, a voltafeand a current CF follower. Bhe order
of their arrangement, a volte (Fig. 1.4) and a current (Fig. 1.&)nveyor can be recognize

A

Fig. 1.4:Voltage conveyor

*

Fig. 1.5: Current conveyor



2. AIM OF DISSERTATION

This work is focused on the field of the active lBimg blocks for the modern integrated
circuits operated in current-mode or mixed-mode.

The main idea of the thesis consists in taking mrmercially available modern integrated
circuit-CFA and studying its application in varionsw electronic blocks even if some of
them are already known in their voltage-mode vasid he thesis will be more oriented to
the applied research than to the fundamental oddamused to the currently available current
mode amplifiers.

Aims of the dissertation are in the following:

1) Investigations of the effects of the imperfestion current mode amplifiers.

2) Design and verification of the insensitive citswith current mode amplifiers.

3) New designs of an integrator and a differenti&idooth current- mode and voltage-mode
forms.



3. STATE-OF-THE-ART

Analogue integrated circuit design is becoming easingly important with growing
opportunities. IC processing techniques have nowolved to the point where
high-performance and novel “special” devices anadtegrated. This in turn has led to a
renewed interest in circuit design techniques, twhigere previously limited by the
technology available — essentially we are now gpé&ichnology-driven advances in circuit
design. An example is the development of “currental techniques (Toumazou 1990,
Current mode approach [11]), many of which havey cmcome practically feasible with the
development of true complementary bipolar and M&®mnology processes.

Voltage-mode analogue circuit design has called &saditional” nowadays. Current-mode

signal processing circuits have recently demoredrabany advantages over their voltage-
mode counterparts including increased bandwidtjhdr dynamic range and better suitability
for operational in reduced supply environments.(swpply voltage 3.3V and lower). In

addition, current-mode processing often lead tgpmcircuitry (e.g. processing of current

signals from measurements probes) and lower cortsomp

There are some limitations in obtaining high currgain and wide bandwidth for low offset

current and high-speed gain operation. Usuallyhdriggain can be achieved by using a
closed-loop feedback gain configuration formed byeadback resistor ratio. The signal

processing speed is determined by the amount tdg@Iswing on each delay path. Ideally, a
current-controlled current source (CCCS) has zequuti impedance and infinite output

impedance. The conceptual justification for higleexgh operation in current-mode circuit

results from the small voltage swing of each lovp@#dance node, operation near transition
frequencyfr, and wide-band frequency response.

In CMOS technology developments have centred oeva generation of analogue sampled
data processing that may refer to as switched olmhc current circuits. These circuits
include switched current filters, dynamic currentrors and current copier and memory cells.
At the other hand, there have been developed repesial analogue building blocks opposite
to voltage-mode classical blocks. These blocksludiog current amplifiers, current
followers, current conveyors and others, can bledas “adjoint” refer to voltage amplifiers,
voltage comparators, followers and so on. One ef gimary motivations behind these
developments has been the shrinking feature sidegl CMOS devices, which necessitates
the reduction of supply voltages. This is the fHwt 3.3 Vis CMOS process standard
nowadays (near future follows 1.5 V). Due this,qass parameters such as threshold voltage
will be chosen to optimise digital performance andsoltage domain behaviour will suffer as
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a consequence. Such difficulties can be over coynaplerating exclusively or selectively in
the current domain. Current conveyor and currehbvi@r based filters replace traditional
voltage-mode filters. Similarly current-mode implemtations of VLSI CMOS A to D
converters and neural computing processors refresaiting new developments and are
clear examples of technology driven design. CMO&elogy has become a dominant
analogue technology because of good quality cagracéind switches. BICMOS technology
combines both the advantages of bipolar and CM@Siging a very attractive low power,
high-speed technology for which current-mode teghes would be ideally suited.

Furthermore, with maturing CMOS VLSI, BICMOS andudr complementary bipolar
technology, current-mode analogue design techniglegsan important role in successfully
exploiting these technologies in the analogue dom&s a consequence many of the early
current-mode circuit techniques are enjoying a iesa@ce and a new generation of current-
mode analogue building blocks and systems are ldévgloped and described throughout
this thesis.

The advancement of the semiconductor technologhenrecent past had significant
impact to the research and development (R&D) awwvion electronic circuit and systems
with vast coverage on Analog signal processing (A$Re impact had renewed impetus with
introduction of the versatile monolithic integratedcuit (IC) building block termed as
Operational amplifier (OA) [21, 22].

The OA device is essentially a voltage controlledtage source (VCVS) element.
Since its inception, the OA element had been wideslgd for various voltage mode circuit
design covering widespread areas of applicabilitiesSP [21, 22].

Among these, the design of passive inductorlesgea@A-RC function circuits, e.g.,
selective filters, phase equalizers, wave processke integrators / differentiator, wave
generator are quite popular, useful and IC- ad#ptafince passive inductances are not
compatible to IC technology . The approach subssfjugave way to synthesizing active
immittance functions by OA-RC methods. During tbhmurse of research activity, Bruton
suggested a new type of immittance function knowrthe Frequency Dependent Negative
Resistance (FDNR) [24]. Popularized later either &spercapacitdl (p) = p?)or
Superinductor(Y(p) = p~?).In course of the progress on ASP circuit and sys(eCAS)
design there emerged newer types of active buildblgck viz., the Operational
Transconductance Amplifier (OTA) and the currentvaeyor (CC) [12 - 20].The OTA is
essentially a Differential Voltage Controlled Curté&Source (DVCCS). Whereas the Current
Conveyor is basically a Current Controlled Curr&@durce (CCCS) element suitable for



current mode ASP [36-38]. Many workers had conteduelegant schemes on ASP function
circuit design using the OTA and the current comvag its various forms in the recent past
[11].

Most recently, another new device, known as thedébar-eedback Amplifier (CFA)
had been introduced which is a versatile builditagk compatible to both voltage mode and
current mode functioning [11]. This is essentialynity gain current transfer device wherein
the voltage across its trans impedance can beaapia voltage source output nodes.

The unique property of the device, now commercialxilable as an off the shelf
items as AD-844 IC. The notable advantage of tvéicdemay be summarized as:

- accurate port transfer characteristics at exthgtoas tracking errors
- improved ac performance with better linearity.

- gain-independent constant bandwidth at modecaiégh gains.

- high slew rate (SR) specification.

- both current and voltage signal cascadability

- low sensitivity design owing to accurate portliag property.

- fast settling time.

Recently the CFA element is receiving consideraiierest on the R&D activities in
areas of ASP Circuits [25, 26]. In particular, fleatures of high SR and fast settling speed
make the CFA readily adaptable to some specialtimmcircuits, video amplifiers, analog
dividers, D/A current to voltage converters, higaguency current copiers, high speed data
communication system etc.

Albeit many analog only domain CFA-based ASP desigad been presented in the
literature, there is further possibility of R&D woin the domain of mixed analog-digital
mode signal processing applications wherein thénguecomponent of an analog function
circuit can be tuned through a digital word(cod),28].

We have chosen the CFA as the potential activeesiéor our work on ASP circuit
design and realization schemes through CFA-RC gordiions in the thesis.

We like to study the design, synthesis and reatimafs aspects of deriving new
immittance functions covering inductive and supeapacitive admittances, high quality
selective filters utilizing the CFA trans impedanigegrators/ differentiators , non-minimum
phase all pass(AP) equalizers, and Sine wave atgglVoltage Controlled Oscillator (VOC)
[29].



4. CURRENT AND VOLTAGE CONVEYORS

Classical voltage operational amplifier (VOA) i®e of the most famous and common used
blocks. VOA can be described as active buildingckldhat operates in voltage-mode.
Another similar block is voltage follower (VF). Aumber of blocks with reciprocal behavior
to previous voltage mode blocks have been propdsgdg last 15 years. Current operational
amplifier (COA) and current follower (CF) can bemtien as examples.

Moreover, some of basic building blocks can opemtboth, voltage and current, modes.
This type of bocks has been sorted as mixed-modeedvmode block usually has both,
"voltage" and "current” terminals. The most famouixed-mode active block is current
conveyor [2, 3]. Nowadays becomes renaissanceeskthiniversal building blocks. Current
conveyors appear in many modern constructions oeland and high-speed operational
amplifiers, etc.

4.1. CURRENT CONVEYORS - HISTORY AND PRESENCE [20]

One of the most basic building blocks in the areauorent-mode analogue signal processing
is the current conveyor (CC). It is a four (in feafgirm) terminal device which when arranged
with other electronic elements in specific circgitan perform many useful analogue signal
processing functions. In many ways current convesyomplifies circuit design in much the
same manner as the conventional operational amplifihe current conveyor offers an
alternative way of abstracting complex circuit ftiogs, thus aiding in the creation of new
and useful implementations. Moreover, CC is a mimemtle universal building block (in
VLSI terms), which can substitute classical op-ampgoltage-mode applications or gives us
chance to transform these applications to curresden

Many papers have demonstrated the universalityarmstdges and novel applications of the
current conveyor since its first introduction in689[2]. Concurrently with these papers, a
number of authors have outlined improved implentgria designed to enhance the
performance and utility of this circuit buildingdak. Unfortunately, there is still lack of
available current conveyors in form of IC. Many idegrs cannot use this block in their
developed applications and systems due this. Iisttuation will change, the designers will
get the chance to be more familiar with the curarveyor and its usability. There is only
one monolithic IC of “pure” current conveyor — CQll Paradoxically, many novel
constructions of modern wideband and high-speedrops are based on current conveyor
(OPA660, AD840).



In following chapters are reported existing typéswrent conveyor and will be discus novel
types and techniques that lead to improvementeof fhatures.

4.2. CURRENT CONVEYOR OF THE 1ST. GENERATION - CCI

The current conveyomwas originally introduced a3-port device [2]. The operation of this
device can be described by followings terms: ifotage is applied to input terminal Y, an
equal potential will appear on the input terminal IX a similar fashion, an input current |
being forced into terminal X will result in an ed@aaount of current flowing into terminal Y.
Finally, the current | will be conveyed to outputMote, that Y output has characteristics of a
current source of value | with high output impedanéoltage at X terminal is independent on
the current forced into this port. Similarly, tharent flows through input Y is fixed by
current through X terminal and is independent ompotential. The CCI device exhibits a
virtual short-circuit input characteristics at poxt and dual virtual open-circuit input
characteristic at port Y. This functionality candmscribed by following hybrid equation:

Iy 0 1 0w
Ve [=|1 0 0|y (1)
iy 0 1 0} |v,

v
-

v, Y CC Z —\,

X
v l/I\|x
1

@y

Fig. 4.1: CCI nullator-norator model and block diagram
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Macromodels of conveyors types are used in this@ecMacromodels consist from basic
ideal elements — nullator, norator, ideal currantd voltage-sources, Tab. 4.1.

Basic elements

Type Symbaol Definition
[ !
=N : raa M=
nullator Vo l v L=1,=0
1] |2
______
L !
—?> | : %2 jl = —f2
norator OO [ v Bif
v, : l v, 1. V5 are arbitrary|
______
[ I 1
voltage mirror v, l : v, L=1,=0
|
______
O f
Ay i : £ =4
current mirror [ VoV, are arbitra
vyl v, 1 ¥z G
______

Tab. 4.1: Basic elements

4.3. CURRENT CONVEYOR OF THE 2"P GENERATION — CClII

To increase the versatility of the current conveyosecond generation in which no current
flows in terminal Y, was introduced [9]. This buid block has since proven be more useful
than CCI. CCI can be described by following matrix:

i,]1 [0 0 0]y
v, |=|1 0 o|di, 2)
i, | [0 1 0f|v,

From above equations is clear that terminal Y axiinfinite input impedance. The voltage
at X terminal follows the Y potential, X exhibitem input impedance, and current flows
through X port is again conveyed to the high impegacurrent output Z. Current flows

11



through Z terminal has same orientation as cuttenugh the terminal X (CCII+) or opposite

polarity in case of CCII-.

cu )
Y + > | Z
X —/

CMn

Fig. 4.2: CCll based on classical voltage opamp

Iz
<« —»7

N g
Ix

Fig. 4.3: CClI nullator-norator model and simple CMOS impleta¢ion
CCIl has proven to be by far the more useful of ¢herent conveyor family types. Wide
range of applications was published. It's veryahig building block for design of the active-
RC filters or number of special imitance (admit@nconverters. In the last decade the
number of high-speed and wide-range opamps arel lmseurrent conveyor structure. And
also for low voltage applications CClII is startitmgbe very powerful building block.

4.4. CURRENT CONVEYOR OF THE 3RP GENERATION — CClI|

CCIll was introduced in [4]. This type is similaw CCI, there is opposite current transfer
between X and Y terminal. Matrix described this Qe is following:

12



i, 1 [0 -1 0][v, 3)
Ve [=|1 0 0|y
i, | [0 1 0] |v,
Z1 Z2
1 1
N N
X x
Iz O O
-4—
z > x >0 x
Y X

Fig. 4.4: CCIlI nullator-norator model and simple implemeitta based on CClls

4.5. INVERTING CURRENT CONVEYOR OF THE 2"P GENERATION
ICCII
The first inverting current conveyor, the invertirmpcond-generation current conveyor

(ICCII), was described in [5]. The general matrigsdription of the second generation
inverting current conveyor is:

iy 0 0 O] |v
v, [=|-1 0 0|, 4)
I, 0 b 0Of]|v,
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8
8
8

V| 0w A~ Lo 4 Lo 2
2 2= 2 22— Y z
RN TR R N AN
X ZH [T Z1 | TX =z
JVXJ_ J\/XJ_ J\/XJ_
il L il

Fig. 4.5:1CCI nullator-norator model and implementatiorttod ICC family using UCC

b determines the current transfer of current convéyam the X-terminal to the Z-terminal.
For b positive the matrix describes the current conveyith positive current transfer. The
negative current conveyor hbsegative in its matrix description. The realisatissing UCC
Is in Fig.4.5.

4.6. CURRENT CONVEYORS WITH DIFFERENTIAL INPUT

The most used type is the second-generation cucamnteyor (CCIl+/-) [3] in these days.
Number of very important analogue building blocks e realized with CCIl: all types of
control sources, impedance inverters and convertnsl many others. However, one
disadvantage of CCIl in some cases can be obseGmaventional CCIll can’t be used in
applications demanding differential or floating unp like impedance converter circuits and
current-mode instrumentation amplifiers. Then thsign of such an amplifier requires two or
more CClls. A basic structure used in realizingafilog input applications built by CCllIs is
shown in Fig.1.11. This circuit uses two CClls anfloating resistor (connected between the
X-terminals of the two CCIIs) to provide floatingput handling capability. As each X-
terminal has an output resistancetRen the effective resistance between the tworkiteals

is R-2R,, and the error caused by the nonzero resistarttmiisied.
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1Y
Vinll CCll+ Z v
1L X CCli+ Z
= T 1 1
R1 _ R2 lV <
out -
L
Y
CCll+ Z
— X =
Vinzl J_
J__ =

Fig. 4.6: Floating input realized by the three CClls

This problem has been solved with the help of sppextirrent conveyors - current conveyors
with differential input (DDCC, DVCC) [6, 7]. The D&C and DDCC are relatively simple
and useful building blocks, which keep all advaetagf CCIl and cancel the disadvantage of
simple high-impedance input terminal.

Summary: At the time of the introduction of the current gegor (1968, 1970) it was not
clear the advantages the current conveyor offeved the conventional operational amplifier.
Without clearly stated advantages, the electramilistry lacked the motivation to develop a
monolithic current conveyor realization.

Research in analog integrated circuits has recguihe in the direction dbw-voltage(LV)
and high-speeddesign, especially in the environment of the puoeaystems where a low
supply voltage, given by a single-cell batteryused. In this area, traditional voltage-mode
techniques are going to be substituted by the otim®de approach, which has to be
recognized advantages to overcome the gain-bandwododuct limitation, typical of
operational amplifiers. Then they do not requirghhivoltage gains and have good
performance in terms of speed, bandwidth and acgurdnside the current-mode
architectures, theurrent conveyoCCIl) can be considered the basic circuit bloekduse
all active devices can be made of a suitable cdmmmeof one or two CClls. CCIl is
particularly attractive in portable systems, whéné constraints have to be taken into
account. In fact it suffers less from the limitatiof low current utilization, while showing full
dynamic characteristics at reduced supplies (ealpdCMOS versions) and good high
frequency performance. Recent advances in intejrafiecuit technology have also
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highlighted the usefulness of CCIl solutions ingkarnumber of signal processing
applications.

In previous chapters a number of current conveypes were presented. Some of them are
important only in theoretical point of view, thehets could become powerful functional
building blocks for monolithic ICs. All existing Idding blocks suffer from nonidealities due
to real behavior of the transistors and technolpgycess. The focus will be move on the
design techniques which reducing the main paragii;ameters of current conveyors —
parasitic resistance of the X terminal.

A number of current conveyor types have been inited since 1968. But still there is no
commercial IC with pure current conveyor structurethis case designers could not use any
type of current conveyor as discrete device or IC.
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4.7. VOLTAGE CONVEYOR

The novel active mixed-mode blocks with one indejgen voltage from family of immitance
converter can be described. These blocks have teksd asvoltage conveyojs Note that
title voltage can be a little misguided becausetagad conveyor can operate in voltage-,
current- or mixed-mode (as current conveyor).

A generally three port voltage conveyor is defibgdollowing matrix equation:
Bl |V,

L (5)
i

0 a
0
0

IZ
V,|=|V 0
V, 0 0

The general voltage conveyor has reciprocal belavieith respect to the well-known
general current conveyor. Then whole group of w@ta@onveyor types can be found and
declared using reciprocal principle that is illaséd in Fig.4.7.

rO
o—1{+ +
vV, ( VOA )VO Vv, ( rii I AV )VG
_ o 0

1t - - o I°'o
L | coa | rilj @TAili |er

Fig. 4.1: VOA versus COA (diagrams and macromodels) — Haigin of the reciprocal principle

Fig. 4.1 shows macromodels of the basic voltageegors, it means voltage conveyors with
single input and single output. The macromodelsnofe complex voltage conveyors (with
differential input, multiply outputs) can be syrgimng in similar way.
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Voltage conveyor
i, = tu,

Type

Tab. 4.2: Macromodels of the basic Voltage conveyors

Current conveyor Voltage conveyor
Type Symbol def. Type Symbol def.
i, =i, 1, =,
ceT T fver 7
+H- B Ty g BTy
P, = #, =0
CCII 7 Jverr M
" wy Tuy |y fp =iy
i, = I, M, = i
CoIn ) |, e b s .
+H- Y, o= : r S Up o=p L R
v "'ﬁb = i, u, Iir; . wi—a
1 iy =1, I i, =i,
ICCT _ I o
+- ] I B2 T Ty
ix = iix U, = iux
1, =0 #, =0
Icco _ o .
+i e T ML fp =i,
y = Thy By = U
Iccm __JvocIa Co_
v y =l i, =1,

Tab. 4.3: Macromodels of the basic Current and Voltage coakgey
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4.8. CIRCUITRY IMPLEMENTATION

Voltage conveyor is newly introduced active blockldhen its circuitry implementations do
not exist yet. There is only one exception — theBBLxircuitry implementation can be found
in [8], where the CDBA is implemented using tworstard operational amplifiers AD844.

The novel active mixed-mode block calledrrent differential buffered amplifiefCDBA)
was published at 1999 [8]. CDBA is four-port blamikd its symbol and matrix description is
shown in Fig. 4.8. Terminal andp are low-impedance (current) inputs, termin& input-
output node and terminal is voltage output terminal. Moreover, it can bevyad that using
previously introduced reciprocal principle the CDBAreciprocal block to DVCC+.

Current conveyor Voltage conveyor
Type Symbol and definition Type Symbol and definition
DCVC+
[ Ly
| p
DVCC+ Uyllyli " (CDBA) U, olnﬁ b w ;To u,
u,~=vzovcc | _ 1, Uyo—{n z[=oy,
+/- Z|—U, J_
IX
U, =] X
u, = *u,
u,=u,-0
DVCC- | _ DCVC- .
I, ==+, IZ—Ip—In
i, =i, =0
U, =U, —U,
I, coBA i, iy 001 -1 ]v
Upcrbp w{lr_ﬂuw Yy 1 0 0 0]
Vo= n 219 U, v,| [0 0 0 offs
L v, o o 0o ofls

Fig. 4.7: Symbol and matrix description of CDBA block
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Differential current input (realized by inpatandp) is very useful advantage of this block.
Current that flows through terminaresulted from this differential input stage. Volkadrop,
which is created due to the flowing current, isntto®pied on output terminaV. Detailed
description and some applications can be foun8,i®9,[10].

AD844

Fig. 4.8: Realisation CDBA using commercial ICs AD844

Usability of this novel group of active buildingdaks have to be prove in applications as
filters, converters circuitries or novel structumgdsthe modern voltage or current operational
amplifiers. It is possible to implement the diffeti@l inputs, multiply and complementary

outputs to voltage conveyor as in case of currenveyor.
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5. CFA-BASED DESIGN OF ACTIVE IMMITTANCE

The CFA device we propose some new design scheanésaf sensitivity immittance
functions using CFA device. The proposed desidarisleriving the driving point admittance
for

i. ideal inductance (L)

ii. ideal supercapacitor type FDNR (D)

The topic of inductive (L) and FDNR type (D) imnaitice function simulation had
been examined by various researchers using Opeahtamplifier (OA) current conveyor
(CC) [49, 55-59] and the differential voltage catigd current source (DVCCS) devices [12 -
20].

We propose similar function realization schemesigishe most recent device, the
current feedback amplifier (CFA). The advantagesumh CFA based realizations are derived
mainly owing to the accurate port tracking chanasties of the CFA device which leads to
practically insensitive design [29, 30].

The effects of the port tracking errors on the dation element L and D were
examined and subsequent compensation design equei@ been derived. First we present
the inductance simulation followed by the FDNR dation scheme.

Measurement on the VI characteristics of the pregasductor exhibited good quality
response of the synthetic coil up to 330 kHz. Rasps of frequency selective resonator
circuit using the simulated element have been exathiThe responses were verified both
with hardware implementation and by PSPICE macrdehsimulation.

5.1. ANALYSIS FOR INDUCTANCE L

The CFA device we propose some new design schemmésaf sensitivity imitance. The CFC
is a 3- terminal current mode device with porttietss

I, 00 0 ||V,
V,|=|80 O I, | andV, =dV, (5.1)
|, 0 xta 0 ||V,

Where the port transfer ratio may be expressedring of error coefficients{) as
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a=1-0 p=1-0, J=1-0, (5.2)
According to available literature report these kiag errors are extremely small

(001<[],, < 0.004)

Analysis of the proposed circuit in Fig. 5.1 usihg above expression, we get the driving
point admittance

Yi=(a,0,B,8,) (Y1Y2!Yo) (5.3)

The derivation of this equation does not necessiaty reliability condition. For a lossless
inductor assuming idedlr = =90 =10 ,=0) CFAs, we may select

iv,z

Y, = pC; Y, =1/ R, (5.4)
L..=CRR,

The inductance value slightlgcreases because of the increment in the resigtoe given by

RJ = RI(+ ;)

_ (5.5)
Where [, =1-(; +0,)

Here products of error terms have been neglectes 5} , ,<<1.

The inductance may be varied independently by drthe@ RC components. In the event of
non ideal CFA{] , ,# 0), the modified impedance function is

Z; = pCRR, = pL,, (5.6)
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where R =R/a,[;; j=12 (5.7)

Fig. 5.1: Lossless grounded inductor

On the Fig. 5.1. is lossless grounded inductqf, € CRR,) withy,, =1/ R, ,andy, = pC.

5.2. COMPENSATION DESIGN
The compensation scheme calls the reduction oéments indicated in eq. (5.5) caused by
the port errors of the non ideal CFAs. This maydmme by shuntingR ,by suitable

compensating resistors, given

R7YM+r'=R™ j=1.2 (5.8)
Which yields the compensation design equation
=R /0, j=12 (5.9)
5.3. SENSITIVITY

The classical sensitivity figure may be defin@b):a(db)/b(da) the active sensitivity
figures for the simulated inductance are given by
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S VY |
e Ik Ly + 0, j=1,2 (5.10)

The immittance function realization is thereforagiically active insensitive. The passive
sensitivity may be computed considering the fralochange expressed in terms of the
sensitivity summation and incremental change in &&nponents (due to temperature
variations , ageing .) given by

2
ALIL=Y (s, " kaR, /R,) + 8. (ac/C) (5.11)
J=1

In monolithic or hybrid IC Technology , incrementsone kind of component track quite
closely, i.e.,, AR, /R, =AR/R Calculation of the sensitivity and noting that rage

fractional change in resistors can be made equa that of capacitors, we get
AL/L =(AR/R)+(AC/C). It is possible to get RC components with equal osfp

temperature coefficients in thin film technology.j.AR = -AC ; therefore

AL/L=0 (5.12)

Hence the incremental passive sensitivities magigpeificantly reduced with appropriately
matched RC components in microcircuit fabricatitrmay be noted in eq.(5.3) that even
with nonideal CFA devices, the proposed configorais able to realize lossless inductance
element, but with slightly altered magnitude aneatlddvantage.

5.4. FLOATING IMMITTANCE

The circuit of Fig. 5.1 may be modified for the lreation of floating lossless inductor, by
insertion of another CFA as shown in Flg. 5.2 ayugain buffer may be needed to isolate y1
from the input port. Here the realizability conditiisy, = y,, and for a floating inductive

immittance we makg, = pC, y, =y, =1/ R then the driving point admittance matrix is
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1 (1 —1J
{pl‘ej -u

whereL, = CR?

Yy

—— Yo =sC

Yi

Fig. 5.21Lossless grounded inductok{, = CR?) with y, = y, =1/ R andy, = pC.
éq 1 2 0

5.5. AN INSENSITIVE IDEAL SUPERCAPACITOR

A super capacitor type FDNR (D) element is a secomrtker immittance function which is
generally obtained by the frequency transformabbreapacitive immittance (sc) multiplied
by a Laplace operatorzsthat yields D = @. The driving point admittanceY() has been
synthesized as multiplicative forrd =Y, .Y, /K where K must be another admittance for
dimensional equality. The CFA device with a highngaperational Amplifier (OA) in the
feedback loop as in Fig 5.2(b) has been used tergean immittance function of the form
Y,, =Y,.Y, /Y., The port errors introduce slight deviations ie #lement valuesY' or L")
and there appears some shunt lossy termsvith L, C, with D ) whose effects are

insignificant sincell << 1. A simple design application of the FNDR-ad order low pass
Butterworth filter realization had been proposed anaximally flat response had been
verified.
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5.6. ANALYSIS FOR SUPERCAPACITOR
Analysis of the circuit in Fig. 5.3using the id&#A (0= 0), yields

Y4
EO Y
CFA >——0E
Rl
' Eg
O
Fig. 5.3: Realization of F(p)
— F(s)
A — OV
Vi & 5
Y
i
(o) - O

Fig. 5.4: Generation of Inverse ofgd¥(

E,/E =Y, /(Y,-Y,) (5.14)
E,/E =Y, /(Y,-Y,) (5.15)
DenotingE, /E, = F(p ), we getF(p) ={1—-(Y,/Y)}™ (5.16)
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The CFA has been connected in feedback of a high gaerational amplifier of gain A
( A - a), Fig. 5.4. The gain of the circuit

vV, A 1

V., 1+F(pA FE(p)

(5.17)

Analyzing forY,, in Fig. 5.4 we get

T
Ym—[l F(p)Jy‘) (5.18)

y, =YY
W

whereY,, = Driving point impedance of Fig. 5.4
For a supercapacitor simulatiog,, = pC,, andy, =1/ R,
ThenY, = p°C,C,.R = p°D

where supercapacitor element or FDNR is
D=C,C,R (5.19)

The FDNR elements are tunable by one of the compens no matching constraint-an
advantage for microcircuit fabrication.

The effects of the CFA port errors are estimate@ssuming non ideal CFA and considering
finite port errors(l]. , ,# 0) we get the modified admittance function

Y,.(p) = pC, + p°D’ (5.20)

Where D'/D =1/1-0 and C, =[], C, (5.21)
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5.7. DESIGN APPLICATION

The active immitances proposed had been use@dquéncy selective filter design, e.g., the
grounded —-L in the Fig 5.2 and Fig5.3 for a baadsptype shunt —LC resonator see Fig. 5.5
and the grounded —D in Fig. 5.4 had been utilibedhe design of a third low pass (LP).

The transfer function H(s) and the filter paramefrthe LC-resonator are

_ _ p/Cy Ry
H(s)=V. [V = 5.22
( ) out n p2 - p/CX RX +1/ LCX ( )
f, =1/,/LC, (5.23)
Q=R,,/C, /L (5.24)
Ry
o—1 ] o

Vm o Vout
A L
O J_ O

Fig. 5.5: Resonator

L

C, OA
o— 1| 5
e ——L

T
O

Fig. 5.6: Realization of third-order network

We consider the application of D element. A simgésign application of the D-

28



element for the realization of third order low péksr is shown in the Fig. 5.6.

Where the voltage transfers

1
dy;p®+d,p* +d,p+1

Vout/Vin = H (p) = (525)

Whered, = DR,R,C,;D=C,RR,;d, =D(R, + R,(C,/C,)). The filter response had been

tested using AD-844 device witke12V dc supply and selecting all equal-value passive
components suitable fof, =1kHz

5.8. EXPERIMENTAL RESULT
The simulation circuit had been tested by using 843- CFA element biased atl2V dc A
tuned-LC resonator had been formed for verifying band pass characteristics. A typical
response forf, =65%Hz Q =2.9 and Q =1 is shown in Fig. 5.7.variationtledé resonance

frequency (f,) could be done by adjustment Bfor R,. Independent tuning of ;had been

verified up to 210 kHz with Q-values in the range @ < 10. Next the self oscillation of the
parallel LC section had been observed with a smwatiation of the oscillation frequency in
the range of 10 kHz - 200 kHz; a typical wavefosysihown in Fig. 5.7. The results had been
obtained by the PSPICE macromodel simulation. Espanse of th&™ order filter tuned at

f, =1kHz shown in Fig. 5.9.

0
-20 “&{:EF N%-

o .
-30 u S

-40 =2

-50 ‘ﬁ&ﬁ“ff %Eﬁ%— ALl
Sameee T Eﬁg
-60 %E \
_7 O EH:EJ

0,001 0,01 01 1 10 100 iobb

A, [dB]

Fig. 5.7: Typical frequency response, LC resonator
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Fig. 5.8: Self-oscillator waveform
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Fig. 5.9: Experimental response

Experimental results:

Fig. 5.7 - Frequency response obtained with a shlw@ tuned for § =65 kHz at Q = 2.9
(with R =7 K2) and Q = 1 (with R=2.4 2); R =1 kQ, and C = ¢= 1 nF for L,g= 6 mH.
Fig. 5.8 - Self-oscillatory waveform of LC tank aiit tuned atd= 100 kHz.

Fig. 5.9 - Experimental response of ti¢ order lowpass Butterworth characteristics.

5.9. SUMMARY
We have presented some CFA based circuit configurdor realizing high-quality

imbalance function. These circuit synthesize, Esslinductance (L) and ideal supercapacitor
(D) element, which are independently tunable. tndase of nonideal CFAs the compensation
design equation has been derived for both the R&rgpe immittance functions. Both the
Land D element can be varied independently by areypassive of the RC component. These
simulation does not require any realizability cdimtis and the value of L or D may be tuned
at extremely low active sensitivity.

Application of the L element in the design of highfilter has also presented for
verification of experimental results. The practig@rformance of the proposed BP filter
circuit had been verified with continuous - tenability in the range of 100 kHz - 200 kHz at
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a selectivity range 1 < Q <10, both hardware ngsand PSPICE macromodel simulation
have been carried out. In the realization lowpasgeBvorth characteristics, the frequency
response has been limited due to the limitatio®Af

It may be mentioned here that the usable frequeaoyge of the proposed circuit may be
significantly enhanced if the recently forwardedonoved version OPA-695 CFA device is
embedded in the circuits in place of AD-844. Tlesvrchip operates on single rail positive
DC Bias and offers typical value of B¥¥50 MHz and slew rate = 4.3 kx# with improved

current mirror accu racy.
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6. INTEGRATOR/DIFFERENTIATOR AND FILTER DESIGN

In the communication system, wave processing/ d¢mming, by active — RC
integrator/differentiator find wide application. e Integrators and Differentiator are
involving active devices like the voltage operasibamplifier (OA) and current conveyer
(CC). Several active Integrators/ Differentiatorswit using OA [21, 22], OTA [21] and CC
[12 - 20] have been developed in the pas.

The design of analog signal processing circuits apstem in current mode is
receiving attention at present. The current modeuiti offer substantive improvements over
the voltage mode ones relative to linearity anddadth.

Usually these designs were carried out in the itepast using the voltage controlled
current source (VCCS) or current conveyor (CC) eletn Here CFA has been for this
purpose.

The literature presents a number of integrator eeseusing two or three CFAs. Some
of these realizations are based on selection afulgmrameters with external discrete RC-
components, while recently some are proposed intjithe CFA device transimpedance. It is
seen that the usable frequency range of such t§rcan be significantly enhanced by taking
into consideration the transimpedance elementha@mahalysis. Previously some CFA based
single and dual input circuits with passive tunofgthe time constant for the realization of
Integrator and Differentiators have been made.

In this chapter, first we propose new dual inpa¢gnator using CFA device .next we
propose a simplified version of integrator and etéhtiator using a single CFA. The CFA
provides both current source (z-port pin#5) andag® source pin (#6) for easy cascadibility.

Analysis has been made using the practical CFA inedg. AD 844) with finite port
errors (J#0). The circuits use a single resistor or capagithout the need of large spread of
passive components to tune the time constaht The value off changes slightly ta’ due
to the device imperfection. Subsequently compenisaliesign equations have been derived
for correcting the imperfection. The sensitivityadysis also reveals a low value.

The single —CFA configuration had been designed faa range of signal
processing/generation function on the same topoltlgy analysis has been carried out
utilizing the y- port parasitic element s and theart transadmittance of the CFA. The design
equations had been derived for extended- rangedrery operation (1 MHz - 30 MHz) for
realizing the functions of:

32



» Ideal inverting integrator/differentiator,
» Filters (BP, LP, HP) with high-selectivity (€20),

* Sinusoid Oscillator circuit.

The tuning parameters, e.g., time-constant celectivity (Q) and resonant/oscillation
frequency @,) may be varied by single R or C components. Thdopeance on time-
domain and frequency-domain processing of ap@tgiinput signals, square/triangular

wave for integrator/differentiator and sine wave ttee filters have been verified by PSPICE
macro model simulation and hardware implementatame simulated are included.

6.1. NEW DUAL INPUT INTEGRATOR

Next we present the derivation of two current matleictures which are derivable
conveniently from those in Fig. 6.1 and Fig. 6.2.

Fig. 6.1Dual - input diferentiator ratio functiond, / Z,)

HP)=I1,/1,=2,1Z,, R =R,

Integrator, Z,=1pcz, =27
Differentiator, Z, =R, Z, =1/ pc
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Fig. 6.2: Dual - input integrator ratio function, / Z,)

H(P)=1,/1,=Y,1Y, Y, =Y, +Y,
Integrator, Y, =pc , Y, = pC,
Differentiator, Y, =1/R, Y, = pcC

Analysis for Fig. 6.1 yields the output currehg

lo = alaZﬂZ(kﬁll 2 |1) (Za/Zb) (6.1)
where k = B/R;
With ideal CFAs whereg = =9 =1 we get true differential inputl( =1, —1,) current
transfer from eq. (6.1), with the realizability dgsof k = 1, Fig. 6.1 as
H=I1,/1,=2,1Z, (6.2)

Hence withZ, =1/ pC andZ, = R, one gets an integrator function

H(p)=1/p/, /=RC (6.3)
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Interchanging the R and C components, a differtartfanction is obtained

Similar analysis for fig 3.2 (b) yields

a,b,y
lo =—22222— (1, —ayl,) (6.4)
’ Y, —a.BY, ’ o
With ideal CFAs, we get
- - Y
H=1,/(1,-1))= (6.5)
e Y=Y

Selectingy, =y, +Y, as realizability design, we get a ratio function

H=y, /Y. (6.6)

Here takingy, = pC and y, =1/R, we have an integrator, and interchanging R @ndve

get a differentiator, both withh = CR. Here must be taken ag, =1/r,,

The effects of CFA port-errors in Fig. 6.1 haverbegamined and subsequently, the
modified expressions are derived. It may be coredutiat both configurations in Fig. 6.1 and
Fig. 6.2 provide dual-input capability on differetcurrent (, pignal. The circuit of fig.

Fig. 6.2, this input signal is modified tb, =1, -1, (1-0, , Where |, signal is slightly

reduced in magnitude. Both configurations realde=al current mode integrator/differentiator
function with signale-tunable time constantiy (R or C). The effects of the CFA port errors

(0. ,,<<1) can be precisely compensated. The relevant compp@msdesign equation is

v,z

shown in Tab. 6.1.
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Tab. 6.1: Modified design equations for new dual-input catrmode integrator/differentiator realization irgFi

6.1 and Fig. 6.2

Fig 3.1. Output current

Realizability

@ Iy = (1 —€)(Z,/Zp){(1 —€1, kI, — I}

€1=611+EII+E,,2

k=r;/r1=1/(1-€4,)

1-€ X2Y¥p o
d

(b) _ _
fo= Y2 — (1 —€x)y1

Iy=1,-1,(1-€y4)
€x2=€2 1€ 2

€x1=€n1+E€ 2

Y2 =Ya+tY1(1 —€x4)

Fig 3.1. Modified Expressions Compensation Design
Current Transfer H Integrator Differentiator Integrator Difi(r;ntia
@) I/l =(1-€)Z,/Z, |H=1/5% H=1/s% R. = R/€ C.=€;C
I,=1,- 1, =RC % =RC Parallel to R | Parallel to C
R=R/(1-€) C=c/(1-€)
Z,=1/sC Y. =1/R
Z,=R yp = SC
(b) Iy/Ig = (1 =€) (Vs H=1/st H=1/st R.=R/€y; | C. =€y
/¥Ya) #=RC #=RC Parallel to R| Parallel to C
Iy =1, — I;,(1-€;) R=R/(1-€,) | C=C(A-€,)
¥.=SC ¥.=1/R
¥y, =1/R yp = sC
yi=9 yi=1/r
y2=sC+g Y2
g=9g(1-€,) |=R'+€, 1!

36




6.2. SENSITIVITY FOR DUAL INPUT INTEGRATOR

The active sensitivities relative to the CFA impetfons of the time-constant may be
calculated on the residues of the negative-n¢gddle/zero. It shows single resistor/capacitor
tenability at low sensitivity and realization oktpole/zero at the origin [114].

The classical sensitivity figure is defined &’ = (db/b)/(da/a). The activer -sensitivity

figures are calculated after normalizing all passcomponents equal to unity; for all the
circuits in Fig. 6.1 and Fig. 6.2, the sensitiMiyures are

_f :|_ |:||,v

| O +0

?] Y <<1 (6.7)
T

_ DO
sO,| 1+0,

Hence the proposed networks exhibit extremely lotiva-sensitivity.

In the case of non ideal CFA, the circuit has beamalyzed and we get,

[} \ Z
lo = (KT, =1)(n-%) (6.8)
Zl
where
KI
e 01+0, -0, and n0O1-O,+0, +0,,)
The design equation for differential reliabilitywmdecomes

K'=1ier=@+0,-0,) r, (6.9)

so, T changes tor’ - RC
n
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6.3. COMPENSATION FOR DUAL INPUT INTEGRATOR S

The alteration off due to CFA errors call for appropriate compensgasio that its
nominal value may be reset.

When n<1,7">7 and R(=Z,) increases byI3
n

This increment may be reduced by a parallel congaergsresistor (RC) formulated by
G, . +nG=G
Here the compensation design is

Rc = R/ |:Jil +E|iz +Dv2
For the differentiatorz{: icj should be shunted by a compensating capacitor
p

C.=0,+0, +0,)°¢

The activer -sensitive sensitivities may, in general, be exggddy
ST =0K1-> 0} <<1,

where denotes the CFA errors.

6.4. SINGLE - CFA STRUCTURE

The proposed configuration is shown in Fig. 6.3sheutine analysis using the
CFA port relationi, =i,,v, =v,, andi, =i,,v, =V, yields the transfer

Y,

Vo !V (p) =H(p) = (Ya+Ya) —[Y, +Y, + Y, +Y, +{(Y, +Y,)(Y, +Y,) /Y, }]

(6.10)

Where Y, , denote the y-port parasitic input- admittance #mel z-port transadmittance

elements of the device ; both of these appear éenfthm of shunt-RC arms, defined as
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Y,.,=G,, +pC,, where G is transconductance. Typical value faés¢éhcomponents are
R, =1/G, =2MQ,C, =3pF,R, =1/G, =4MQ and C, =6pF. For an ideal device the
parasitic capacitors are extremely sr{@)l, - 0) thus dragging the attenuating poles to

infinity. Some earlier designs were presented u#iiigyassumption which had been found to
be suitable for relatively low-frequency applicaso Recently the implementation of sinusoid
oscillator using the nominal CFA model of the twarrent conveyors, along with some
discussions on the device parasitic had been peod&3].

6.5. INTEGRATOR/DIFFERENTIATOR
Active RC integrator/differentiator circuit have dye found to be quit useful for
various signal conditioning and wave processing liegion in the fields of
instrumentation/communication [51-55]. Here we prgsthe design of such functions
suitable for relatively high-frequency applicatiamsing a simple single - CFA topology. The
nominal design of an inverting integrator is ob&minn the circuit of Fig. 6.3., initially after

assumingY, , =0 and selecting, =Y, =G,,Y, =G, andY; =Y, = pCas shown in Fig. 6.3.

<0

O O

L ; L

Fig. 6.3: Single-CFA multifunction structure the input ppetrasiticsY, =G, + pC, and

transadmittancé’, =G, + pC,
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The transfer is

—Hi(p)=G,/pC=1pT, T, =RC (6.11)

The time-constant is adjustable independenth\Rpy
For an inverting differentiator as in Fig. 6.5., ta&e
Y, =Y, =G, Y, =Y, =G

and

Y, = pC which yields.
—~Hy(P)=-pT;, T, =RC (6.12)

WhereT, is adjustable by C.

The effects of the parasitics/transadmittance ehlésnen the quality of these functions may
now be derived after substitution of the value¥pfin eq.(6.10); one then gets

Vo _
Vi(p)

GG,
pZCy (C + Cz + p{ gl (C + Cz) + Gsz + GZCT} + GZG1 + gle

~H(p) =

(6.13)

where C,=C +C,, G, =G, +G, and g, =G, +G, =G,.

Realization of integrator and differentiator, seg 6.4. bellow:
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Ga =Gy

Fig. 6.4: Inverting integrator with time constarft = CR,

GA= G1

6

Gz

Fig. 6.5: Inverting differentiator with time constarft; = CR,

Gk =1 X[~ Z
o— 1 U S—
Vi "

Vg Y
Cg=C—— G,
s
== Gs

O A O

Fig. 6.6: Another integrator with samk
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The quality @, )of an inverting integrator may be defined by wigtin

H; (@) =[m(w)] ™

(6.14)
and g (w) = n(w) I M(w)
Combining (6.13) and (6.14) one gets
n(e) = ax,(C/C,)[1+(G,C; /G,C) +(G,C, /GO)]
n(a) = we,(C/C))[1+(G,C, /GC) +(G,C,/GC)] (6.15)
=ww,(C/C)) : w, =G, /C; '
SinceC,, <<C and G, << G,. Also we have
2
m(w) =w,” —w
(@) = , (6.16)
where @, =(GG, +G,G;)/C (C+C,),
For high-frequency applications >> «,, hence
q(a)=Ca,/Ca>>1 (6.17)

An alternate design of inverting integrator witkimnilar quality-factor is shown in Fig.6.6.

For the differentiator in Fig.6.5. we can write
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e H ()= Pea (618)
\/i (p) p (CyCz +CCT) + p(CGT +Cygz + ngl) + 9192

The quality of the inverting differentiator may bletained by writing

~Hy(a) =u(a) + jb(a)

(6.19)
and dy (w) =b(w)/u(w)
Here we have
b(e) = ay," - (6.20)
u(w) = wa;
Where
b= 99 GG’
C,C,+CC, CC; (6.21)

and @ = %[1+ (G,C,/CG) +(G,G,/G,C)] =G, IC

T

If we write W, =1/RC, and T, =R,C, then @’ =a /T, . Calculations with typical
parasitic values and nominal time-constant valueigability in the MHZ range, indicate that
usually w<< e I T,; hence

Qg (@) = @,/ ay, >>1 (6.22)

Thus while R, controls the time-constar(T, , fhe ratioG, /G, may be adjusted througR,
to obtain high quality differentiation at relatiyehigher frequency bands.
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6.6. FILTER DESIGN

The same circuit topology in Fig. 6.3. is abledalize high-selectivity tunable resonant filtershwi
appropriate choice of RC component along with the af the device-transadmittance. A high-pass (HE)
may be designed witl, = pC,, Yy =G, and .Y, =G,, Y, = pC, andY,; =G, as shown in Fig. 6.7.;
this yields
~VoIVi(p) =H,(p) =
_ p°C,C, (6.23)
pz{CyCz +C,(Cr =C )} + pl9,C, + g3Cy +C,(G, +G; +G; —=G) +0,0,]

Whereg, =G, +G, and g,=G;+G,.

The filter parameters are

12 GG 12
@, = 9.9 =] (6.24)
C,C.+C (C; -C, C,(C; -C,

a‘ocz (CT - CA)
glcz + g3Cy + Cz (Gl + G3 + GT - GB)

and Q= (6.25)

sinceC,, are small, they may be neglected and the desigatieqs may be simplified, after

assuming equal-value resistdgg = G; =G =1/R, then

ay =G1,[[C,(C, -C.)}

(6.26)
and  Q={(C,-C,)/C}"?/[2-(RIR,)]

Thus while the center-frequency)(fay be set byC, to a prescribed value, the selectivity (Q) may
be adjusted byR; . A bandpass (BP) filter characteristics in the saircuit is obtained by interchangirfg,

and R, as shown in Fig. 6.8.. The BP-transfer is obtaiaed

~H,(P) =(pC,G,/G,G,/D(S) (6.27)
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Where the denominator polynomial is the same g44i) and filter parametersf{,Q) are

same as in (6.26).The lowpass (LP) filter is shawkig. 6.9.; the LP transfer is analyzed to
be

—-H(p) =
GAGZ
pZCyCz + p[Cz (Gl +G2 +Gy) + Cy (Gz +Gs + Gz) _CBGz] +0,0; +G2(g1 *+0s _GA)
(6.28)

Here the parameters

1/2 1/2
{glgs +G,(9, + 9, _GA} — {6163 *+G, (G, + G _GA} (6.29)

C,C, C,C,
«,C,C,
and Q= (6.30)
(G, +G,+G,))C, +(G, +G; +G,)C, -G,Cy
One may simplify by takings, ,, =G =1/ R which gives
w, =G[(3-K,)/C,C,]"* , K, =R/Ry (6.31)
and Q=[(3-K, )CyCZ]”2 1(2C; -C;) (6.32)

It is that in theses filter design schemes, highe§oonse could be obtained by adjusting a
resistor-ratio (for HP and BP), or by selectingagpropriate capacitor - value with respect to
the parasitic capacitance (for LP). The simpliffemm of all these equations are summarized
in table Tab.6.2.
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Tab. 6.2: Simplified Design Equations for the Multifuncti@ircuit

Ga= Gy y Integrator | R, =1/CT,

R =(C/C,)/aCy

Ga =G o = Differentiator| C =1/R,Td

o—l:!i > 9 R =R,/aCR0,,R, =1/G,
Vi ¥

Gp=Gs « Integrator | R, =1/CT,

i
i N ©>>[R,CC, (R|R)] ™
Vo Y
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o Il o X Z
vl
Vo Y *
C:
Gs
|
L
G1 GS

O ®

G
:|A X z
v, .
Vo Y
CE — C
[ |
[
G1 GS
© i
Fig. 6.8: Design of Bandpass (BP)
©h X z
o— | .
Vi .
Vo y
Cs—— G,
b
G1 GS
o . ®

Fig. 6.9: Design of Lowpass (LP)
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6.7. PORT MISMATCH AND SENSITIVITY

The effect of the tracking mismatch among the pofthe device may be evaluated in
terms of the device may be evaluated in terms @ffithite tracking errorge) of the CFA .

v, = (@=0,)v,

andV = (1-0,)v,. These errors introduce certain deviation fromrtbminal design leading

For such a non-ideal device, the port relationsexgressed as, (1- )i

X1

to undesirable active-sensitivity of the filter pareters. the magnitudes of these errors,
however, are quite small.0ofl <0< 04) ),and the sensitivities according are low, Fordeal
device the errors vanisfi= 0) .

Re-analysis assuming finite errdri% O shows that the value of the filter parameters destightly
from the actual design value. For example, in cddbe BP-realization of Fig. 6.8., we get the nfiedi values

as

whla,=@1-K) {1-K, a-0)}, K, =Cg/CT
and Q =wRC/{2-A,0-0,)}

(6.33)
WhereC, =C,C,/C; and[, =[], +0,, product of errors neglected.
We calculated the active- sensitivities based erctassical sensitivity figure

S =(dF/F)/(dD0/D)

these are
s,.,° =0, /1-0,) <<1
W =080, /[(1-0}) << 05
and SDOQ,% -0

The proposed realizations are therefore practicattyve-insensitive-a feature desirable for
microcircuit adaptation of the design.
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6.8. EXPERIMENTAL RESULTS

All the proposed functions had been verified thtod@rdware implementation and
PSPCE macro model simulation. The internal parameté AD-488 CFA device were
measured to be R =3MQ, R,=5MQ, C, =3pF and C,=55pF. The
integrator/differentiator structures had been tkst®r time-domain response using
square/triangular wave inputs respectively. Goodliyuresponse on wave conversion up to
5 MHz was obtained as shown in Fig. 6.10 and Figl.6We also measured the phase
lag/lead response in the frequency-domain; phaseseof less than 5% from the nominal
value(71/2) had been observed up to about 10 MHz.

The LP.BP and HP responses had also been versiiede typical simulated responses for responses
for f, =23MHzat Q = 20 for the BP characteristics, diyd=10MHz at Q = 12 for the LP characteristics

are shown in Fig. 6.12. and Fig. 6.13. The sinfgenent tenability of all these functions had beatisfactorily

verified. The d.c power source used with the dewias regulatedd+12 V.d.c in all these tests.

11
| ————— | ——
0,9
0,7
0’5 ) - q : [B]
03 | '

0'1\%%@% / %%% f X |

0.1 1 TR I<EE R SRR S 9 %10 11

H‘fﬁf‘ r| ﬁF )
0,3 - &

Time [ps]

Voltage [V]

Fig. 6.1Q Simulated response of integrator of Fig. 6.4, ¥ 2 V square wave at 1 Mhz. C = 100 pF,
R, =12 kQ =Ry forg =50
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Voltage [V]
o

—o—\Vout

I —=—Vin
12
—_—
Time [us]

Fig. 6.11: Simulated response of differentiator Fig. 6.5.
Vipp = 2 V triangular wave at 5 Mhz. C = 50 pk,R23 kQ = R, for gy = 50

100

1000

10(L

100000

A, [dB]
8

Pl

-100

-120 )ygx*xw
-140

-160

f [kHz}—=>

Fig. 6.12: Simulated response of HP characteris,thget =23.5MHz, Q=20

Components: €=85pF=6G,C=3pF,R=Rs=R=1kQ and R =510Q
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Fig. 6.13:LP characteristics:fOset =10 MHz , Q=12
Components: £= 16.5 pF, R,3=R=R =R =5.6 kQ

6.9. SUMMARY

In this chapter the CFA-based circuit topology &l for realizing multifunction
analog signal/wave processing capabilities withr@ppate design. Detailed analysis for the
realizability equations and the tuning-parameterg,, time constantT() and quality (q) for
integrator/differentiator, ¢),) and selectivity(Q) for the filters are presensdter taking into
account the internal parasitic/transadmittance etemof the AD-844 type CFA device.Here
by controlling the tuning component we observednaah variation of oscillation frequency
upto 24 MHz, after utilizing the device transadaniite, in comparison to about 190 KHz. For
a voltage source output in the proposed schemedelvand buffer maybe cascaded. In our
analysis, the series resistaiRe at the x-port had been neglected since it is gsmll

(30Q - 40Q) .

All the proposed functions had been experimentadiyfied in the frequency range of
1 MHz- 30 MHz with high Q-values(Q =20). Satisfactory wave conversion has been
verified for the integrator/differ designs. Sompital simulated responses are included.
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7. CURRENT MODE NONMINIMUM-PHASE ALLPASS
FILTERS

The non minimum-phase all pass filters are usedfuwl farious phase processing
applications such as correcting signal phase aimsa phase recondition at a constant
magnitude transmission over arrange of frequerafiegerest.

In this chapter, we present a new design of cumead non minimum phase all filter using a
current feedback (CFA). The type of filters havermeealized in the past using operational
amplifier (OA) and current conveyor (CCIl) [5-9]dees for both voltage mode and current
mode applications. But now the design of currentlenanalog signal processing circuits is
gaining importance owing to certain advantages.

The CFA, AD-488 provides an advantage over thecbeasirent conveyor element
because of the low output impedance buffer betwbenz-port and thé/, terminals, that

allows the voltage\(,) at z node to be accessed without affecting outptren(l, ), which
helps cascadability [31].

The current output stages of such advice can bigrdas$ with high accuracy (low
tracking error) and with extremely large output @dpnce [21].

The CFA had recently been for the realization ofynitude selective filters. In this
chapter we have utilized CFA to design, cascadeenimode first and second order phase-
selective all-pass with a simple active circuit dlmgy. The effects of the device

imperfections in view of finite tracking errdfs ,# 0) have been examined which shows

slight deviations in the network parameters from tlominal values. It has been shown that
even with nonideal CFA, the circuit realizes themnmal function but at a slight altered
center-frequency.

We present here four schemes for the first orddrtes® schemes for second order
functions that can be generated from the basiclogyo The design equations for all these
realizations have been derived under both ideal aadideal conditions. The active
sensitivities in all these cases are been to brermely low.
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7.1. REALIZATION

Analysis of the proposed circuit Fig. 7.1using eq.(7.1) and assuming ideal CFA we
get the current transfer functidg/1 =F(p ap

F(P) = (V1Y = Yo Ya) (YL + Y2) Vs (7.1)

y OV
/ CFA X Z
¥4 / - +\
————
el
L}
Y2

Fig. 7.1: Nonminimum phase network using a CFA.

Where y, (j =1to4) are positive immittances to be chosen appropridtelpbtaining the first
and second order functions.

It may be mentioned that similar realizations oétfiorder functions had been reported earlier
[8] with an inverting CCIlI conveyor element. Heheetadditional advantage by the use of the

CFA device is that a voltage sigifd| output at the follower, proportional to current ot
(1,), could be obtained by resistive termination of zhgort without affectingl, ) as it is
being drawn from the current source node.

7.2. FIRST-ORDER FUNCTIONS

We have the following four first order functions bglecting the component set as
listed in Tab. 7.1.

F1(p) = (1~ pkr)/D(s)
F2(p) = (p7 —k)/D(s)
F3(p) = 1/2(1- pr(k -1)/D(p)
F4(p) =1/2(pr - (k-1))/D(p)

(7.2)
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where nominal time constamt= RC andD(p) = L+ p7).

The realizability conditions and phase variationtfeese functions are shown in Tab.
7.1. The gain is constant at unity for F1 and Fdlevh is 0.5 for F3 and F4. It may be

mentioned that F3 and F4 need one more resistathbutapacitor is grounded. Note that the

CFA has voltage source output at ndgevhich is to be obtained, if desired, by passigg

through a suitable resistive load. This would pdeva transimedance function corresponding

to a constant resistance with phase shifting chenatcs.

Tab. 7.1: Summary of first order function realizations

Components Relizabh Gain | Phase
ility
Z, Z, Z, Z, K T k Fo [
F1 R |1/ pC Iy r, r,/rs |RC 1 1 0to— 71
F2 |1upC| R rs r, /13 |RC 1 1 71to0
(PRC+1) R,/ R, RC
P 4 _ 0.5if
F3 r r — R =R -
1 2 pC 4 R3 2 =, Oto— 7
R RC
r —*<IR,/R, |R, =R 0.5if
F4 I’l r2 3 (pac +1) 4 R3 4 2 rl — r2 71to0
7.3. SECOND ORDER FUNCTIONS

We derive to alternative second order functionaf® F6 from Fig. 7.1 by taking the
following two sets of passive immittances.

Yo =1/1,

Y, =(pr+1)/R, y,=pCl(pr+1) , y,, =1/1,,

Ys = pCl(pr+1) , vy, =(pT+])/R

Combining (1) and (2) we get the function in thenfo
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k=r,/r; (7.3)

A=rlr,

(7.4)




— (pz“z)z_p“']"'no
F(p)=F 7.
(P °(prd,)? + prd, +d, (75

Where the coefficients of F5(p) and F6(p) corresjramto eq. (7.3) and eq. (7.4)
Respectively are given below by eq. (7.6) and eq.)(

n=k-2,n,=1
! 2 (7.6)
d,=1d,=38,d,=1,F, =1
and
n.=1n =A-2,n, =1
0 ! 2 (7.7)
d, = ,=2,d,=1LF, =11+ A

Equation (7.5) yields an allpass (AP) function with=d, and additional band-reject
functions (BR) witm, =0. These realizability conditions for F5(p) are Fo6gve given by
eq.(7.8) and eq. (7.9) respectively as

K (AP)=5 Kk (BR) =2 (7.8)

A(AP)=4  A(BR) =2 (7.9)

Note that F6(p) realized by component set of eql)(flas equal-value grounded capacitor.
The phase shift for both F5 and F6 are lagging. pin@se responses may be expressed in
terms of the normalized frequency parametefax=y, as )

¢5(u) = 2arctan{3u/(1-u)?}

(7.10)
@6(u) = 2arctan{2u/(1-u)?}
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Both these variation are in the range (lagging) @& ¢.(s) < 2n.

7.4. EFFECTS OF CFA NON- IDEALITIES
Reanalysis of Fig. 7.1 assuming a non-ideal GBA 0) modifies eq.(5.1) to

F = (-g)Ye “PYYs T VLY, (7.11)
Ya(V +¥2) FEWYo

the nominal functiorf,; (j =1 to 6) will be modified which we examine next

7.5. MODIFIED FUNCTION
Reanalysis with eq.(7.11) for the realizationFyfyields

1- pk@d-¢,)-me,

FUp) = G-e) =

(7.12)

where m=r,R

The modified design equation is

_1+2m(,
1-¢

K (7.13)

\

This may be simplified after writind—[)™ = (1+0,), since[,<< 1 and then neglecting
products of errors, given by

kO@+2m0O,)1+¢&,) (7.14)

which yields
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Iy

ry = (7.15)
+0, +2r,/R)
In practice, if one selectg = R, this further reduces to
r, = R/(1+30,) (7.16)

which may be set precisely. We observe that witidaal CFA (J,= 0 this equation reduces

to the nominal design df =1.

Substitution of eq.(7.13) in eq. (7.12) gives
Fi(p) = (-0)(A- p7)/(L+ p7) (7.17)
Where 7 =C(R+[,r,) (7.18)

Equation (7.17) indicates that even with a nonideBA the circuit is able to realize the
allpass functions but at a slightly altered ceffitequency. The voltage errog() alters only

the time constant

Similarly we getF, changing to
= o oy = prd-¢,)
F2(p)=@Q-0U)———= 7.19
(P =00) (7.19)
and
k O1/(1-0,) 0@+0,) (7.20)

The effects of the CFA imperfections on the othew first order functions F3 and F4(p) and
on the second order functions F5 and F6 have aso kxamined which are listed Tiab.

7.2 1t may be mentioned here that for F6 one geferiliig values ofe, and w, since
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~

d, =1- p0O, and A1+ (PO, /(1+ ) (7.21)

This difference may be insignificant if we notetth<<1 and may be further eliminated if

r,is scaled to a relatively high valu€ & R/r, <<1 ) such that the quantity [J, can be

extremely small leading to d,=1=n,. The design equation are then
A(Ap) =4/(1-0,) 04(1+0,) and A(BR) =2/(1-0,) 0201+, ).

7.6. SENSITIVITY
The sensitivity figures are obtained &= (Ay/Ax)(x/y).It is seen that the time
constant ) and hencew, are affected by, while gain factorF;is affected byl . The
deviation in phase response is concomitant todfrat The active sensitivities are

S, 7 =0v/(l-0v) <<l SsP=0i/1-0)<<1, S$,7=0=S 7 (7.22)

The proposed realizations therefore be consideseattave insensitive.

As the CFA device may be considered of high ouipyiedance current follower
stage cascaded by a low output impedance voltajewkr, these sensitivities can be
interpreted in terms of the actual deviation initipert transfer ratios from the nominal value
of unity. To this end, it may be observed in theerd literature that quite accurate and wide
band designs of such stages with extremely low®i(fd < 0.5%) and unity gain-bandwidth

values in excess of 100 MHz have been reportedy \tev offset-error wide band voltage
followers are also available. Hence the above #eitgifigures imply practically active
insensitive characteristics for the proposed camégon.

The passive sensitivity may be evaluated by thetitraal change is expressed by
(AT/7) =) (AR/R)(S".R)+ > (AC/(S'.C)
Where the sum extends over the number of R ande@. lismay be seen that
D> S'R=) S'C=1. Hence(Ar/1) = (AR/R) +(AC/C).

Usually in the monolithic or hybrid IC technologgraponents of one kind tract quite closely,
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and it is possible to obtain passive RC componeitts equal but opposite temperature co-
efficient in thin-film technology, which finally @ldsA7/7 =0.

Tab. 7.2: Summary of nonminimum phase function realizatiathhwonideal CFA

Modified coefficients Design Eqgns.
A, n, m, d, d, d2 ®.0)
3 bk -mO 1+m0 (+2my)
1 1 \4 O 1 \4 O (1+ DV)
F, 8 1+mO, | g 1 o | o a+0,)
~ k(- @+ R
F | (@L+kgO) oty 0 1 1 o| 20-A+a)0))
- 21+ 75q0,)
bk-@1+ql 1+ 050 v
F4 ( q v) 1 0 y d 1 0 (1+ DV)
K(AP) =
~ (G+2mO)@+0)
Fs 1 bk—(2+m0,) |14m 1 3+mb, |p2|
k(BR) =
(2+2m0,)(1+0)
(o0 ) A(AP) = 41+ 0,)
p p =
~ 1+ 2+ — =
£ | wpo,  |bA-@+p0y) | ((1”)} ((1+/1)j , | ABR =200,
Assumption
r,>R,pl,<<1

IE‘0 = (@-0)in all cases excerjfoS: @-0)/(2+kqd,), m=r,/R,p=R/r,,q=R/r1,
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7.7. EXPERIMENTAL RESULT

The proposed circuit had been bread boarded fardatry test using the AD844
device biased witht12 V.d.c supply. The first order AP response was mesgsfor F1(p)
and F2(p) with k=1 =r,=33kQ ) C=5nF and R =18Q (variable in the range
1kQ < R<100kQ); tested were carried out at fixed frequency valake$ = 3.3 kHz and
f =10 kHz with variabler (5us < 50Qus) where the input signal level had been set at 1i=300
HMA. The measured response is shown in Fig. 7.2 .Eeerfsl order response had also been
verified with suitable design at similar frequenenges; satisfactory phase response of AP
function were observed.

It may be mentioned here that for current mode addeduility, the passive
components are to be chosen judiciously to avadetifiects of the parasitic capacitances at
the high impedance associated with the CFA termirfar very high frequency operation the
parasitic capacitances at the high impedance nddesinverting input: 10 pF and
compensation node: 15 pF shunted by 3K2 output resistance), and the resistance at the low
impedance inverting input mode 60Q ) should be taken into consideration [61].

180 fi—E=E-$§E\% 5

f=3,3 kHz
‘?140 \ ¢, {

[°] L f= 10 kHz

[0) f=3,3 kHz

2 {—E— f= 10 kHz

Au[dB]
0,01 0)1 ‘S\s\L 10 -100

-180 i\S\Eﬁl_ 5

Fig. 7.2: Response of AP function with variabfe-
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f =3.3kHz (x)

Phase response
f =10 kHz () } P

Magnitude response (0)

7.8. SUMMARY

Some simple circuit design schemes using a CFAeented for the realization of
first order and second order nonminimum phase fonah the current mode. The network
parameters are derived and compared under both ade€anonideal device characteristics.
Sensitivity calculations show that the realizatase active insensitive. The output signg)(
is available in a current source node and henceasiy cascadable. An additional voltage
signal output at a voltage source node is alsdablai if desired, after passing through a

load resistance; this provides a constant resistaressimpedance with phase shifting property.
The response of the nonminmum phase filters haea breperimentally verified.
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8. MULTIFILTER FUNCTION DESIGN

Recently CFA based circuits fund wide applicationsignal and wave processing.
Here we present two new CFA based circuits to abgmiod quality band pass (BP) band
reject (BP) and all pass filters (AP). The BP filteas been used with subtract or to derive
variable phase all pass (AP) functions

The simulation of lossless inductor and the Brugonbncept of supercapacitor
developed earlier has been used in the RC resonmtnit to obtain the above mentioned
filters. This idea can also be extended to desigiglaQ(Q — a) oscillator function.

All the proposed functions have been verified widrdware implementation and by
PSPICE macro model simulation in frequency rang80okHz f, <300 kHzThis analysis

has also been made taking the effect of finite podrg[]) in case of nonideal CFAs.

8.1. ANALYSIS
The proposed circuit is shown in the Fig. 8.1. Here input current and/; = input
voltage. Appling the mesh equation, we find at NBgdgwvhere voltage at node B is V].

V=1,1Y,
or,VY, =1,
or, V.Y, =1 [sincel, =1] (8.1)
At Node D, (V -V,)Y, =V.Y,(Since the voltage at node D\fs)

_Vi(Y, +Y5)

or,V
Y2

(8.2)

At Node A,
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Putting the value of ,from eq. (5.1)

Vi (Yz +Y3)(Y1 _Y4)

or, I, =V, -
Y2

or, Y, =(Y,Y, +Y,Y, _Y,Y;)/Y, (8.3)
Writing

Y, =1/R, Y,=1/R,, Y,=pC,, andY, = pC, in Fig. 8.2 we get

Y = p2CC, R, + pC, - pcz%

= p’CC,R, +pC,(n-K), n=C,/C, andK =R,/R, (8.4)
The realizability condition for an ideal supercapads n=K, hence
Y, =p°’D; D=C.C,R, (8.5)
By similar analysis, we get from Fig. 8.3,
Y = p’CC,.R, + pC{(1+n) - K} (8.6)

Using the component ratios as ab¢ue= C,/C, andK =R, /R/]

Writing K = 1 + n for the realizability, we get

Y, = p>D (8.7)
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Fig. 8.3: Proposed CFA — based circuit of super capacitor
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8.2. EFFECTS OF CFA ERRORS
Re-analysis ofig. 8.1 assuming non-ideal CFAs and considering finitet gorors
@ ,,#% 0), we get the modified admittance function

1,v,Z

Y/(p)=p°D'+ pC'+G (8.8)
where
D'=D(@+0) (8.9)
C'=C,[(n-K)+{n[O, -K(@O, +0,,)} (8.10)
c="0a*s) (8.11)
R
0=0,+0,+0,+0,+0,+0, (8.12)

Thus the super capacitor becomes non-ideal, béingted by a lossy capacit¢€’) with a
low value negative conductand6&). The notified realizability condition for an ide@l
element is

=_nd+0) (8.13)
1+ Dv1 + Dv2 .

The negative resistance may be cancelled by cangegthigh-value shunt resistan@®, at)
the input port, given byR. =R /({J,, +[,,) . Note that with ideal CAq.(8.13) reduces to

the nominal condition K=n. similar analysis hadmearried out for the circuit in Fig. 8.2 and
the modified expressions are summarized in Tab. 8.1
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8.3. FILTER DESIGN

According to Bruton concept frequency transformatéosimple RLC resistor transforms to
CRUD filter without any change in the overall netwdaransfer function. Hence a shunt in Fig.
8.4 where the supercapctor has generated by singitatcuit of Fig. 8.1.

Il
I O
Cx

Fig. 8.4: Shunt RD topology for BP
Writing C, =C, =C for simplicity we get the resistor transfer

_ p.R.C
H — X
(P 7R b+ pCR +1

(8.14)

Similarly in Fig. 8.2, we derived a series RD baajelct resonator while D is simulated by the
circuit in Fig. 8.3.

The filter parameter, i.e resonant frequeigay ang selectivity (Q) are

1
= 8.15
28 DR, (8.15)
D/R [RX
Qp="——=— and Q, =Cy,[— (8.16)
Cy D

The simplified design equations fay) and Q are listed in Table
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Tab. 8.1: Effect of CFA-errors.

Oscillator
Fig7.5 Admittance Realizability Frequency
stability
Y, =S2D"+sC’ +G
D" =D(1+€;) — k(1 +€,;+€,,)
C' = C{n(1 +€;) — k(1 +€,,+€,,)}
G = — (EVI;_EVZ)
! n(l +€ 2
D = C,C3R, (1 +€v1+€v2) 38\/5
n= Cz
R
k==2
Rl
Y, =s?D'+sC +g
D"=D(1+€y)
C" = CG(1+€,+€){1 +n(l +€4+€;)
) — k(1 —€,,)} .- (1 +n)(1 +€,+€,) 1 (1 + 4g)
(€ (€ +Ey) (1-€z) 3e,/p\1+2¢
g= R,
€0=€1—€x
Filter Design _ .
Fig7.5 . , Active - sensitivity
CFAs ideal CFAs non.- ideal (assumingd;, .= O)
__ BP
T VR % R
‘ w, 1
- g/2
(@ Q=CQ W VJ1+5E€ 5000 = / « 05
Cx Q 1+ 5¢
R S =vVit5e
X
p = —_—
i BR
W = —1 (1),0 1
° CVvR X R o = ﬁ
0 1+4€ e/2
® Q=2 0 |s@@e] =7 4{48 <05
_C\/E a=w/(1+46)




To develop a second order all pass filter, we @sedher CFA as a subtract or as shown irFige8.5to obtain
afunctionH , = (2H, =1), given by

— p22 B p-(wo /Qz) + woz (8.17)
p”+ p.(ay/Q,) +

ap

1
where @, =——— and =Q,=(CIC))/\RIR, 8.18
b= JRxD Q, =Q, =( )N (8.18)
R |
— A
v — CFA e
Y - o)

R

Fig. 8.5: Second order allpass filter

The phase response is givendy = 71— ¢

The value ofg is obtained by puttings = ja in the eq. (8.17)

—m2 — i

H (@) =1 m2 J.(m/Q) . m=wlw, (8.19)
1-m® + j(m/Q)

Therefore, = 2tan™ 1m/sz (8.20)

The observed phase- response is shown in Fig.8i@gdthe measurement we verified that
the transmission gain remains constant up to 3604t value of unity.
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8.4. SENSITIVITY

The classical sensitivity figure indicates the emental deviation in the design
parameters with respect to the imperfections in dlbBve or passive components. This
sensitivity figure is defined by

S.° = (db/b) /(da/ a) (8.21)

All the passivew, sensitivities are seen to I8 = 05 while the passive Q sensitivities may

be made quite low by appropriately fabricated R@gonents since Q is proportional to
ratios of components and in hybrid IC technologgiateon in components of one kind track
quite closely. The device sensitivities with redpéz the CFA errors(€) have been

calculated. These figures are listed in Tab. 8.1.

8.5. EXPERIMENTAL RESULT

The characteristic of the super capacitor simugtimcuits in Fig. 8.1 and Fig. 8.2
have been experimentally verified with both hardevanplementations using the AD-844
CFA device biased witld+12 V.d.c and by PSPICE macro model simulation.

The resonator type filter functions and the nomimum phase all pass function
have been tested with suitable circuits desigredng frequency range of 30 kH4s
<300 kHz at selectivity values< Q <10. Each circuit of Fig. 8.1, Fig. 8.2 and Fig. 8adh
been resonated witlR, C, section to verify both the BP and BR responses-itn 8.6 a

typical BP response utilizing the supercapctorigf B.1, and in Fig. 8.7 a BR response using
that of Fig. 8.2 are shown; in Fig. 8.8 a low pelsaracteristics obtained across the D-element
of the series resonator is shown. The all pasoresputilizing the BP filter is shown in Fig.
8.9.

Fig. 86 to Fig. 8.9: Measured response of RCD maso design for
fo= 100 kHz with R = 10 kQ = R, C = 160 pF.
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Fig. 8.7: BR filter using shunt-RD technology and its resgo( dB)

71



40

A, [dB] —>

-20

F[Hz] — =

Fig. 8.8:LP response (£dB) across D of series RD resonator
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Fig. 8.9: Phase ¢ °) response of AP function
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8.6. SUMMARY

Two new CFA based active circuits are presentexh Bhe circuits realize ideal
grounded super capacitor (D) element which are tbesynthesis simple RCD filters and
phase variable equalizer. Practical response diilthes have been experimentally verified in
the frequency rangg&<Q<10. Sinusoid wave generation had also been expetally verified
in the frequency range of 30 kHzfs <300 kHz with moderately high Q values in the

range 1< Q <10. Sinusoid wave generation had also been verifiéer afetting Q- o for
both the configurations wherein continuogis- tuning by a single resistor could be obtained.

Analysis shows that the CFA device imperfectioreeiffthe simulated D and filter
parameters quite insignificantly and hence the udisc are active insensitive. The
multifunctional analog signal processing and waeaegation capabilities at low sensitivity
using few components, may make the proposed steugjuite suitable for micro circuit
fabrication.
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9.SINUSOID-OSCILLATOR REALZATION: DOUBLE
INTEGRATOR LOOP

In the area of analog signal processing the volagdrolled oscillator (VCO) is
being used as building block for the design of phiasked loop (PLL). FM telemetering,
swept super heterodyne spectrum analysis, frequeswithesis, and digital voltage
measurement by the v-f conversion. In the recest pperational Amplifier (AO) based RC
oscillator has been developed where the tuningtersis being replaced by FET-VVR [3] to
obtain a VCO.

Some CFA based RC- oscillator have been recenglgrred here we present sine
wave oscillator design utilizing the Double integraloop (DIL) based on the CFA active
element.

In this chapter, we present some voltage tuned Dksed sinusoid oscillators using the
AD844 device. The time constant f,) of the two voltage controlled integrators of an
oscillator is tuned by the d.c. control volta()e of)the Multiplier (ICL-8013).The multiplier
element with integrator has been used in the feedlard connection in the first DIL.

Here we have also examined CFA based linear voltamgerolled sinusoidal oscillator
(VCSO) wherein the multiplier element (ICL-8013)dennected with each CFA device in
such a way that the d.c. control voltage] of the multiplier produces thé,-tuning linearly.
The oscillation frequencyf(,) over specific band, set by the different RC congrds, can be
varied by the control voltagé/, 9f the multiplier. The choice of the multipliereehent is
advantageous since/() may be generated from a digital code through A DPenverter
(DAC) [162].

9.1. VOLTAGE CONTROLLED OSCILLATOR (VCO)

We present some new voltage controlled sinusoidlatses (VCO’s) based on the
implementation of double integrator loop (DIL) @sown in Fig. 9.1 Here anon inverting
Voltage Controlled Integrator and inverting VoltaGentrolled Integrator, developed using
CFA device have been used along with the multiglement in the loop to control the time
constants of the DILs. The oscillation frequermy (or f,) is tunable by, of the multiplier
element. In Fig. 9.1, each integrator is a minineglization using only one RC-section, one
multiplier and a CFA device. In Fig. 9.2, howevaiotresistors have been used for each
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integrator. Here two CFA’s of same polarity haveemeaused which may be suitable for
microminiaturization of the circuit.

Fig. 9.1andFig. 9.2 The proposed VCO configurations using DIL:

Ra
V4

—O Vg

Fig. 9.2: Multiplier element in feedback connection

9.2. ANALYSIS
By analysis assuming ideal CFA, we get the voltagasfer function (G,,)

respectively of the VCI#1 and VCI#2 in Fig. 9.1sasiing loop is cut &, , as

V, IV, =G,(p) =1/ pry, ; Ty, = RC /(1-KV,) (9.1)

V, IV, =G,(p) =1/ pry, ; Ty, = R,C, I(1-KV,) 9.2)

Where k =0.1/volt is the multiplier constant.
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Hence the loop- transfer is

Go(p) =GG,(p) =-1/ p2T01T02

The oscillation frequencyd,) obtained on closing the loop is

Thus w, is tunable by either the passive RC componentemtronically by the dc control

W, :1/\/(T01T02) = (@-kV;)/{(RCR,C,

voltage intherange 1¥V,. < M.

Similar analysis had been carried out for the dincuFig. 9.2; the pertinent design equations

are listed in Tab. 9.1.

Tab. 9.1: Design Equations for the Proposed VCOs.

Transfer Equation

Loop Transfer

% 6y(s)
22 _ 6 (s) =
Vi ! STy, 1
(a) v G(S) = _S_2T01T01
(N __
v, = G,(s) STo,
Vo H,(s) = a
v, TRk ta-1 |HE =
a
R
a= R_: $2Ty, To, + s{(rol(a -1 +7,,(b- 1)) +(a—1)(b - 1)}
(b)
v, S T R Ak +b-1 o 2 Gty (1L = 1)
b—& To, = CaR3(1 — KV)
=
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Realizabity oy Modified
Design
1
{a1“25162(1 — P1kV)(1 — szVc)} 2
_ RiR;C1C,
Cc
@/ Mone JR:CiR:C) _ @01 —BkY)
RC
for matched components
Ideal CFA:
a=1
Rl = RZ = Ra
1
b=1
{(1 = 6:kV)(A — 6,kVIR,C1Ry C}
(B) | Rs=Ry=R, S
(@ -V RERG) | = T=srre
Non ideal CFA: for matched components
R
R_: — 1 - 0[151
R
R_i =1 0(252

9.3. EFFECTS OF CFA IMPERFECTIONS

Re-analysis of the circuit in Fig. 9.1 assuming ideal CFA devices yields the
modified expressions

G,(p) = a,8,(1-kV,3)/ RC, (9.5)
G,(p) = @,5,A-kV,3,) RC, (9.6)
and C';o(p) = =1/ Py’ Ty (9.7)
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where 7,  =RC,/a,0,(1-kV.f)) ;j=1,2 (9.8)
The modified value oty, is now

w={a,a,0,0, 1-kV,8)1-kV, ) RR,C,C,} * (9.9)

Assuming matched-pair of the device, we get

@, = ad(1-kV. B )\(RR,C,C, (9.10)

By similar analysis, we get the modified valuecgf for Fig. 9.2 as
@, =1/ RC(1- kV.) (9.11)
Assuming matched component, i.e.d, =o0=9, and RC, =RC=R_C,

Thus the CFA port errors alter slightly (sinee<<1) the value ofw, for both the

circuits in Fig. 9.1 and Fig. 9.2 as listed in T&bl. However, their effects are quite
insignificant as can be seen from the sensitivityputation.

9.4. SIMPLE LINEAR VOLTAGE CONTROLLED SINUSOID
OSCILLATOR (VCSO)

In this section we present a simple linear Volt&mntrolled sinusoid Oscillator
(VCSO) using the CFA device. A multiplier ICL-80&Bment is connect suitably with each
CFA device such that electronic tuning of frequeiidp) is varied linearly with the d.c.
control voltage (V,) of the multiplier. The structure is based essdigton double integrator

loop where in each unit is voltage controlled imgggr (VCI) consisting of a CFA multiplier
composite block and only one grounded RC sectiovo phase quadrate oscillations at the
two integrator output would be available upon ciggihe loop.
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9.5. ANALYSIS FOR SIMPLE LINEAR VCO

Analyzing the proposed linear VCO big. 9.1using generalized terminal properties
for an ideal CFA from eqgn.(5.1) and assuming thatlbop cuts a¥, , yields

G,(p) =V, /V, = KV, /(pRC,) =1/(pr,) 9.12)
G,(p) =V, /V, = KV, [(pRC,) =1/(p1,) (9.13)
where 7., = (RO, (KV,).
The loop-gain is
G,(p) = G,(P)G,(p) = ~(KV,)* /(p’RC,R,C,) (9.14)

1-G,(p) =0 which yields

w,=kV, 1 /(RC,R,C,) (9.15)

For a simplified design equation, we selégt=R =R, andC, =C =C,,

Hence kV,/(RC) (9.16)

Here a minimum passive RC components are needed vathich are grounded.

This feature of the proposed oscillator is suitdbtdC adaptation of the circuit.

9.6. EFFECTS OF CFA IMPERFECTIONS

Re-analysis ofig. 9.3 with finite tracking errors[(Z 0) using eqn.(9.1) yields the
modified transfer equations
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G,(p)=1/(p T)

G,(p)=-1/(p T,)

The modified time constant{& 7,) can be expressed as
fl,Z =(R C)l,Z /(Pj KVc)
P, =(a;p,9;);=1,2; are the nonideality coefficients of theACF

@, =1 (7,7,

This may be expressed in terms of the errors as

@yl =\{1-0, +0,)} = (RR)

(9.17)

(9.18)

(9.19)

(9.20)

WherdJ; =01, +0J; +0;;; J=1,2 since |E| <<1, the error products are neglected.

For an ideal CFA, the errors vanishl€ 0) and we get@, = w,

OVe

2
j
Re B

Fig. 9.3: Linear voltage controlled sinusoid oscillator gsiDFA

Vo
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9.7. SENSITIVITY
The classical sensitivity figures are

4 050,

S, = <
o 1- (Dil + sz + D01)

<05 (9.21)

and

4 050,

S, =
e 1- (Dil + sz + Doz)

<< 05 (9.22)

Similar sensitivity figures had been obtained foe tircuit in Fig. 9.3. It may be seen that the
passive sensitivities all a8 - passive= 08Hence the proposed design is practically

active-insensitive sinqia <<1.

9.8. EXPERIMENTAL RESULTS
The performance of both the circuits in Fig. 9.1d dfig. 9.2 had been verified
experimentally, both with hardware implementatiord avith PSPICE simulation. The AD-
844 CFA chips and ICL-8013 multiplier element, ey 0+12 V.dc. regulated supply,
were used. Good quality sine wave output with gatedoscillations aV, (output of CFA« 2)

and V, (output of CFA#1) have been observed in the frequency range 50-kH2 MHz

shown in Fig. 9.4 and Fig. 9.5. A typical test wlave at 500 kHz for Fig. 9.1 is shown in
Fig. 9.4, and that at 1 MHz for the circuit of F&2 is shown in Fig. 9.5. Fig. 9.6 to Fig. 9.8
shows the variation of , (kHz) relative to the d.c. control voltag¥.§.

The linear tuning characteristics of the circuitsHg. 9.6, Fig. 9.7 and Fig. 9.8 had
been verified experimentally; atypical test resilthe linear voltage to frequency variation is
shown in Fig. 9.8.

Fig. 9.4 to Fig. 9.5: VCO output waveform obtairveith simulation test.
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Fig. 9.4: Response of circuit in Fig. 9.1 at 500 kHz withv2 V d.c.,
Ri=R=R=1kQ and G=C =G =256 pF
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Fig. 9.5: Response of circuit in Fig. 9.2 at 1 MHz wita ¥ 8.4 V d.c.,
R.=R=R=1kQ andG=C=G=1nF

Fig. 9.6to Fig. 9.8 Electronic turning characteristics.
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Fig. 9.6: Characteristics of Fig. 9.1 measured with=CC = G = 0.32 pF
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Fig. 9.8: Frequency Response of Simple Linear VCO: C = 8RR = 1kQ

Discussion: In this chapter new VCO design scheusaisg two CFA-based VCls
connected in a DIL are proposed; the feature aftedaic control is derived by the d.c control
voltage (V. ) of multiplier element. The advantages of the desigre the use of minimal

active and passive components, practically actimeensitive feature and availability of
quadrature-phase oscillation tunable electronidafly/, the work on extending this design to

implementing digitally oscillators by deriving, from a digital code through DAC [148].
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10. CONCLUSIONS

The target of this thesis was to bring the contrdyuon the field of the active building
blocks for the modern integrated circuits operatedurrent- or mixed- mode. The group of
the blocks was made tighter — the works was focosecurrent feedback amplifiers. The aim
was an exploration of the family of the CFA cirsuibcusing on novel blocks and especially
their applications.

The theoretical and practical results of the wogtenpresented in three main chapters,
which showed the usability and universality of th&vel introduced blocks and moreover
proved the possibility of the implementation ofgbdolocks.

With growing importance of designs in voltage-toreat and current-to-current mode
domains, we subsequently obtained the OTA, curcamveyor, and voltage conveyor
building blocks. For easy cascadability and signahslation from voltage/current input to
any one of these as output, the designer neededra wersatile building block. Such an
element emerged in mid-80s and was termed as thentudeedback operational amplifier
(CFOA) or more precisely as the current feedbaclpldier (CFA). Thanks to its good
technical features and parameters, it is one ofdWwecurrent mode circuits, which have been
accepted even by the manufacturers and are al@adgntly available in the market (e.g.
AD-844).

The CFA device was being used by many designers feariety of analog signal
processing applications. Because of the timelife€FA-based research and development
activity and its functional superiority over theepious devices, the we had chosen this device
as the building block for the work on ASP circlatsd systems.

In this thesis | presented some new CFA-based edigctive immittance function
pertaining to ideal grounded and floating inductarsimulation schemes with a further
extension to the design of an active ideal FDNRetypper capacitor. The theoretical analysis
had been verified experimentally through a typiB& filter design. It had been shown that
these designs have very low active sensitivity autirequiring any passive component

Active integrators and differentiators find widepéipations in various, the well-
known OA-RC Miller integrator gives rise to some idstability at high signal levels owing
to the capacitive negative feedback; the problem &absequently been avoided by the
modified designs, but here OA compensation pol®dhices additional phase shift at higher
frequencies.

| have presented some new CFA-based design oftagrator and differentiator in
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both current-mode and voltage-mode forms; dualticppability had been derived in some of
the designs. It had been shown that these designsedl-suited for monolithic IC fabrication
process in which event the sensibility of the tioomstant may be reduced to extremely low
values. Some CFA-based AP phase equalizer ciralifisst and second order realization is
also described. The effects of the CFA device ifigotions had been investigated.

Satisfactory immitance and transfer propertieshmlgroposed functional blocks had
been verified after circuit simulation through PSEI

| can select the following new and significant cimitions ofthis thesis:
- Design and verification of the insensitive IdEEBINR-type supercapacitor.

- New CFA-based designs of integrator/differentiaibdboth current- mode and voltage-mode
forms well suited for IC fabrication.

- Investigations of the effects of the CFA impetiees for some CFA- based AP phase
equalizer circuits.

- New results from the investigation of multifilbleg capability in an appropriate RCD
resonator

- Novel VCO using a multiplier in the CFA-based dtmiintegrator loop

Both the current conveyor (CC) and the CFA deviaes basically current-mode
devices; the CFA (e.g. AD-844) however has an addeagability of copying its
transimpedance voltage available at the currentcsoautput mode, to wide band buffer's
voltage source output mode. Hence most of the eteg@-based function circuits may easily
transform the equivalent CFA-based configuratiothvein added voltage signal output-hence
extreme ease on design flexibility and smooth cadaaility, recently the next version of the
current conveyor of the third generation (CClllyeéseiving considerable attention for current
mode ASP applications. It may be examined how aposite CFA structure can be modeled
to yield the CCIIlI characteristics so that eithetapity current signals may be handled by the
same device. Another potential area of future R Rrabpears to be the design of digitally
programmable current mode circuits.

The presented work represents the investigationbwoilding blocks for modern
current-mode and mixed mode based integrated tsrcéi number of novel introduced
building blocks together with their implementatiare the results. The functionality of the
proposed blocks was proved by simulations in thECERrogramme.

With respect to the above discussion it can beadledlthat aims of this thesis were
fulfilled.
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