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ABSTRACT

This thesis deals with the canonical topologies for simulating a class of
electronically controliable immittance functions based on the employment of the recently
introduced active building block, namely voltage differencing transconductance
amplifiers (VDTAs), as fundamental active components. The actively simulated
immittance functions developed in this thesis are generalized tunable impedance
multipiler, floating inductance, capacitance simulators. frequency-dependent negative
resistance (FDNR). All the developed simulators uses a minimum number of passive
components, which are grounded. The equivalent values of the realized simulators can be
tuned by electronic means through the transconductance parameters of the VDTAs.
Some illustrative applications on the syntheses of active RLC ladder filters using the
proposed actively immittance function simulators are also given that demonstrates the
possibility of electronic tuning. To verify the theoretical expectation, all the simulators and

their applications are designed and simulated with PSPICE program.
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CHAPTER 1

Introduction

1.1 Statement and Signification of The Problems

Actively simulated immittances, namely inductance simulator, capacitance
multiplier and frequency-dependent negative resistances (FDNR), are essential
electric circuits that are widely found in several areas of analog signal processing
applications, and are also the fundamental active building blocks in general active
network synthesis. Since simulated immittances are the most often used in area like
active filters, oscillator design, gyrators, and cancellation of unwanted parasitic
elements, they have became important research issues [1]. This is attributed to their
effective small chip area, weight, electronic tunability features, integrability, and cost.
In addition, the FDNR-based filters have been particuiarly successful in achieving the
low-sensitivity property of classical LC filters [2]. Recent literatures have attracted
comparatively more attention to this class filter [3]-[8]. Therefore, special attention
was then paid to the design and synthesis of various immittance function simulators
by the use of different high-performance active building blocks such as second-
generation current conveyor (CCII) [9]-[11], third-generation current conveyor
(CCIII) [12], operational transresistance amplifier (OTRA) [13]-[14], and four-

terminal floating nullor (FTFN) [15]. That is why replacement of physical inductors



and capacitors by synthetic ones in conventional passive LC filters belongs to the

well-known methods of high-order low-sensitivity filter design.

1.2 State of The Art

The ever present demand of a miniaturize and compact circuits and systems has
stimulated the fabrication of complete analog function circuits on a small silicon chip
area named as integrated circuit (IC). In order to enhance the performance of analog
processing IC, the analog researchers prefer to use active building blocks. During the
last decade, a huge number of active building blocks that suitable for analog signal
processing were noticed [16]. Many attentions are focused on such novel active
element design with electrohic tunability property. Therefore, these elements have
also favarable features in several particular applications. The first development in this
area was started with discovery of current conveyor by Smith and Sedra [17], Fabre
[18], and Svoboda et. al. [19]. As a result, many other active buliding blocks obtained
from the circuit ideas in [17]-{19], which allow the possibility of electronic control
their parameters, were developed and innovated, as well as frequently applied for
circuit design and synthesis. In 2008, great circuit ideas in the field of active building
blocks for providing the potentiality in a class of analog signal processing applications
were reviewed and summarized [16]. Among these, the newly introduced active
element called voltage differencing transconductance amplifier (VDTA) is also

introduced, as an alternative to the existing current differencing transconductance



amplifier (CDTA) [20]. In the VDTA device, the differential input voltage, rather
than current as in CDTA, is transformed to the output current at the z-terminal by the
first transconductance gain and the voltage drop at the terminal z is then conveyed to
the output currents at the terminals x+ and x- by the second transconductance gain,
Accordingly, a large number of analog function circuits and systems based on based
on VDTAs have recently been developed [21]-[25].

This dissertation describes the results of some researches and studies on the
design and synthesis of a class electronically tunable immittance function simulators
for analog signal processing applications which include ladder L.C filter design and
general active network synthesis. The described simulators have been created

employing VDTAs as the main active building blocks.

1.3 Aims of The Dissertation

This dissertation thesis deals with the design and synthesis of immittance
function simulators based on the use of VDTAs as active elements, which is
considered to be an effective approach in active network synthésis and ladder filter
design. The possibility of the electronic control property is one of the major features
of the design. Therefore, three main lines of the research will be attacked in this work.
The first topic deals with a realization of a general impedance multiplier circuit
comprising only two VDTAs and one scaling impedance, which is capable of

electronic tuning to the grounded impedance functions, i.e. resistor, capacitor and



inductor. The second objective of study focuses on the structural configuration of two
novel topologies for simulating electronically controllable floating inductor and
capacitor. The simulators are composed of only grounded capacitor as passive
elements, resulting in canonical structures and quite suitable for further integration.
The final objective pursued in this thesis, then, is the successful design and
implementation of the floating FDNR simulator topology consisting three VDTAs and
two grounded capacitors. No external passive resistor is required for this realization.
It should be noted here that, all the immittance function simulators having electronic
tuning option of the important parameters should be preferred, especially in IC
implementation point of view. The workability of the simulators developed in this
thesis has been proved by PSPICE simulation for various parameters and comparing it
with the theoretical analysis. To justify the usefulness of the circuits, some

illustrative examples are also provided.

1.4 Novel Concepts of The Thesis

In the following paragraph, novel concepts and techniques contributed in this
thesis are summarized into these categories.

1) Firstly, one of the newly proposed active building blocks namely voltage
differencing transconductance amplifier (VDTA) has been used to developed various

immittance function simulators, where can be our focus concenirated in view of the



fact that the possibility of circuit performance tuning through the external bias current
is achieved.

2) The second line of this study focuses on a circuit design of an actively
generalized impedance multiplier using only two VDTAs and one external impedance
to be scaling. The proposed impedance multiplier circuit requires no component-
matching conditions for its realization. It also provides electronic adjustability to the
realized impedance multiplification functions by the transconductance gains of the
VDTA:s.

3) The third deals with the topologies of floating inductance and capacitance
simulations using VDTAs as active components together with a grounded capacitor as
a passive component [25]. The merit of these schemes is that the values of the
simulated inductor and capacitor are tunable electronically through the
transconductance parameters of the VDTAs. They also do not require any alteration
of circuit components. Since the developed simulators use only a grounded capacitor,
their structures are resistorless and suitable for IC design [26].

4) The fourth aim of this thesis is to present a simple design for the synthesis of
an electronically tunable floating FDNR simulator circuit [8]. The approach shows
that the resulting circuit contains only three VDTAs and two grounded capacitors
without needing any external resistors. The equivalent D-element value of the
realized FDNR can be adjusted glectronically by adjusting the supplied bias currents

of the VDTAs.



In conclusion, it can be realized that this thesis offers some novel simulator
circuits having improved performances with respect to electronic tunability,
component count, integrability, silicon chip area economization and power
consumption. These simulators can be of great value in active filter design and

analog signal processing area. Next, we will outline the contents of each chapter.

1.5 Organization of The Thesis

The main thrust of this thesis has been on the realization of the new circuit
configurations for simulating the electronically tunable immittance functions using
recently introduced active element, namely voltage differencing transconductance
amplifier (VDTA). The main context of the dissertation is organized into six chapters,
and five appendices. Each chapter includes references at its end. Each chapter
contains a brief introduction of the study undertaken along with the detailed circuit
descriptions, transfer function analysis, parameters used in that circuit, and the
computer simulation results of the circuits belonging to the scope of that particular
chapter, as well as sub-conclusion. All these simulators have been realized for further
implementation in IC technology. The contents of the thesis can be summarized as
follows.

Chapter 1 is the introduction of the research undertaken in this dissertation. This
section begins with the statement and significance of the research topic, and

subsequent the state of the art in the field of active building blocks suitable for analog



signal processing circuits. In the next section, the objectives and the new concepts of
the work to design various immittance function simulators have been presented.
Finaily, the organization of the thesis will also be described in this section.

Chapter 2 is mainly concerned with the main characteristic of the VDTA device,
which is the active circuit building block mainly used in this thesis. There is an
elaboration on how this device is useful in realizing various analog function circuits,
and why this should be selected for the design of circuits. This chapter starts with the
description of the distinguishing features of the VDTA, and subsequently gives details
of some of circuit design techniques for realizing the VDTA. It also describes the
historical development and some realizations of the VDTA element.

In chapter 3, a simple circuit configuration for realizing an impedance multiplier
using VDTAs as the major active components is presented and analyzed. The
proposed impedance multiplier circuit contains only two VDTAs along with external
impedance under control. The equivalent value of the realized multiplier can be ;tuned
electronically through the transconductance parameters of the VDTAs. The non-ideal
analysis and the sensitivity study of the proposed circuit are investigated in detail. To
demonstrate the performance of the proposed multiplier circuit and verify the theory,
PSPICE simulations with TSMC 0.35-um CMOS process parameters are
accomplished.

Chapter 4 outlines the simulation of the floating inductor and capacitance

multiplier circuit. It describes the two novel topologies using only VDTAs and a



grounded capacitor. The influences of the VDTA non-idealities on the performance
of the simulators are discussed in detail. The developed simulators can be tunded
electronically, and do not require any component-matching condition. All the
capacitors are grounded, hence suitbale for monolithic design. The characteristics of
the proposed simulator circuits have been demonstrated using PSPICE simulation.

In chapter 5, a detailed discussion on the simulation of an electronically tunable
FDNR simulator circuit is given. The configuration is constructed with only three
VDTAs and two grounded capacitors without any external resistors. The presented
FDNR simulator exhibits electronic tuning of its D-element value via the bias currents
of the VDTAs. As application examples, the fourth-order Butterworth bandpass and
lowpass filters are designed based on the use of the proposed tunable floating FDNR
simulator. Finally, the theoretical formulations presented in this chapter are verified
by simulation results.

Chapter 6 of the dissertation describes the conclusion of the work done and also
lists some of the future work which can be carried out in this area.

Finally, appendices are given, which contain the detailed analysis of the

proposed simulators developed in this thesis.
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CHAPTER 2

Voltage Differencing Transconductance Amplifier (VDTA):

Characteristics, Historical Developments and Some Realizations

2.1 Introdliction

Ever since the introduction of the current differencing transconductance
amplifier (CDTA) in 2003, it has been successfully acknowledged to be a versatile
active building block in designing analog circuits [1]. The CDTA can be considered
as a collection of current differencing unit and multi-output transconductance
amplifier; it thus offers large dynamic range and wide bandwidth similar to its
current-mode counterparts such as a current differencing buffered amplifier (CDBA)
[2] and an operational transconductance amplifier (OTA) [3]. Various types of
CDTA-based a.pplications were and are being reported in the literature; see [4]-[12]
and the reference cited therein. On the other hand, due to its current-mode operation
nature, this element is therefore suitable for realizing of particularly current-mode
filters and oscillators. In order to achieve the inherent advantages of voltage-mode
signal processing, an innovative design which does not involve a current differencing
unit is highly desirable. Moreover, the disadvantage of this device when operating in
voltage-mode is that several external passive resistors are necessary at the input

terminals for current to voltage conversion.
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In 2008, a brief introduction of recently repdrted modern active building blocks
is given [13]. Among other things, the voltage differencing transconductance
amplifier (VDTA) is another modern active building block recently introduced. This
device was modified from the above mentioned CDTA device, in which the current
differencer at the front-end stage is replaced by the voltage differencing unit. The
VDTA is basically composed of two separate voltage-controlled current sources
(normally represented by OTAs) with the required number of outputs and these sub-
circuits are interconnected internally. This reveals that VDTA solutions offer
electronic adjustability through their two independent transconductance parameters,
and, thus the VDTA is quite suitable for electronically tunable active circuit synthesis.
Another advantageous feature of the use of the VDTA as an active element is that
compact structures in some applications can be achieved easily [13]-[14]. All these
advantages make the VDTA an alternative choice for the implementation of analog
signal processing circuits and solutions [15]-[21].

The main emphasis of this chapter is to address the basic concept of the VDTA
and its property. It lalso describes the historical developments of the VDTA element
in both CMOS and bipolar technologies, and some of VDTA-based basic circuit

blocks leading up to the development of analog signal processing circuits and systems.
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2.2 Description of VDTA

2.2.1 Ideal Behavior

As shown symbolically in Figure 2.1, the VDTA is a five-teminal active
building bleok, wheih consists actually of two interconnected transconductance stages.
Each of them provides two separate electronically tunable trnasconducances g.» and
8ns- A number of outputs of the first and second transconductance sction varies
according to the particular requirements of intended applications [14], [16]-[17],

which willl be discussed in the following section. The ideal operation of the VDTA

can be characterized by the following matrix equation:

LR PR [0\ 7D

i, 0 0 v,

I8 kY oty \OT 2T 2.1)
L 0 0 Ems |LV:

o U S (T s VS

From figure 2.1, the VDTA has a pair of high-impedance voltage inputs p and » and
high-impedance current terminals z, x+ and x-. This device consists of an input
voltage subtractor that transfers a differential input voltage (v,-v,) to the current
through the z-terminal (i;) by the first transconductance gain (g,7), and a dual output
transconductance amplifier that converts the corresponding voltage drop at the z-
terminal to currents at the x-terminals by the second transconductance gain (g,s). In

general, both transconductances of the VDTA are controllable electronically by

external supplied volatge or current.
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iy I+
Voo—21 p X+ 0 Vs
in VDTA ix—
Vho——— n z X-——ov,
Ve
(a)

(b)

Figure 2.1 : Ideal behavior of the VDTA.

(a) circuit representation (b) equivalent circuit

2.2.2 Non-ideal Behavior

In practice, the deviation from the ideal VDTA behavior can be divided into two
categories, 1.e. parasitic gain effects and parasitic impedance effects. Considering the
parasitics and transfer errors, the simplified equivalent circuit represented the

behavior of the non-ideal VDTA can be illustrated in figure 2.2 [19]. These result
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from the shunt parasitic impedances (R,/C,), (R//Cy), (RSIC.), (Ry+//Cy+) and (R,
/ICy.) appearing in parallel with the correspongihg terminal p, n, z, x+ and x-,
respectively. More specifically, Br and fs are the parasitic transconductance gains for
the first and second stages of the VDTA, respectively. These parasitic values slightly
differ from their ideal unit values by the effect of the VDTA tracking errors, those
absolute values being much less than unity. Therefore, for the non-ideal case, the

terminal relations of the VDTA describing in equation (2.1) can be rewritten by :

i T o 0 0
i 0 0 o |[v,
li: =t ﬁFng ) ﬂFng O i Vr.' (22)
i,w- 0 0 ﬂngS v:

_ix—_ 12 0 0 _ﬁngS_

Figure 2.2 : Non-ideal behavioral model of the VDTA including parasitic elements.

N7'8309
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2.3 Historical Developments and Some Realizations of VDTA

This section considers the design approaches for CMOS and bipolar VDTAs,
Various circuit configurations, which can be used to implement this element, will be

discussed in the following detail.

L it U U U

Figure 2.3 : Practical realization of VDTA using commercially available IC OTAs.

2.3.1 Practical VDTA Realization with Commercially Available IC OTAs

According to the basic concept of the VDTA element, it is actually composed of
two voltage-controlled current sources with the required number of outputs and these
sub-circuits are interconnected internally. An early practical realization of the VDTA
can be obtained by using commercially available IC OTAs, such as CA3080 from
Intersil [22], MAX435 from Maxim Integrated [23] and LM13700 by National

Semiconductor [24]. From the model behavior in Figure 2.1, the practical VDTA
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realization by using commercially available IC OTAs is represented in Figure 2.3.
For example, if the well- known OTA CA3080 having a differential input and a single
output is employed, the transconductances of the VDTA which are adjusted by two

external biasing currents and strongly dependent on the ambient temperature can be

given by, respectively, :

—_ IBF
Enr —2Vr (2.3)
— IBS
and g ms 2VT (24)

where Ipr and Ips are respectively the external DC biasing currents of the first and
second OTA, and Vr= 26 mV at 27°C is the usual thermal voltage given by kT/g, k=
Boltzmann’s constant = 1,38><‘10"23 J/K, T = the absolute temperature (in kelvins), and
g = 1.6x10™? Couloumb. H.owever, the common drawback of OTAs is the low-level
input voltage providing the linear mode of the amplifier. This can be in conflict with
the requirements for a large dynamic range of signals being processed. When the
VDTA is used to design for current-mode operation, the current limitations of the

device should also be carefully monitored.

2.3.2 Simple CMOS Realization of VDTA Using Floating Current Sources

In 2011, A. Yesil, F. Kacar and H. Kuntman have suggested a simple CMOS-
based VDTA circuit realization [14]. This technique is based on the use of a floating
current source (FCS) [25], which realizes the dual-output transconductance. A

complete implementation of this VDTA consisting of two Arbel-Goldminz
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transconductances is presented in Figure 2.4. The circuit was designed in the TSMC
(Taiwan Semiconductor) 0.35-zm CMOS process technology [Appendix A], and the
aspect ratios of the MOS transistors have been provided in Table 2.1. According to
the simulation results obtained from [16] and [20], the simulated performance of this

VDTA element is summarized in Table 2.2,

lfus

Figure 2.4 : Simple VDTA realization using two FCSs.

Table 2.1 : Transistor dimensions of the CMOS VDTA structure shown in Figure 2.4.

. Transistors - L (pm)-
S IM:‘II-MZ, s gL -
M3-Ma, M7-Mg 28 0.7
Myo-Mi2 21 0.7
M3, Mig 7 0.7
My-My7 8.5 0.7
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Table 2.2: Simulated performance of the two FCS VDTA given in Figure 2.4.

Transconductances gy,r and gps
0.173 mA/V 0.512 mA/V

(ng = ng)
p terminal and n terminal input

>2GQ >2 GQ
resistances (R, = R;)
z+ terminal output resistance >1MQ > 1 MQ
x+ terminal and x- terminal

> 1 MQ >1MQ
output resistances
3-dB frequency from p to z+

> 8§ MHz > 1 MHz
terminal

According to the input terminals, the output current at the terminal z (i) is

generated. The intermediate voltage at the terminal z (v;) is converted to the output

currents at the terminals X+ (i) and x- (7). In this case, the g, and g,s-values of

this element are determined by the output transistor transconductances, which can

respectively be approximated as :

ngE[

and EmsS = (

8182 ]J{ £384 J
8 t8 &3+ 84

£526 ]J{ 8188 ]
8578, \&1+8s

(2.5)

(2.6)

where g; = _|Ip; ,ucoxL—" is the transconductance value of the i-th transistor (i =1, 2,

T

..., 8), Ip; is the bias current of the i-th transistor, g is the effective carrier mobility,
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Cox 1s the gate-oxide capacitance per unit area, and # and L are the effective channel
width and length of the i-th MOS transistor, respectively.

The major drawback of the VDTA structure given in Figure 2.4 is that the
output resistance of the traditional FCS stage is not high enough for utilizing in some
application. In order to increase the output resistance, the improved FCS stage can be
employed [26]. Although the output impedance value obtained from this structure is
improved, the output voltage swing drops up to Vps(san.

To improve the output voltage swing of the VDTA in Figure 2.4, the CMOS
VDTA realization of Figure 2.5 is designed in which the simple current mirrors in
previous study are replaced with wide-swing cascade current mirrors [27]. In addition,
the terminal zc has been indicated in this structure and the copy of the current i. (i..) is
available at this terminal. According to principle current mirros, the advantage
features of the wide-swing cascade current mirror are superior to high accuracy and
high-output resistance. As a consequence, the minimum output voltage of the wide

swing cascade mirror is about 2V pgsan [28].
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Awl“ hml
e JH

Figure 2.5 : CMOS VDTA realization with improved cascode current mirrors.

2.3.3 CMOS VDTA Realization Based on Bulk-Driven CMOS Technique

For low-voltage low-power applications, the VDTA element can be
advantageous to implement with the utilization of the bulk-driven CMOS technique
[29]. Figure 2.6 shows the two-stage bulk-driven implementation of OTA. The first
combines of the bulk-driven differential input stage M, and M,, and the current mirror
M3 and M, acting as an active load. The second stage is a simple inverter Mg with
active load M;. The OTA output is connected to the output of the differential input
stage through the compensation capacitor C¢ and the resistor Rc, since the capacitor
Cc actually acts as a Miller capacitance in the output stage. By properly setting the
gate-source voltage to a value sufficient to turn on the transistor, then the operation of

the bulk-driven MOS transistor becomes a depletion type.
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Figure 2.6 : CMOS implementation of bulk-driven OTA.

Based on the above bulk-driven OTA, one possibility implementation of the
VDTA is shown in Figure 2.7 [30], which is realized by means of two OTAs of
differential input single output type (DISO) and single input differential output type
(SIDO). In DISO OTA of Figure 2.7(a), an additional bulk-driven voltage buffer
Mp-Mop 15 connected between the terminal n and Rgq1 to perform the high-input
impedance level. Clearly, the circuit behavior can be modeled as Figure 2.7(b). This
circuit is designed in the 0.18-zm MIETEC real CMOS process parameters with low

supply voltage, namely +0.6V, and the total power consumption was found to be 206

LW [31].
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Figure 2.7 : VDTA realization based on bulk-driven OTA.
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As it is seen from Figure 2.7(b), the VDTA transconductance parameters gms
and g.s can be tuned conveniently by adjusting the feedback resistors Rag1 and Rugp,
respectively. Straightforward analysis of the equivalent circuit of Figure 2.7(b) leads

to the relations for the resulting variation of g, by Raq, as follows:

gml
Eur =TT m 2.7)
g 1+ gmlRaa_'fl
ng
and g =282 (2.8)
- 1+ gm2Raaji2

It is obvious from above relations that the transconductance g.r (0r gms) can be
changed from g, (or g.2) to zero, when changing the value of Regi (or Raug) from

zero to infinity.

2.3.4 Modified VDTA with MO-CCIl

In 2014, the lately modified VDTA has been developed by J. Jerabek, R. Sotner
and K. Vrba [21]. Figure 2.8 illusirates the CMOS transistor-level structure of the
modified VDTA, which was supplemented by the well-known structure of multi-
output second-generation current conveyor (MO-CCII). This configuration is mainly
composed of two OTA sections and one MO-CCIL In this structure, the MO-CCII
functions as a dual-output current follower that helps to obtain the required number of
current outputs of the first OTA stage, and the transistor-level solution of both OTA
sections has been adopted from the structure presented in [16]. It should be
mentioned that, in case of the first OTA section, the number of current outputs can be

changed easily according to particular requirements. The modified VDTA of Figure
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2.8 was designed and simulated in the TSMC LO (Logic Process) EPI (Epitaxial
wafers) 0.18-zm CMOS technology [32] in PSPICE. Summary of the important

simulated performance of this VDTA element is provided in Table 2.3.

OTAR] section MO-CCII section OTA#2 section

=V

My M i
T |
Mz M| } ¢

M) Mo zl-

2
llou A
My
Mas

Figure 2.8 : Modified VDTA with MO-CCII section.

Table 2.3 : Performance data of the modified VDTA shown in Figure 2.8.

Tk < e Valne SN, Dvalue | Y
Parameter 1%  Jreedo Nialik oo B mpAY
5 ) S e A ) s T = 0.
Transcondudtances F and g ' ' | I
T, 0.115 mA/V 0.789 mA/V
(ng = ng)
p terminal and n terminal input
. >1 GG >1GQ
resistances (R, = Ry)
z+ terminal output resistance
1.33 MQ 187 kQ
(R:+)
z1- terminal and Z,- terminal
149 kQ 149 k3
output resistances (R:i-= Ra.)
x+ terminal and x- terminal
) 663 kQ 93 kQ2
output resistances (R = Ry)
3-dB frequency from p to z+
) >1 GHz >1GHz
terminal
3-dB frequencies from p to z;-
) 290 MHz 146 MHz
and p to z;- terminal
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2.4 Basic Analog Functions Using VDTAs
In the following, we present a brief summary of some of the basic analog
function realizations using VDTAa as fundamental active elements, which have been

proposed from time to time.

2.4.1 Voltage Lossy Integrator
An electronically controllable voltage lossy integrator can easily be obtained
using single VDTA and grounded capacitor as shown in figure 2.9. Since i = ZmFVin
and iy = -gmsV: = -EmsVo, the current summation at the terminal z will be
iit+i, =lo

or ngvr‘n n ngvo = SCVO (29)

From above equation, the voltage transfer function of the circuit can be written as :

Yo, (___—g L ] (2.10)
v ng + SC

n

Clearly, the circuit in Figure 29 acts as an electronically variable voltage lossy

integrator.
+o— P X+ 1
Vin VDTA -
e L S Vo
z_l Iy

C=TI='lch

Figure 2.9 : VDTA-based voltage lossy integrator.



2.4.2 Current Lossless Integrator

Similarly, the tunable current lossless integrator circuit can be easily realized
by using a single VDTA and grounded passive components, as depicted in Figure
2.10. With i- = gurvin = Enlin/sC) and i, = gmsV- = Zms(i-R), then the corresponding
relation of the ideal integrator in Figure 2.10 becomes :

i sC

n

] R
_lo_ EnrEms (211)

+ P X+ —0

VDTA

iin )
4.._0-
- o; n 7z X f———0»0
R %lz}

Figure 2.10 : VDTA-based current lossless integrator.

2.4.3 Voltage Proportional Block
Figure 2.11 illustrates the voltage proportional block based on the realization
with a single VDTA. As can be seen, we can write the current at the terminal z as
follows :
i =i (2.12)
where i- = Zmivi and  in = ZmsV: = ZmsVo Consequently, its voltage transfer

relationship can be found to be :

Yo o Eup 2.13)

vin g mS
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As expressed by equation (2.13), this circuit performs as an electronically controllable
voltage amplifier without needing any external passive resistors. Also from equation
(2.13), it is worth mentioning here that the volateg transfer gain can be tuned linearly
and electronically through adjusting the transconductance ratio (gn//gms). In addition,
the usage of any external passive resistors is not necessary for this structure, which is

especially important for achieving higher integration.

+o——— P x+ —__L

Vip VDTA bl

- —?_—— n 7z X- OV,
z-l i

Figure 2.11 : Simple voltage proportional block using single VDTA.

2.4.4 Current Proportional Block
Another canonical structure is shown in Figure 2.12. As shown in the figure,
the current proportional block can be realized very conveniently using a single VDTA
with the following current realtion :
i = =i, =~ 8uV2) (2.14)
and i, = g.sV- (2.15)

Combining equation (2.14) into equation (2.15), and rearranging leads to

‘o Bns 2.16)

Zin g ml
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The gain of this block is electronically adjustable by controlling gms and/or gur.

Lo,
I B Ll
i - VDTA i
o— n 7 x-

Figure 2.12 : Simple current proportional block using single VDTA.

2.5 Sub-conclusion

This chapter mainly concentrates on the essential characteristics of the VDTA
including the detailed circuit descriptions, and circuit parameters. It also briefly
describes the historical developments and some basic entities leading up to the
implementation of VDTA elements. The great merit of the YDTA-based circuit
realization is that the two separate transconductance gains are available as a design
parameter. Thus, the need for external passive resistors is of course eliminated, which
can be very conveniently implemented in monolithic form. In addition, this chapter
also explains the basic VDTA-based active building blocks, which will be used
simple VDTA realization using two FCSs in the design of impedance simulator

circuits in all subsequent chapters.
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CHAPTER3

Generalized Tunable Impedance Multiplier

3.1 Introduction

An impedance multiplier is a kind of active circuit that effectively inflates the
impedance presented by the load. Accordingly, the generalized impedance multiplier
is a useful element for various functional analog applications, such as active filters,
oscillators, biasing and impedance matching, and cancellation parasitic elements. A
most appropriate application of the impedance multiplier is in the simulation of the
tunable passive element such as resistor (R), inductor (L) and capacitor (C). It may
also be used in IC fabrication for simulating large valued R, L and C. During the past
few years, several attempts to realize general impedance function simulators using
various analog active building blocks have been presented in the open literature [1]-
[13). However, they still suffer from the following weakness. For example, the
works presented in [1]-[9], [14] contain three or more active devices. In[1]-[8], [10]-
[13], they cannot be adjusted electronically.

Although a large number of modern electronic active building blocks have been
reviewed and considered as alternatives to the classical voltage-mode operational
amplifier [15], the voltage differencing transconductance amplifier (VDTA) has been
found to be particularly attractive in various analog signal processing and signal

generating applications [16]-[19]. This device combines the advantages of voltage
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differencing unit and the transconductance amplifier. Survey of literature reveals that
little attention has been paid for implementing such type impedance function
multiplier topologies by employing'VDTAs as active elements [20]-[21].

Considering these facts, in this chapter, an actively generalized impedance
multiplier using VDTAs as active elements is introduced. This multiplying circuit
comprises only two VDTAs and the scaling impedance. The proposed impedance
multiplier circuit can provide electronic control to grounded impedance functions, ie.
resistor, capacitor and inductor, by means of transconductance gains of the VDTAs.
The multiplier does not require critical active and passive component matching
conditions and/or cancellation constraints for its realization. The non-ideal analysis
and the sensitivity study of the proposed circuit are investigated in detail. Some

simulation results are used to support the theoretical analysis.

3.2 Circuit Description

The configuration for realizing electronically tunable impedance multiplier is
depicted in Figure 3.1. It uses only two VDTAs and one grounded scaling
impedance. The use of grounded passive impedance makes the proposed circuit
suitable for monolithic integrated circuit (IC). Using the VDTA relationship given in
equation (2.1) and by doing routine circuit calculation, the input impedance (Z;,) of

the proposed circuit in Figure 3.1 can be found as [Appendix B.1] :

Z =n K7 3.1)

n
lin
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where K = Snr28ns2 - (3.2)

EmF18ms1

and gnm and gs are the transconductance gains of the i-th VDTA (i = 1,2). Itis
evident from equation (3.2) that the proposed circuit of Figure 3.1 simulates the Z,-
impedance multiplier with a multiplication factor K. Also note that the multiplication

factor K is controlled electronically by the ratio of VDTA transconductance gains.

ir’n
+ O— n X+ X+
VDTA VDTA

[ @ s @

Figure 3.1 : Electronically tunable generalized impedance multiplier circuit

with only two VDTAs.

In above expressions, if Zx = Zre = sLy is taken, then an inductance multiplier
simulator can be obtained as
Z, =sKL =sL, (3.3)
where the realized equivalent inductance value (Leg) is found as:

L,=KL (3.4)

On the other hand, if Z, = Z¢x = 1/sC, is chosen, equation (3 .1) becomes :

K 1
2 T = .5
"osC, sC (3-3)

eq
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Thus, the circuit of Figure 3.1 realizes the capacitance multiplier whose an equivalent
value is given by :
C, === (3.6)
If Z, = Zpe = Ry, the circuit simulates the resistance multiplier with the value of
R, = KR, (3.7)
From above expressions, it can be concluded that the realized Leg, Ceq and Req can be

tuned by means of the transconductances gy and gmsi.

3.3 Effect of Tracking Errors

In case of the non-ideal characteristic condition, the VDTA terminal relations
from equation (2.2) is considered. Taking into account the VDTA non-ideality, an
input impedance of the configuration in Figure 3.1 can be modified as [Appendix

B.2]:

Z = (ﬂF2ﬂS2ng2gm32 ]Zx (3.8)
BeiBs18nm&msi

where B and S are the transconductance tracking errors for the first and second
stages (fBr and fs) of the i-th VDTA (i =1, 2), respectively.
Normalized active and passive sensitivities of Z;, are calculates as [Appendix
B.3]:
Sgr =S5 =-1 (3.9)

§in = §%n = (3.10)

Bra Bs2
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and Sy =1 (3.11)

which are less than unity in magnitude. Therefore the proposed simulator of Figure

3.1 exhibits low active and passive sensitivities.

3.4 Performance Verification by Simulations

To confirm the results of the theoretical analysis discussed above, the proposed
general impedance multiplication circuit of Figure 3.1 has been simulated with
PSPICE program. For this purpose, The CMOS VDTA structure given in Figure 2.4
was realized in simulations using TSMC 0.35-4m CMOS technology. The aspect
ratios of the MOS transisters are also based on Table 2.1. The supply voltages were
chosen as : +V = -V = 1.5 V. The bias current Iz (= Jpr = Igs) is given externally to
control the transconductance parameter of the VDTA.

In case of the inductance multiplier, the circuit of Figure 3.1 was realized by
taking the following active and passive components : gnri = gmsi = 0.38 mA/V (Ipri =
Igsi = 20 wA), and L, = 0.1 mH. With these component values, the value of the
realized equivalent inductance is Ly = 0.1 mH. Figure 3.2 shows the simulated
waveforms of the input voltage and current through the proposed inductance
multiplier circuit of Figure 3.1, when a sinusoidal input voltage signal with 100 mV
peak value at frequency /= 100 kHz was applied to the circuit. From the figure, it
can be measured that the phase shift between the voltage (vin) and current (im)

approximately 88°, which corresponds to the theoretically predicted equal to 90°.
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Figure 3.2 : Waveforms of input voltage and current

for the realized inductance multiplier circuit of Figure 3.1.

In order to demonstrate the electronic tuning property of the grounded
inductance multiplier circuit in Figure 3.1, the multiplication factor K was adjusted to
the following values :

B K=0.1(gur =038 mA/V, gns1 = 0.95 mA/V, gum = gnsz = 0.19 mA/V);

(i) K=0.5(gnm =0.38 mA/V, gus1 =0.53 mA/NV, gnm = gms2 = 0.38 mA/V);

(i) K= 1 (gmm = Zns1 = mr2 = gus2 = 0.38 mA/V);

(iv) K =5 (gur1 = 8ns1 = Enr2 = 0.38 MA/V, gusz = 1.37 mA/V);

(v) K=10(gur1 = 8ns1 = 0.19 mA/V, gnm = 038 mA/V, gns2 = 9.53 mA/V).

The above settings lead to obtain the realized equivalent inductance value Leg
as : 0.01 mH, 0.05 mH, 0.1 mH, 0.5 mH and 1 mH, respectively. Figure 3.3
illustrates the corresponding impedance characteristics of the multiplier circuit in

Figure 3.1 with respect to frequencies for five different values of K. As can be seen
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from Figure 3.3, the impedances increase with the frequency and the proposed

inductance multiplier circuit operates pretty well between 30 kHz and 10 MHz.

10M i
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Figure 3.3 : Ideal and simulated impedance responses of the inductance multiplier

circuit in Figure 3.1 for different values of the multiplication factor X.

To further evaluate the performance of the multiplier circuit shown in Figure
3.1, the grounded capacitance multiplier circuit is simulated with the following
components : gusi = gpsi = 0.38 mA/V and C, = 0.1 nF. The simulated results of the
time response analysis for i, and v;, are given in Figure 3.4 with 100 mV (peak) sine
wave at 100 kHz input. It can be observed that the realized impedance exhibits a
positive 91° phase shifting as expected. In the same manner, the frequency responses
of the proposed capacitance multiplier for five different values of X, are also shown in
Figure 3.5. The simulations were done by varying K= 0.1, 0.5, 1, 5, 10 with the same

component values setting as mentioned above. This results in the values of the
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realized equivalent capacitance C,, as : 1 nF, 0.2 nF, 0.1 nF, 0.02 nF and 0.01 nF,

respectively. From Figure 3.5, we can see that the circuit operates correctly along the

frequency range from 1 kHz to 400 kHz.
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Figure 3.4 : Waveforms of input voltage and current

for the realized capacitance multiplier circuit of Figure 3.1.
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Figure 3.5 : Ideal and simulated impedance responses of the capacitance multiplier

circuit in Figure 3.1 for different values of the multiplication factor X.
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3.5 Sub-conclusion

This chapter has been presented the simple realization scheme of an
electronically tunable impedance multiplier circuit based on VDTAs. The proposed
impedance multiplier circuit is realizable by only two VDTAs and a single scaling
impedance, thus results in a canonical structure and suitable for IC implementation.
The simulated equivalent values of the presented impedances, namely L., C., and
Re4, can be adjusted electronically via the biasing currents of the VDTAs. Simulation
results based on TSMC 0.35-um CMOS process parameters have been performed and

the resuits well confirm the theoretical expectation.

3.6 References

[1] M. T. Ahmed, I. A. Khan and T. Parveen, “Wide range electronically tunable
component multipliers”, International Journal of Electronics, vol.65,
pp.1007-1011, 1988.

[2] C. Toumazou, F. J. Lidgey and D. G. Haigh, Analog IC Design: The Current
Mode Approach, (London, U.K.: Peter Peregrinus), 1990.

[3] K. Pal, “Floating inductance and FDNR using positive polarity current
conveyors”, Active and Passive Electronic Components, vol.27, no.2, pp.81-

83, 2004.



[4]

[3]

[6]

[7]

[8]

[9]

46

E. Yuce, O. Cicekoglu, S. Minaei, “Novel floating inductance and FDNR
simulator employing CCIl+s”, Journal of Circuits, Systems and Computers,
vol.15, no.1, pp.75-81, 2006.

C. Psychalinos, K. Pal, S. Vlassis, “A floating generalized impedance
converters with current feedback operational amplifiers, International
Journal of Electronics and Communications (AEU), vol.62, no.2, pp.81-85,
2008.

B. Metin, S. Minaei, “Parasitic compensation in CCl-based circuits for
reduced power consumption”, Analog Integrated Circuits and Signal
Processing, vol.65, no.1, pp.157-162, 2010.

R. A. Saad, A. M. Soliman, “On the systematic synthesis of CCll-based
floating stmulators”, International Journal of Circuit Theory and
Applications, vol.38, no.9, pp.935-967, 2010.

A. M. Soliman, “Generation of generalized impedance converter circuits using
NAM expansion”, Circaits, Systems and Signal Processing, vol.30, pp.1091-
1114,2011.

A. Uygur, H. Kuntman, “Seventh-order elliptic video filter with 0.1 dB pass
band ripple employing CMOS CDTAs”, International Journal of

Electronics and Communications (AEU), vol.61, pp.320-328, 2007.



[10]

[11]

[12]

[13]

[14]

[15]

47

A. Lahiﬁ, “DO-CCII based generalized impedance converter simulates
floating inductance, capacitance muitipliers ans FDNR”, Australian Journal
of Electrical and Electronic Enginerring, vol.7, no.1, pp.15-20, 2010.

E. Yuce, “On the impelementation of the floating simulators employing a
single active device”, Intermational Journal of Electronics and
Communications (AEU), vol.61, no.7, pp.453-458, 2007.

B. Metin, O. Cicekoglu, “A novel floating lossy inductance realization
topology with NICs using current conveyors”, IEEE Transactions on
Circuits and Systems-II : Analog and Digital Signal Processing, vol.56,
pp-483-486, 2006.

B. Metin, “Supplementary inductance simulator topologies employing single
DXCCII”, Radieengineering, vol.20, no.3, pp.614-618, 2011.

P. Mongkolwai and W. Tangsrirat, “Generalized impedance function simulator
using voltage differencing buffered amplifiers (VDBAS)”, Proceedings of the
International MultiConference of Engineers and Computer Scientists
2016 (IMECS 2016) Vol II, , March 16-18, Hong Kong, pp.609-612, 2016.

D. Biolek, R. Senani, V. Biolkova, Z. Kolka, “Active elements for analog
signal  processing: classification, review, and new proposals”,

Radioengineering, vol. 17 no. 4, pp.15-32, 2008.



[16]

[17]

[18]

[19]

[20]

[21]

48

A. Yesil, F. Kacar, H. Kuntman, “New simple CMOS realization of voltage
differencing transconductance amplifier and its RF filter application”,
Radioengineering, vol. 20 no.3, pp. 632-637, 2011.

J. Satansup, T. Pukkalanun, W. Tangsrirat, “Electronically tunable single-input
five-Output voltage-mode universal filter using VDTAs and grounded passive
elements”, Circuits, Systems and Signal Processing, vol.32, pp.945-957,
2013.

J. Satansup and W. Tangsrirat, “Compact VDTA-based cwrent-mode
electronically tunable universal filters wusing grounded capacitors”,
Microelectronics Journal, vol.45, no.6, pp.613-618, 2014.

D. Prasad, D. R. Bhaskar, “Eléctronically controllable explicit current output
sinusoidal oscillator employing single VDTA?”, ISRN Electronics, vol. 2012,
Article ID 38256, 5 pages, doi: 10.5402/2012/382560, 2012.

W. Tangsrirat and S. Unhavanich, “Voltage differencing transconductance
amplifier-based floating simulators with a single grounded capacitor”, Indian
Journal of Pure & Applied Physics, vol.52, no.6, pp.423-428, 2014,

S. Unhavanich, P. Mongkolwai and W. Tangsrirat, “Simulation of frequency-
dependent negative resistance (FDNR) using voltage differencing
transconductance amplifiers (VDTAs)”, Proceedings of Annual Conference
on Engineering and Information Techmnology (ACEAIT-2015), Osaka,

Japan, 22-24 March, pp.489-496, 2015



CHAPTER 4

Floating Inductance and Capacitance Simulators

4.1 Introduction

Floating inductance and capacitance simulator circuits are very useful active
building blocks in many applications such as active filter design, sinusoidal oscillator
design and cancellation of parasitic elements. This is due to the well-k.noyvn fact that
the use of the physical inductor and capacitor, particularly of large values, is either not
permitted or is unwanted in the integrated circuit technology, because their
characteristic are far from the ideal behavior, and it requires a large chip area.
Although on chip inductors in spiral is a new research area, they still occupy a large
chip area and have low quality factor (Q), and their values are very small, usually in
order of 1 nH. Accordingly, to overcome these limitations, many circuits for the
simulation of floating inductor and capacitors using various active elements have been
introduced in the literature [1]-[16]. A survey of the literature shows that the floating
simulator realizations in [1]-[16] still suffer from the following weakness :

(i) they require more than one active or one passive components for floating
inductance simulation [1], [5]-[16];

(i) they have either two of more active devices or more than one passive
element for floating capacitance simulation [2]-[5], [7], [11], [13], [15]-[16];

(iii) they use some floating passive components [1]-[2], [4], [71-[9], [14];
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(iv) they employ any external passive resistors [1]-[2), [4], [71-[91, [11], [13]-
[15];

(v) they cannot be tuned electronically [1]-[2], [4], [6]-[9], [13]-[14].

In recent years, great emphasis has been placed on the use of new active
elemeénts in various analog active circuit designs, e.g., amplifiers, oscillators, filters or
more generally, analog signal processing circuits [17]. The voltage differencing
transconductance amplifier (VDTA) is a recently introduced active element. This
element is composed of the current source controlled by the difference of two input
voltages and a multiple-output transconductance amplifier, providing electronic
tuning ability through its transconductance gains. Therefore, the VDTA device is
very suitable for electronically tunable active circuit synthesis. Another advantageous
feature of the use of the VDTA as an active element is that compact structures in
some applications can be achieved easily {18]-[23]. All these advantages make the
VDTA an alternative choice for the implementation of voltage-mode analog signal
processing circuits.

In this chapter, two novel topologies ‘for realizing a floating inductor and a
floating capacitor employing VDTA as a novel active element are discussed. The
proposed inductor is generated with only one VDTA and one grounded capacitor,
while the proposed capacitor is generated with two VDTAs and one grounded
capacitor. Both of the floating simulators can be tuned electronically through the

transconductance parameter of the VDTA. They also do not require any realization



51

conditions. Since the circuits are composed of only grounded capacitor without
requiring any external passive resistor, they are canonical structures and quite suitable
for fully integrated circuit design [24]. Some applications together with the
simulation results are also given to illustrate the performance of the proposed floating

simulator circuits.

4.2 Description of the VDTA-based Floating Inductance Simulator
The proposed floating inductance simulator circuit is shown in Figure 4.1. It is
composed of one VDTA and one grounded capacitor, without needing an external
passive resistor. Straightforward analysis of the floating inductor in Figure 4.1 yields.
the following short-circuit admittance matrix [Appendix C.1] :
P ) o
{ e e Sty ) A

or we can obtain the following input impedance :

C
Z, = s( . J £330 (4.2)
g i g ms

It is clearly seen from above expression that the circuit of Figure 4.1 can simulate a
floating inductor with an equivalent inductance value Le; = C1/gnrgms. Also note that
the value of L., can be adjusted electronically through either g, or g,s of the VDTA.

In addition, if we let vj = 0 or v; = 0, then the proposed circuit can be used as a

grounded inductor.
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Figure 4.1 : VDTA-based floating inductance simulator circuit.
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Figure 4.2 : VDTA-based floating capacitance simulator circuit.

4.3 Description of the VDTA-based Floating Capacitance Simulator
Figure 4.2 shows the proposed floating capacitance simulator circuit. It should

be noted that the structure in Figure 4.2 is obtained from Figure 4.1 by replacing the

capacitor C; with the circuit of Figure 4.1. Therefore, an input impedance of the

circuit can be given by [Appendix C.2] :
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Z, = _Bura8nsz  _ 1 (4.3)
SczngEngl SCeq

Here, the parameters gz and gns; represent the transconductances g,,r and g,s of i-th
VDTA (i =1, 2), respectively. One can see from equation (4.3) that the circuit shown

in Figure 4.2 realizes a floating capacitor whose the simulated equivalent capacitance

is found as : Ceq = CngFlngllngngSZ-

4.4 Analyses of Non-Ideal and Parasitic Effects

In this section, the non-ideal performance and the effect of parasitic elements
are examined. It may be useful to discuss the VDTA non-ideality in the following

subsections.

4.4.1 Non-Ideal Gain Effects
To evaluate the effects of the non-ideal gains at high frequencies, we first
assume that frequency-dependent transconductance gains of the VIDTA can each be

described using a single-pole model as follows [25] :

ng<s)=~———1g'"F° (4.4)

+ STF

and Ems (5) =550 (4.5)
+ STS

where gy and gnso are the transconductance gains at low frequencies, @r = 1/7r and
ws = 1/75 are the corresponding pole frequencies. In general, the values of these poles

will depend on practical implementation of the VDTA. Combining equations (4.2)-
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(4.5), the frequency-dependent input impedances of the floating simulator circuits in

Figures 4.1 and 4.2 can be re-written, respectively, as follows [Appendix C.3] :

Zin _:( Sq }{:(S-I_Q)F)(S-I_QJS)] (46)
ngOganO Dp mS
and Z = [ Ewr108msio ]{ Dy D, J{(S + @y )5 + a)sz)] 4.7)
SC28mr20&ms0 N\ PraWsy J (8 +@p X5 + @)

The above expressions illustrate that the useful operating-frequency regions of the
proposed floating impedance simulators in Figures 4.1 and 4.2 can respectively be
defined as [26] :

@ << min{oy, g} (4.8)
and o << min{o gy, @51, O, D50 } (4.9)
It is also considered from equation (4.7) that if @r = @wgm and ws; = @s, then the

effects of these parasitic poles can be ignored.

4.4.2 Parasitic Element Effects

Furthermore, parasitic impedances appearing at terminals of VDTA are
analyses. In order to consider these parasitic impedances, the non-ideal equivalent
circuit shown in Figure 2.2 can be used. Ideally, the parasitic resistances Rp, Ry, R:
and R, appearing in parallel, respectively, at corresponding terminals p, n, z and x are
approximately equal to infinity, and parasitic capacitances C,, C,, C. and C,
approximately equal to zero. Consider the simulator circuits in Figures 4.1 and 4.2
including parasitic elements given in Figure 2.2. We see that the z-terminals of the

VDTA in both circuits are terminated by grounded capacitors C; and C»; hence, these
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capacitors appear in parallel with the z-terminal parasitic (R.//C.). However, since the
external capacitors Cj and C; chosen in design are usually in excess to the expected
parasitic capacitance C, (C), C» >> (), this effect can be absorbed at working

frequencies. Therefore, the parasitic effect is not noticeable if the values of C; and C,

1 |
)

4.5 Simulation Results and Discussions

are chosen as ;

The behaviors of the electronically tunable resistorless floating inductor and
capacitor in Figures 4.1 and 4.2 have been demonstrated by PSPICE simulation. The
simulations were performed by using a CMOS realization as shown in Figure 2.4 with
DC supply voltages equal to +1.5V. The CMOS transistors in VDTA implementation
were simulated using 0.35-zm TSMC CMOS technology process parameters, where
the dimensions of MOS transistors are given in Table 2.1. In all cases, the floating
simulator circuits given in Figure 4.1 and 4.2 were simulated with C, = C; = 1 nF.

For the floating inductance simulator of Figure 4.1, the VDTA’s
transconductances were varied as : gy = gur = gus £ 0.27 mA/V (Iz = Ipr = Ips = 20
HA), g = 0.54 mA/V (Iz = 80 pA) and g, = 0.81 mA/V (Ip = 180 xA) for simuiating

Leg=13.74 mH, 3.43 mH, 1.52 mH, respectively.
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Figure 4.3 : Ideal and simulated frequency responses of

the floating inductance simulator in Figure 4.1.

Mag. Phase
{QQ) (degree)
100M1 100 i 1 1T LTI i f
g, (mA/V)| Ideal | Simulated 17T
0 0.27 /
IM5  50-ti= o o054 |--—| —
Y IR
Kh‘E“"‘--.. "“-nh::&“ Vv 0.81
-""h..___‘_h "‘-hu...‘
10kt 0 e S S YR
‘E"h-.,,_- 1 ‘--“""q
h-"““*“‘_‘_%““‘::a~h"% /
haiy
B il
1001 -501™> O I
\\ "'“-."'-...*'_-- & (/,
\\e‘_\"l‘.‘“‘& >J o "
A o TTF-P' i ﬁ, : .....-i..
1k 10k 100k 1M 10M
Frequency (Hz)

Figure 4.4 : Ideal and simulated frequency responses of

the floating capacitance simulator in Figure 4.2,



37

Likewise, for the floating capacitance simulator of Figure 4.2, the
transconductance values were selected as : g2 = g = gnsz = 0.27 mA/V, and g, =
8nr1 = Ems1 = 0.27 mA/V, 0.54 mA/V and 0.81 mA/V, which results in : C,; = 1 nF,
0.25 nF, 0.11 oF, respectively. The impedances of the simulator circuits of Figures
4.1 and 4.2 relative to frequency are also shown in Figures 4.3 and 4.4, respectively.
It appears from both figures that the ideal and simulated magnitude and phase

responses are in good agreement for a set of selected values.

4.6 Applications to Active Filter Realizations

As an example to demonstrate the performance of the derived inductance
simulator of Figure 4.1, the fifth-order lowpass Butterworth filter shown in Figure 4.5
was designed with the de-normalized cut-off frequency of f, = @/27z = 300 kHz..
The circuit was simulated with the ideal inductor and our proposed floating inductor.
For this purpose, the component values of the proposed floating inductor in Figure 4.1
were taken as follows : g, = 0.27 mA/V, C; = 1 pF for Legy = Legs = 13.7 pH, and g, =
0.15mA/V, C, =1 pF for L.;3 = 44.5 H. The theoretical and simulation results for

the filter of Figure 4.5 are given in Figure 4.6.
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Figure 4.5 : Fifth-order lowpass Butterworth filter with /o = 300 kHz.
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Figure 4.6 : Ideal and simulation results obtained from the filter of Figure 4.5.

Furthermore, to demonstrate an application of the realized floating capacitor of
Figure 4.2, it is employed in the RLC bandpass filter as shown in Figure 4.7. The
floating capacitor circuit is simulated with the following component values : C; = 1
nF and gur = gus1 = Zmm = Zmsz = 0.27 mA/V (Ipr = Ips1 = Ipm = Ipsy = 20 pA),

which results in C,,= 1 nF. Figure 4.8 shows the frequency responses of the bandpass
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filter of Figure 4.7, which appears that the ideal and simulated magnitude and phase

responses are in good agreement for a set of selected values over several decades.
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Figure 4.7 : RLC bandpass filter.
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Figure 4.8 : Ideal and simulated frequency responses of Figure 4.7.

Moreover, in order to demonstrate the electronic controllability of the proposed

floating capacitor, the value of C,, in Figure 4.7 was adjusted to 1 nF, 0.25 nF and

0.11 nF, by changing gmm = gms1 = 0.27 mA/V, 0.54 mA/V and 0.81 mA/V,

respectively, while keeping gmm = gnsy constant at 0.27 mA/V. This tuning leads to
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obtain the center frequency f; = 0.5 MHz, 1 MHz and 1.5 MHz, respectively. The
simulated magnitude responses of the bandpass filter in Figure 4.7 with electronically

variable C,, are depicted in Figure 4.9. From the results, the corresponding f. are

obtained as : 0.49 MHz, 0.94 MHz and 1.39 MHz, respectively.
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Figure 4.9 : Simulated magnitude responses of Figure 4.7

with electronically variable Ce,.

4.7 Sub-conclusion

In summary, floating inductance and capacitance simulation schemes have been
described in this chapter. They are realized using only a single VDTA for inductance
simulation and needing two VDTAs for capacitance simulation. Both of the
simulators employ only a grounded capacitor, which is suitable for integrated circuit

implementation. The values of the simulated inductance and capacitance are tunable
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by adjusting the bias current of the VDTA. The usefulness of the introduced

simulator circuits is demonstrated on the filter design examples.
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CHAPTER 5

Simulation of Frequency-Dependent Negative Resistance

5.1 Introduction

Frequency-Dependent Negative Resistances (FDNRs) are very useful elements
for the design and synthesis active filter. Also, FDNR can be used in applications of
using floating inductance [1]. Several FDNR implementations using various active
devices were proposed in. literature [2]-[9]. However, the works in [2]-[8] require at
least three passive components and most of them are floating. In [9], at least four
active components were realized. As mentioned earlier in the previous chapter, the
voltage differencing transconductance amplifier (VDTA) has been introduced in [10]
as an alternative active building block for implementing analog signal processing
circuits. This element is composed of the current source controlled by the difference
of two input voltages and a multiple-output transconductance amplifier, providing
electronic tuning ability through its transconductance gains. This means that the
VDTA device is very suitable for electronically tunable active circuit synthesis.
Another advantageous feature of the use of the VDTA as an active element is that
compact structures in some applications can be achieved easily [11]-[15].

Considering this fact, the objective of this chapter is to present an alternative
approach of the floating FDNR simulator topology. The realized FDNR consists of

three VDTAs and two grounded capacitors; accordingly, it is suitable for integrated
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circuit (IC) implementation point of view [16]. The D-element value of the simulated
FDNR circuit can be tuned electronically tunable through the transconductance
parameters of the VDTAs. As application examples, the designs of fourth-order
Butterworth bandpass and lowpass filters based on the use of the proposed FDNR
simulator have been demonstrated. Computer simulations are also performed to show

the characteristics of the simulator circuit, and to verify the mathematical analyses.

5.2 Proposed Floating FDNR Simulator Circuit

Figure 5.1 shows the proposed floating FDNR simulator circuit. This
simulation contains only three VDTAs and two grounded that is beneficial from the
fabrication point of view. The admittance matrix for the configuration of Figure 5.1

can be derived as the following expression [Appendix D] :

[%‘Ijlz SZCIC?.nglngl l:+1 _]':l{vljl i (51)
12 nglngngSB . 1 + 1 v2

or the input admittance of the simulator is realized as :

v = SZ(M&J =s'D (52)

in eq
ng2 ngiingB

Equation (5.2) reveals that the circuit of Figure 5.1 realizes a floating FDNR with an

equivalent D-element (D,,) given by:

D — [ CICngFlngl J | (5'3)

eq
g mF Zg mF3 g mS3
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From equation (5.3), it is easy to see that the D.,~value of the FDNR can be tuned by
electronic means through either g, or gns of the VDTAs. In addition, if we let v; =0

or v; = 0, then the tunable grounded FDNR can easily be realized.
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Figure 5.1 : Proposed VDTA-based floating FDNR. simulator circuit.

5.3 Simulation Results and Performance Verification

In order to evaluate the behavior of the simulator circuit in Figure 5.1, the
computer simulation with PSPICE program has been performed. In simulations, the
VDTA was performed by the schematic CMOS implementation given in Figure 2.4
with supply voltages +V = .V= 1.5 V. The CMOS transistors in VDTA
implementation were simulated the 0.35-gm CMOS technology extraced from TSMC

company. The dimensions of MOS transistors are given in Table 2.1.
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As an example, the component values were chosen as : C) = C; =1 nF, gum =
8ms1t = gmr2 = gns2 = 0.60 MA/V (Ips1 = Ipst = Ip;r = Ipsz = 100 pA), and gurs = gmns3 =
0.77 mA/V (I = Igs3 = 200 gA), which results in D., = 1 fFs. Figure 5.2(a) shows
the frequency response of the impedance of the proposed floating FDNR simulator
circuit in Figure 5.1 relative to frequency. It can be observed that the circuit operates
pretty well between 20 kHz and 2 MHz. To further demonstrate the electronic
tunability of the proposed FDNR, the simulator was also simulated by varying gusm =
gmsa = 0.77 mA/V, 0.93 mA/V and 1 mA/V, to obtain D,, = 1.00 fFs, 0.66 fFs, and
0.50 {Fs, respectively. The frequency characteristics of the inductance simulator for
various gnm values are shown in Figure 5.2(b). As depicted in Figure 5.2, the
simulation results are in close agreement with the prediction, and confirm that the
value of D,, can be adjusted electronically by the transconductance gain of the

VDTA.
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Figure 5.2 : Simulated frequency responses of impedance of
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5.4 Application Examples

In this section, the realized floating FDNR simulator in Figure 5.1 is used in the
RLC fourth-order Butterworth- bandpass filter prototype shown in Figure 5.3(a),
where R) = R =1 Q, L, = 0.225 u4H, C3 = 1.225 4F, L4 = 11.25 H, Cs = 22.5 nF
[17]. This filter is designed to obtain fourth-order Butterworth characteristic whose
bandwidth and center frequency are B = 32 kHz and f, = 316 kHz respectively. By
applying Bruton transformation [18] and using magnitude scaling constant (%, = 10%)
and variable impedance scaling method, i.e. dividing the impedance of each element
in the Figure 5.3(a) by k,, the RLC passive filter is converted into CRD filter as
shown in Figure 5.3(b) where all FDNRs are realized using the realized FDNR circuit

of Figure 5.1,
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Figure 5.3 : Fourth-order Butterworth bandpass filter.

(a) RI.C passive prototype (b) equivalent CDR circuit with FDNRs,
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In Figure 5.3(b), the resulting circuit components are obtained as : 'y = 1 nF,
R'2 =225 Q, D'3 = 11.25 fFs, R's = 11.25 kQ, D's = 11.25 aFs, and C's = 1 nF.
According to these component values, the voltage transfer function of the bandpass

filter in Figure 5.3(b) is given by :

(4.043x10'0)s? (5.4)
st +(2.843%10%)s% + (7.925x 1012352 + (1.121x 10'8)s + (1.554 x 1025)

H{s)=

The magnitude and phase characteristics of the filters are shown in Figure 5.4(a)
and 5.4(b), respectively. From the figures, it appears that the theoretical and
simulated results are in good agreement.

To illustrate another application of the proposed FDNR simulator, a fourth-
order Butterworth lowpass filter shown in Figure 5.5(a) was designed and simulated.
In Figure 5.5(a), the normalized component values are Rg= R, =1 Q, L) = 0.7654 H,
Cy, = 1848 F, Ly = 1.848 H and C4 = 0.7654 F [19]. By applying Bruton
transformation [18] and selecting %, = 1.59 x 10 and frequency scaling constant k=
628.32 x 10°, the prototype RLC passive filter in Figure 5.5(a) can be transformed to
the CRD filter as shown in Figure 5.5(b) where the elements D), and D'y were
constructed using the proposed FDNR simulator circuit in Figure 5.1. As a result, the
de-normalized component values of Figure 5.5(b) were obtained as : Cs= C; = 1 nT,
R''=122kQ, D'y =294 {Fs, R's =2.94 kQ and D'y = 1.22 fFs. The simulated gain
and phase characteristics of the fourth-order Butterworth lowpass filters in Figure

5.5(b) are displayed in Figures 5.6(a) and 5.6(b), respectively.
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Figure 5.5 : Fourth-order Butterworth lowpass filter.

(a) RLC passive prototype  (b) equivalent CDR circuit with FDNRs

5.5 Sub-conclusion

This chapter describes an electronically tunable floating FDNR simulator circuit
based on the use of the voltage differencing transconductance amplifier (VDTA) and
only two grounded capacitor. The important gain of floating FDNR simulator is that
its value can be adjusted electronically by changing bias currents of the VDTAs. To
demonstrate the performance of the proposed circuit, 1t is used to construct fourth-
order Butterworth bandpass and lowpass filters. PSPICE simulation results verify that
the performances of the proposed circuit and its applications are in good agreement

with the prediction of the analysis performed.
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CHAPTER 6

Conclusions and Suggestions

6.1 Conclusions and Discussions

In conclusion, the main contribution of this dissertation is the design and
synthesis of floating immittance function simulator with electronically controllable
property. A recently introduced active building block, namely voltage differencing
transconductance amplifier (VDTA) has been employed to implement various
actively simulated immittances, such as impedance multiplication, inductance and
capacitance simulations, as well as frequency-dependent negative resistance (FDNR).
The key performances of the developed ﬂoating.immitta.nce function simulators are
the gain adjustment fiexibility with the help of electronically controlled
transconductance parameters of the VDTA. With respect to the design, all the
simulated active circuits requires minimum passive components, all of which are
grounded. Some illustrative applications on the continuous-time filter constructed
with the realized simulator circuits were also discussed and investigated. The
feasibility of all simulators developed in this thesis is verified with PSPICE
simulations using TSMC 0.35-gm CMOS real process parameters. The comparison
with the theoretical expectation demonstrates that the proposed ones have some

advantageous features over available literature.
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MultiConference of Engineers and Computer Scientists 2016 IMECS 2016), Vol
II, 16-18 March, Hong Kong, pp.585-589, 2016. [5]

e W. Tangsrirat, T. Pukkalanun, S. Unhavanich, “Simple realization of
BiCMOS current-controlled conveyor transconductance amplifier (CCCTA)”,
Proceedings of Annual Conference on Enginecring and Information Technology

(ACEAIT-2014), 28-30 March, Tokyo, Japan, pp.1244-1250, 2014. [6]

All the published papers can be found in Appendix E.

6.2 Suggestions for Future Work

With respect to the above discussion, the author believes that there is always
room for future work and domains for more exploration. According to the work,
interesting topics for future study can be, which may facilitate further work.

As previously discussed in section 2.3.2, the output resistance of the VDTA
structure given in Figure 2.4 is not enough high for some given signal processing
applications. This is mainly caused by the performance of the traditional floating
current source (FCS) stage used for realizing the g,-cell of the VDTA. Therefore, a
simple suggestion one is, of course, that the performance improvement of the FCS
should be further developed and investigated in order to increase the output resistance

value of the VDTA.



81

Another drawback of the VDTA using two Arbel-Goldminz transconductors is
that the output voltage swing is restricted at about ¥pgsay. Therefore, a suggestion for
further work may be to go for the design of this circuit with a modified architecture so
that the whole structure becomes high-output voltage swing.

For the proposed floating FDNR of Figure 5.1, we found that the configuration
was constructed with three VDTAs, which significantly requires a large chip area and
a high-power consumption in case of integration. Thus, a challenging question for the
further study is that how we can reduce the number of VDTAs without losing the
features of the VDTA-based FDNR realization. As a result, the circuit can reduce
hardware and power consumption. It is also advantageous in terms of saving chip

area from the point of view of integrated circuit implementation.
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APPENDIX A
SPICE Model Parameters

TSMC 0.35 tm n-well CMOS Real Process

TSMC (Taiwan Semiconductor Manufacturing Company, Ltd.)

NMOS TRANSISTOR

MODEL CMOSN_TSMC35 NMOS LEVEL=3
+TOX=7.9E-9 NSUB=1E17 GAMMA=0.5827871

+PHI=0.7 VTO=0.5445549  DELTA=0

+U0=436.256147 ETA=0 THETA=0.1749684
+KN=2.055786E-4 VMAX=8309444E4 KAPPA=0.2574081
+RSH=0.0559398  NFS=1E12  TPG=l

+XJ=3E-7  LD=3.162278E-11 WD=7.046724E-8
+CGDO=2.82E-10 CGSO=2.82E-10 CGBO=1E-10
+CJ=1E-3 PB=0.9758533 MJ=0.3448504

+CISW=3.777852E-10 MISW=0.3508721
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PMOS TRANSISTOR

.MODEL CMOSP_TSMC35 PMOS LEVEL=3
+TOX=7.9E-9 NSUB=1E17 GAMMA=0.4083894
+PHI=0.7 VTO0=-0.7140674 DELTA=0

+U0=212.2319801 ETA=9.999762E-4  THETA=0.2020774
+KP=6.733755E-5 VMAX=1.181551E5 KAPPA=1.5
+RSH=30.0712458 NFS=1E12  TPG=-1

+XJ=2E-7 LD=5.000001E-13 WD=1.249872E-7
+CGDO=3.09E-10 CGSO=3.09E-10 CGBO=1E-10
+CJ=1.419508E-3 PB=0.8152753  MIJ=0.5

+CJSW=4.813504E-10 MISW=0.5



APPENDIX B
Performance Analysis for the Generalized Tunable

Impedance Multiplier of Figure 3.1

B.1 Derivation for the Input Impedance (Zin)

By superimposing all the signal currents on the corresponding terminals of the
tunable impedance multiplier in Figure 3.1, the configuration can be redrawn as
Therefore, the derivation of the small signal input

illustrated in Figure B.l.

impedance (Z:) of this circuit is given below.

iin

+

l—' Vin

ixl = EmsiVz

inl =0
—

ixz

by

Z

VDTA

®

i,,2=0

l b = Ems2Ve
+

Z. Yz

Zin ) L I_E =
Figure B.1: Configuration for determining the input-impedance function of

the impedance multiplier circuit in Figure 3.1.

Applying Kirchoff’s current law (KXCL) at the input terminal, the summation of
the currents can be given by
ir‘n + ixl = in]

Now i, =0, gives
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i, =—i, . - (B.1)
With equation (2.1), the current 7 at the terminal x+ of the VDTAI can be
calculated as :
Iy = &ustV: - (B.2)
By substituting equation (B.2) into equation (B.1), then we have
L = g =~ 8&psiV: - (B.3)
Also, from equation (2.1), the output currents flowing out from the z-terminals
are determined as, respectively, :
)= 8ur (vp] V) =8 (O—v,)==8mVin . (B4)
and Iy = & (sz V) =82 (0=V,2) ==gumZiisy . (B.5)
Based on the same basic VDTA characteristic, the current i,» of VDTA2 1is
exactly the same as equation (B.2), so that
Lo = EmsaVs - (B.6)

Combining equations (B.5), (B.6) and (B.6), we find that

. g?}! 1, ZI ’
1:2 = _ngngS2va: :( Fzg &2 Jlr'n . (B7)
ngl
Similarly, KCL at the node z gives
=i, . (B.8)

Substituting i.; from equation (B.4) and i» from equation (B.7) into equation
(B.8) yields

ngngS2Zx J :

- ng']vin =7 lr’n . (B9)
[ ngl

Therefore, we can now compute the input impedance Z;, as :



VA

n

=Y _

lin

(

g mE ngSZ

Enri8msi

|

VA

X
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(B.10)
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B.2 Effect of the VDTA Tracking Errors

Taking into account the non-ideal relationship, the terminal characteristics of

the non-ideal VDTA can be rewritten as :

EA R 0 0
i, 0 0 o |[v,
i: = ﬂFng _ﬂFng 0 A V" s (B.l].)
ix-l- 0 0 ﬂsgms v:

e L 0 0 —Bs8us ]

where S and fs are respectively the voltage tracking errors for the first and second

stages of the VDTA. Reanalysis the circuit configuration of Figure B.1 with equation

(B.11), the input impedance function for this case can be derived as follows.

Consider the VDTA1, we have for the input current (i) at the terminal +x as :

S R (B.12)
where the current 75 can be defined from equation (B.11) as :
by = Bsi8ms1Vs (B.13)
From above two equations, the input current (i) is then obtained as :
(B.14)

L = '_1x1 = _ﬂSIngIV:

n

Likewise, using equation (B.11), the output currents i.i, i and iy can also be

calculated as, respectively, :

i:l = ﬂFing! (vpl —vnl) = ﬂFlngi (0 _vin) = _.ﬂFlnglvin ’ (B\15)
i:2 = /BFngF2 (Vp2 —VnZ) = ﬂFngFZ (0 —vn?.) = _ﬁFngF2inx2 » (B16)
(B.17)

and o= Bs18ms2V-
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Also, taking i = -iz, and substituting iy, from equation (B. 17) yields

ﬂF2/BSngF2ngZZx } (Bl 8)

— Bri&mmVin = _( in s
B18ms1

which rearranges to

Z = _‘i:_ — (ﬁF2ﬁSngF2ng2 sz . (B.19)
Ly B\ Ps1&mm Emst
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B.3 Analysis of Active and Passive Sensitivities

The term “sensitivity” is used to express the degree of influence of a variation in
the value of one (or more) component on the performance of the circuit in which it is
embedded. In general, the relative sensitivity of a parameter Y to the component of

variation x can be defined as:

G %change in G _ (AG/G)x100%
= - = s (B.20)
o%change in x  (Ax/x)x100%

which can be manipulated in the following form :

4Gy - (B.21)

In the case of general impedance multiplication function in Figure 3.1, the
sensitivity of Z;, with respect to active and passive components are defined as
follows :

g2 _x0Z, (B.22)
A a7~

In order to demonstrate this matter, let us consider the generalized tunable

impedance multiplier circuit in Figure 3.1, where its non-ideal input impedance is

found as :

Z = }’ﬂ _ (ﬁF2ﬂ82ng2ng2 J z (B.23)
Iy Be1Psi&nmi8nsi

For example, from equation (B.22), the critical active sensitivity of Z; to the

variations in fr is therefore given by
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oz
San = P (B.24)
" Z, 0fm
Inserting Br from equation (B.23) into (B.24) results in
a(ﬂF2ﬁS2ng2gm32 JZX
§Zn = Bry Bi1 P18 i msi
Br T
[ﬂﬁzﬂszgmngmsz }Z 6( FI)
1 BriBsi8nmi8ms ; )
_ B [ﬂFZﬂSngFngSZZx ][ Gl Il
(ﬁpzﬂszgmngmszzj.,} i 55188 ms) OBy
i P18 mr st
7 (ﬂm)z ("‘D(ﬁm)_z =] (B.25)

Above expression readily indicates that the 7, -sensitivity with respect to G is equal
to -1. In the same manner, it is easy to show that the sensitivities of the input
impedance Z;, with respect to the deviations in the active and passive component

values are calculated to be :

Son =<1 (B.26)
Zin _ QL _
Sﬂm = Sﬁsz — (B'27)
and Sn=1 . (B.28)

Clearly, it is obvious from equations (B.26)-(B.28) that all the active and passive
sensitivities of Z, of the impedance multiplier in Figure 3.1 are within unity in

magnitude.



APPENDIX C
Performance Analysis for Floating Inductance and

Capacitance Simulators Proposed in Chapter 4

C.1 Derivation for the Input Impedance (Z;) of the Floating

Inductor in Figure 4.1

According to the VDTA-based floating inductance simulator structure of Figure
4.1, it can be redrawn as illustrated in Figure C.1. Therefore, a detailed analysis for

determining the short-circuit admittance matrix equation of the scheme is as follows.

Iy.= =ZmsV
X EmsVz

Vio p X-
l—» A VDTA
Vg O— n Z X+
Z,'n i ix+=ngVz
Ch T l i :ng(Vl"v2)

Figure C.1 : Configuration for determining the input impedance of

the floating inductor circuit in Figure 4.1.



93

Considering i) = -iy. and i; = -i,+, the input currents #; and i, are

z.1 = _ix— = _(_ngv:) = ngV: H (C‘l)
and = ~lo = =8usV: (C2)
where yo=| i =] B |y =) (C.3)

oAsC )T LG,

Substituting v. from equation (C.3) into (C.1) and (C.2), yields

i =, =[———g"jj§"“” J(vl =) . (C4)
1

Now, the input impedance (Z;,) for the simulator in Figure C.1 can be derived as :

Z,-,,=["IT"-’~J=—["'T"2J={ & J (€5)
b IZ ngng

where the realized equivalent inductance can be computed as :

C
Leq =[ 1 J : (C.6)
Ems Emr
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C.2 Derivation for the Input Impedance (Z;,) of the Floating

Capacitor in Figure 4.2

Consider the circuit configuration of Figure C.2(a). It is obvious that this
configuration is obtained from the scheme of Figure C.1 by replacing the capacitor C;
with VDTA2 and the capacitor C». Therefore, the input impedance of the circuit can

be derived as follows,

f[ ‘__‘ il
Vre p X- Vie P VvDTA X[ —

X+

..........................................

inp=0 .= -gms2Vr |
p2 X Ems2Vz2 |

P vDTA X

®

[z 1
Cy =|'= o= gmﬂ(‘;zl) ;
Tt

X+

...........................................

Figure C.2 : Configuration for determining the input impedance of

the floating capacitor circuit in Figure 4.2.
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By inspection of Figure C.2(a), if we now let that VDTA2 and C; perform as the
impedance Z,. Hence, analysis of the input impedance Z;, of this simulator can be

done in the same previous steps. As a result of equation (C.5), the Z;, is found as :

i ) Enr1&ms1Z -

where Z_ =— . (C.8)

To find the relationship between v.; and i, Kirchoff’s current law (KCL) is

utilized. From KCL at the node z1 of Figure C.2(b), we obtain

iy $,L =00, (C.7)
where 0/ SN (C.8)
and ol I.:2 — Emr2¥:1 ) (C.9)

Voy =
£G) Gy

Substitution of equations (C.8) and (C.9) into (C.7) yields

. . mF V:
1:I_gm52vz2=l:l_gm82[g !g ]]=O . (C]-O)
s 2

Rearranging above equation gives

7 =Ya_ sC,

I Ewr2&ms2

(C.11)

Combining equations (C.7) and (C.11) shows that the input impedance Z;, for

the floating capacitance simulator of Figure C.2(a) is :

) 1
Zi" — ngngS_ — : (C12)
SCZ Enr18ms1 Sceq



which gives the equivalent capacitance :

eg —
8mr28ms2

C28r18ms)
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(C.13)
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C.3 Effect of the VDTA Non-Ideal Gains
At high-frequency operation, the frequency-dependent transconductance gains

of the VDTA can each be characterized by the following single-pole model :

EmF0

5)=-SmE0 C.14

EmF(5) 14575 ( )

and g5 (s)=-2m50 (C.15)
1+s7

where gnm and gaso are the transconductance gains at low frequencies, aF = 1/z7 and
@s = 1/7 are the corresponding pole frequencies. In general, the values of these poles
will depend on practical implementation of the VDTA.

Now, substituting gms(s) from equation (C.14) into (C.5) for gmr and rearranging

leads to

Zm:( sC, ]{(Sﬂ-a),,-)(s-ira)s)] (C.16)

& nro&mso WO

Also, inserting equation (C.15) into equation (C.12), and solving this for Z; of

Figure C.2(b) gives

z, =[ Emr10&msio J( @51 Ws) Jl:(s + O Y8+ a’sz)} (C.17)

SC, 8,208 ms20 N Ora@s3 (8+ @p )5+ @)



APPENDIX D
Derivation for the Input Admittance (Y;,) of the Floating

Frequency-Dependent Negative Resistance in Figure 5.1

Reconsider the proposed VDTA-based floating FDNR shown in figure 5.1.
Here, to derive the input admittance (¥},), its configuration is shown again in Figure
D.1(a). The derivation for ¥, proceeds as follows.

With the same principle as section C.2, the input admittance looking into the

terminals p and n of the VDTAL1 is thus equal to :

1 i I} -
Ym = =[ ' J= _[ 2 ]= nglngIZ:-: E] (Dl)
Z, v~V L

where A= S (D.2)

A simplified circuit used to determine the equivalent impedance Z. is shown in

Figure D.1(b). From this circuit, we find that :

i:i + ix— = 0 H (D3)
Where ix— = _ngBV:.'i = —[@Jiﬂ s (D4)
sC,
L3 = &ursVps = Eur3Vea = [i”g,3 Ji_-z . (D.5)
1

and Ly = 8ur2Vp2 = Emr2Ver (D.6)
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Vv D
1@ VDTA X
i
Y 0 z x+ |::>
L 7 Y,
Zj" m
ul Vel iiz
I
P vDpTA * o vyDTA X

> s

____________________________________________________________________________

Figure D.1 : Configuration for determining the input admittance of

G T l I35 Em2V:1 t

ig = ix-='gm.93v:3 _
I— VDTA X 7 . VDTA *
—r 7 x‘+ p 1 X+
[ Lol

v:i
C,

the floating FDNR circuit in Figure 5.1.

Substituting for i.3 from equation (D.6) in (D.5), we find

Emra8mr
[ a8 mJV_-:
sC,

Also, using equation (D.7) in (D.4) yields

2:3 =

Enr28mr3&mss

s’C,C,

1

; H

T l =37 misVpa
1

Vp3 =V ¥ ’

(D.7)

(D.8)
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Thus, substituting equations (.8) into (D.3) yields

: ngngF3ngB
i, = V. . D.9
7 { 32C1C2 J = ( )

Rearranging above equation, we get

2
s°C,C,
gml"zngngSB

7. == (D.10)
l_-'l

Therefore, from equations (D.10) and (D.1), we now obtain the input admittance

function of the configuration shown in Figure D.1 as follows :

vy = 1 =S2{C1C2nglgm81]=S2Deq X (D.11)
Snr28mr3&mss

where the realized equivalent D-element can be obtained as

Deq Ay CICngFIng! ] (D12)
ngZ ngngSB
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The part of this dissertation leads the research papers that can be published in
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(Impact Factor 2012 = 0.854).
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single grounded capacitor
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Two simple configurations for simulating the resistorless floating inductor and capacitor using voltage differencing
transconductance amplifier (VDTA) as & novel active element have been presented in this paper. The proposed floating
simulated inductance circuit uses only one VDTA and one grounded capacitor, whereas the proposed floating simulated
capacitance circuit uses two VDTAs and one grounded capacitor. The equivalent values of the realized simulators can be
tuned electronically through the transconductance parameter of the VDTA. Both of the circuits also do not require any
realization conditions. The proposed circuits together with their applications are demonstrated using PSPICE simulation

with 0.35 um TSMC CMOS technology.

Keywords: Voltage differencing transconductance amplifier, Floating inductance simulator, Floating capacitance simulator

1 Introduction

Floating simulator circuits are very useful active
building blocks in many applications such as filter
design, oscillator design and cancellation of parasitic
elements. This is due to the well-known fact that the
use of the physical inductor and capacitor, particularly
of large values, is either not permitted or is unwanted
in the integrated circuit technology. Accordingly,
many circuits for the simulation of floating inductor
and capacitors using various active elements have
been introduced in the literature'S. A survey of the

literature  shows that the floating simulator
realizations’'® still suffer from the following
weakness:

(i} More than one active or one passive component
for floating inductance simulation'”® js
required,

(ii)} They have either two of more active devices or
more than one passive element for floating
capacitance simulation?®7! 1131516

(iii}y They use some floating passive
components"2'4'7'9‘l4.

(iv) They employ any  external  passive
resistorg 2491315

(v) They cannot be tuned electronically'* &% 1344,

In recent years, great emphasis has been placed on
the use of new active elements in varions analog

active circuit designs, e.g., amplifiers, oscillators,
filters or more generally, analog signal processing
circuits'”. The voltage differencing transconductance
amplifier (VDTA) is a recently introduced active
element. This element is composed of the current
source controlled by the difference of two input
voltages and a multiple-output transconductance
amplifier, providing electronic tuning ability through
its transconductance gains. Therefore, the VDTA
device is very suitable for electronically tunable
active circuit synthesis. Another advantageous feature
of the use of the VDTA as an active element is that
compact structures in some applications can be
achieved easily'™'®. All these advantages make the
VDTA an alternative choice for the implementation of
voltage-mode analog signal processing circuits.

Two topologies for realizing a floating inductor and
a floating capacitor employing VDTA as a novel
active element have been presented. The proposed
inductor is generated with only one VDTA and one
grounded capacitor, while the proposed capacitor is
generated with two VDTAs and one grounded
capacitor. Both of the proposed floating simulators
can be tuned electronically through the
transconductance parameter of the VDTA. Since the
circuits are composed of only grounded capacitor
without requiring any external passive resistor, they
are cancnical structures and quite suitable for fully
integrated circuit design'®, Some applications together
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with the simulation results are also given to illustrate
the performance of the proposed floating simulator
circuits.

2 Basic Concept of the VDTA

As symbolically shown in Fig. 1, the VDTA is a
versatile active building block, where p and »n are
high-impedance input terminals and z, x+ and x— are
high-impedance output terminals. The terminal
relations of this device can be characterized by the
following matrix equation’”® :

’: ng _ng 0 VP
i.x+ =/ 0 0 Ems Yn h ( 1)
ix_ 0 0 "‘gms V:

where g,r and g,.s are the first and second
transconductance gains of the VDTA, respectively.
From Eq. (1), the differential input voltage from the
terminals p and n is transformed into output currents
at the terminal z with first transconductance gain

x+
vp o——— P X+ —=0V,,
; VDTA i
1, x-
Vpo—— n Xe——ov,

Fig. 1 — Electrical symbol of VDTA

+V
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(gmr). The voltage drop at the terminal z (v,} is
transformed into output currents at the terminal x+
and x-with second transconductance gain (g.s). In
general, the transconductance gains of the VDTA are
electronically controllable.

Recently, the simple CMOS realization of the
VDTA is introduced”, Figure 2 shows the internal
structure of the circuit, which is composed of two
Arbel-Goldminz transconductances®™. In this case, the
8mi~ and g,s- values of this element are determined by
the output transistor transconductance, which can
respectively be approximated as:

P E[ 815> J_{ &384 J D
s1t8 83184

and

gmsE[ 856 ]+( 2185 ] 03)
&5+ 8¢ &7 18

where g, = |5 uC e is the transconductance value
8 Bi ox L‘

of the i-th MOS transistor (i = 1, 2, ..., 8), Ip; the bias
current, u the effective carrier mobility, C,, the gate-
oxide capacitance per unit area and W and L are the
effective channel width and length of the i-th
transistor, respectively.

3 Proposed Floating Inductor
The proposed floating inductance simulator circuit
is shown in Fig. 3. It is composed of one VDTA and

Fig. 2 — CMOS implementation of the VDTA derived from Ref.(18)
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one grounded capacitor, without needing an external
passive resistor. Straightforward analysis of the
proposed floating inductor in Fig. 3 yields the
following short-circuit admittance matrix:

]1 =ngng + -1 Vl (4)

or we can obtain the following input impedance:

Zir: = 'S—Cl— = SLeq fee (5)
8imr 8ms

It is clearly seen from expression given in Eq.(5)
that the circuit of Fig. 3 can simulate a floating
inductor with an equivalent inductance value L., =
Ci/gumrgms. Also mote that the value of L., can be
adjusted electronically through either g, or g,s of the
VDTA., In addition, if we let V|, =0 or V, = 0, then the
proposed circuit can be used as a grounded inductor.

4 Proposed Floating Capacitor

Figure 4 shows the proposed floating capacitance
simulator circuit. It should be noted that the structure
in Fig. 4 is obtained from Fig. 3 by replacing the

1 J
Vie—= X+

VDTA

n Z X —‘
ZJIJ! i
N\
Fig. 3 — Proposed floating inductance simulator circuit

I J
Vl (= X+

,f:
I
=
! S
. ®§
[
I

Fig. 4 — Proposed floating capacitance simulator circuit

capacitor C; with the circuit of Fig. 3. Therefore, an
input impedance of the circuit can be given by:

EmF18ms1 = I (6)
5C18mra8msy  SCe

it

where the parameters g,m and gns represent the
transconductances g, and g.s of i-th VDTA
@i =1, 2), respectively. One can see from Eq. (6) that
the circuit shown in Fig. 4 realizes a floating capacitor
whose the simulated equivalent capacitance is found

as: ch - Clg:uF?ngZ/nglng!-

5 Analyses of Non-Ideal and Parasitic Effects

The non-ideal performance and the effect of
parasitic elements are examined. It may be useful to
discuss the VDTA non-ideality in the following sub-
sections.

5.1 Non-Ideal Gain Effects

To evaluate the effects of the non-ideal gains at
high frequencies, we first assume that frequency-
dependent transconductance gains of the VDTA can
each be described using a single-pole model as
follows :

1} EmFo (7)
ng (S) I+SfF
and = _&ms0 . (8)
Ens (8) 1+ 575

where gnro and g5 are the transconductance gains at
low frequencies, @ = 1/% and ax = 1/7; are the
corresponding pole frequencies. In general, the values
of these poles will depend on practical
implementation of the VDTA. Combining Eqgs (5)-(8),
the frequency-dependent input impedances of the
proposed floating simulator circuits in Figs 3 and 4
can be re-written, respectively, as follows :

Z,-,,=( sC; )[(s+a)F)(s+w_g)} (9

Emrodmso Wty

and
| _8wFi08msi0. J( D gy J[(S+QF2)(S+ a’sz)] L(1O)

Ziu [
5C\8ura08msan J\ Wratsy J| (5 + Op s + @)

Eqgs (9) and (10) indicate that the useful operating-
frequency regions of the proposed floating impedance
simulators in Figs. 3 and 4 can, respectively, be
defined as :
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ar<<min{ay, o) ..{(11)
and
@ << min{ap, By, Ops, B, } - ..-(12)

It is also considered from Eq. (10) that if @r; = @
and ak) = k., then the effects of these parasitic poles
can be ignored.

5.2 Parasitic Element Effects

Furthermore, parasitic impedances appearing at
terminals of VDTA are analyses. In order to consider
these parasitic impedances, the non-ideal equivalent
circuit shown in Fig. 5 can be used. Ideally, the
parasitic resistances R,, R,, R; and R, appearing in
parallel, respectively, at corresponding terminals p, n,
z and x are approximately equal to infinity, and
parasitic capacitances C,, C,, C, and C, approximately
equal to zero. Consider the proposed circuits in Fig. 3
and 4 including parasitic elements shown in Fig. 5.
We see that the z-terminal of the VDTA in both
circuits is terminated by a grounded capacitor Ci;
hence, C, appears in parallel with the z-terminal
parasitic (R,//C,). However, since the external
capacitor C, chosen in design is usually in excess to
the expected parasitic capacitance C, (C, >> G,), this
effect can be absorbed at working frequencies.
Therefore, the parasitic effect is not noticeable if the
value of C; is chosen as ;

1 «<r, -(13)
sC)

6 Performance Simulations and Applications

The performances of the proposed floating inductor
and capacitor in Figs 3 and 4 are shown by PSPICE
simulation. The simulations were performed by using

I % L
i R, c, R, Cio,
Vpcéhp %1— p Ideal X+[—* 1— I,x+_xbavr+
i, VDTA i
Y= n vX oo,
s i

Fig. 5 — Parasitic impedances of the VDTA
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a CMOS realization as shown in Fig. 2 with dc supply
voltages equal to £1.8 V. The CMOS transistors in
VDTA implementation were simulated using 0.35 pm
TSMC CMOS technology process parameters. The
dimensions of MOS transistors are given in Table 1.

The proposed floating simulator circuits shown in
Figs 3 and 4 were simulated with C, = 1 nF. For the
floating inductance simulator of Fig. 3, the VDTA’s
transconductances were varied as : g, = gur = gms =
0.27 mA/V (Iz = Ipr = Ips = 20 yA), g = 0.54 mA/V
(Iz = 80 HA) and Bm = 0.81 mAS/V (Ip = 180 HA) for
simulating L., = 13.74 mH, 3.43 mH, 1.52 mH,
respectively. Likewise, for the floating capacitance
simulator of Fig. 4, the transconductance values were
selected as : gu2 = gmre = gms2 = 0.27 mA/V, and g, =
EmF1 = gmsy = 0.27, 0.54 and 0.81 mA/V, which results
in : Cy = 1, 025, 0.11 nF, respectively. The
impedances of the simulator circuits of Figs 3 and 4
relative (o frequency are also shown in Figs 6 and 7,
respectively. It appears from Figs 6 and 7 that the
ideal and simulated magnitude and phase responses
are found to be in good agreement for a set of selected
values.

As an example to demonstrate the performance of
the derived inductance simulator of Fig. 3, the 5-order
lowpass Butterworth filter shown in Fig. 8 was
designed with the de-normalized cut-off frequency of
Je = @27 =300 kHz.. The circuit was simulated with
the ideal inductor and our proposed floating inductor.

Table 1 — Dimensions of MOS transistors of the VDTA
circuit as shown in Fig. 2

Transistors W {um) L (nm)
M- M, Ms—-M, 16.1 0.7
M3 — M, M; — M; 28 07
Mg—Mig, M]4—M]7 56 0.7
My, Mg 7 .7
Mag. Phase
(£ {degree)
100M 106G il
B RLH R NI L
5 i -l o
M TR g b'ﬂ”' e sp)
/ et ] "‘::"
ok o et LR “
oottt ’
Le— T Lt
e 4"_,.-": _5::-"' £, (mAY)| Ideal | Simulared §\
TSI i o v O 007 .
=2 son || — [T
[ v 03 |
! ] 10k 100k it 10M 1e0M

Frequency {Hz)

Fig. 6 — Ideal and simulated frequency responses of the proposed
floating inductance simulator in Fig.3
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f
Mag. Phasc
{§}) {degree)
100M71 100 T LTI 1
2y (mAV)| Tdeal rT(1]
M S04zt oy |— } ’
iﬂ—..:&t:_“‘_- 30.54 ---
—---1-3.._.__‘“_:-:.::__-...__:_N__.lll 04l
ki o0 A :....___--__-..__,.
i i
woi -sof™ o
\““:::::- I
1oy :ﬂk 100k oM

Frequency {Hz

Fig. 7 — Ideal and sirulated frequency responses of the proposed
floating capacitance simulator in Fig. 4

RS L:ql Leqi-\ LeqS

+
R=R,=410 = 13.7 uH
C,=C,=205nF L,q3= 44.5 1H

Fig. 8 — 5™-order lowpass Butterworth filter with f = 300 kHz
Gain  Phase
(dB) (degree)

% o L] T T 1710

= === Ideal

01 -125 \ .Y Simulated H-H
Ry

=
7
4

50 250 \\
(I
Ry By
1001 375 N
*-~-—'=\$__
<1504 500 !
10k 100k M 10M
Frequency {Hz)

Fig. @ — Theoretical and simulation results obtained from the
filter of Fig. 8

For this purpose, the component values of the
proposed floating inductor in Fig.3 were taken as
follows : g, = 0.27 mA/V, Cy = 1 pF for Ley = Legs =
13.7 4H, and g, = 0.15 mA/V, C, =1 pF for L3 =
44.5 yH. The theoretical and simulation results for the
filter of Fig. 8 are shown in Fig. 9.

Further, to demonstrate an application of the
proposed floating capacitor of Fig. 4, it is employed in
the RLC bandpass filter as shown in Fig. 10. The
floating capacitor circuit is simulated with the
following component values: C;=1 nF and g,m =

L =100 uH C;'
| »
4 oo A ° 4

vr'n R=1kQ vo

Co— & ')

Fig. 10 — RLC bandpass filter

Gain Phase
{dB} (degrec)
200 100

= Myt N ===~ Ideal

™t
I'H Simulated
o] 5o \,\:
o
Ll N T
LA N It
.20 - .
e | ‘\
L+ 4 N
|41 N \\
1 N

40 _50 1’/

=

\\“.
—L

61 100 t \T

1 10k 100k M oM LM

Frequency (Hz)

Fig. 11 — Ideal and simulated frequency responses of Fig.10

0
v L1 L.t "‘:'-i.%.
L PR Faid
—_— /’ - - \~
) P e 3.
=20 ‘ 2 BN
@ A1 N
] i1 A jeq N
ey A - &
a0 P 4 m——— G2 P (f,=05MH) ] 1]
- e —-- =€, 2025 aF (/.= | MHz)
Lol — = C,=0.1nF {/,= 1.5 MHz)
P i | I I
Ik 10k 100k 1M 16M 100M

Frequency (Hz)

Fig. 12 — Simulated magnitude responses of Fig. 10 with
electronically variable C;

&mst = gmr2 = Zms2 = 0.27 mA/V (Ippy = Iys) = Ippp =
Igsy = 20 pA), which results in C,, = 1 nF. Fig. 11
shows the frequency responses of the bandpass filter
of Fig. 10, which appears that the ideal and simulated
magnitude and phase responses are in good agreement
for a set of selected values over several decades.
Moreover, in order to demonstrate the electronic
controllability of the proposed floating capacitor, the
value of C,, in Fig. 10 was adjusted to 1, 0.25 and
0.11 nF, by changing g, = gus1 = 0.27, 0.54 and 0.81
mA/V, respectively, while keeping gum = gump
constant at 0.27 mA/V. This tuning leads to obtain the
center frequency f. = 0.5, 1 and 1.5 MHz,
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respectively. The simulated magnitude responses of
the bandpass filter in Fig. 10 with electronically
variable C,, are shown in Fig. 12. From the results,
the corresponding f. are obtained as: 0.49, 0.94 and
1.39 MHz, respectively.

7 Conclusions

The floating inductance and capacitance simulation
schemes have been described in the present paper.
They are realized using only a single VDTA for
inductance simulation and needing two VDTAs for
capacitance simulation. Both of the proposed circuits
employ only a grounded capacitor, which is suitable
for integrated circuit implementation. The values of
the simulated inductance and capacitance are tunable
by adjusting the bias current of the VDTA. The
usefulness.of the proposed circuits is demonstrated on
the filter design examples.
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SIGNAL FLOW GRAPH REALIZATION OF SINGLE-INPUT
FIVE-OUTPUT CURRENT-MODE UNIVERSAL BIQUAD USING
CURRENT FOLLOWER TRANSCONDUCTANCE AMPLIFIERS

WORAPONG TANGSRIRAT', SUMALEE UNHAVANICH

Key words: Signal flow graph (SFG), Current follower tranconductance amplifier
(CFTA), Biguad filter, Current-mode circuit, Resistor-less circuit.

In this paper, a design procedure for the realization of all current-mode biquadratic
transfer functions is presented. The synthesis technique is deduced from a signal flow
graph representation using current follower transconductance amplifiers (CFTAs). The
proposed configuration has single low-impedance input and five high-impedance outputs,
and comprises three CFTAs and two grounded capacitors. No passive resistor is required for
the circnit realization, thus it is an active-C structure suitable for integration.

1. INTRODUCTION

Recently, the conception of the current follower transconductance amplifier
(CFTA) has been introduced [1]. This device is slightly modified from the
conventional current differencing transconductance amplifier (CDTA) [2, 3] by
replacing the current differencing unit with a current follower. Thus, the CFTA
element is conceptually a combination of the current follower and the multi-output
operational transconductance amplifier. Consequently, several structures for
realizing current-mode active filters using CFTAs were developed [4-13].
Interesting circuit realizations of universal filters using signal flow graph (SFG)
can be found in {4-8]. However, the filter structures in [4, 5] require external
passive resistors. In [6], the circuit provides only three second-order filtering
functions at most. Moreover, the works in [7, 8] employ a lot of active components.

Therefore, this work largely focuses on presenting a general synthesis
procedure for realizing all standard second-order current transfer functions. The
proposed method is based on drawing a SFG directly from the given transfer function
and then obtaining, from the graph, the active C filter involving CFTAs. The
resulting circuit using only three CFTAs and two grounded capacitors simultaneously
realizes all the five standard second-order current transfer functions, namely

! Faculty of Engineeting, King Mongkut’s Institute of Technology Ladkrabang (KMITL),
Bangkok 10520, Thailand, E-mail : drworapong@yahoo.com.

Rev. Roum. Sci. Techn ~ Electrotechn. et Energ., 59, 2, p. 183-191, Bucarest, 2014
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lowpass (LP), bandpass (BP), highpass (HP), bandstop (BS) and allpass (AP). All
capacitors used are grounded, which make the circuit especially suitable for
monolithic implementation. Computer simulation results obtained from PSPICE
program illustrate the properties of the proposed design procedure.

2. CURRENT FOLLOWER TRANCONDUCTANCE AMPLIFIER (CFTA)

The CFTA device is mainly combined by the current follower and multi-
output transconductance amplifier. The circuit representation of the CFTA is
shown in Fig.1, where f'is the low-impedance input terminal and z, + x, x are the
high-impedance output terminals. The port relations of the CFTA can be described
by :

V=0, ;=ir and i = guvz, (1)

where g, is the transconductance gain of the CFTA. According to above terminal
equation, the current of z-terminal () follows the current of f terminal (7). The
voltage drop at z-terminal (v,) is then converted to currents at +x and —x terminals
by a transconductane g, and —g,, respectively. Generally, the g,, value is adjustable
over several decades by a supplied bias current/voltage, which lends electronic
controllability to design circuit parameters.

i TR p——o V¥,
Yyo—— f CFTA i
1

Fig. 1 — Circuit representation of the CFTA.

One possible implementation of CFTA in bipolar technology is shown in Fig. 2
[11, 12]. Transistors 01~Qs constitute a current follower stage that provides the
current through the z terminal to follow the input current at the f-terminal and also
exhibits the low-input resistance at the f terminal. The multiple-output
transconductance amplifier formed by transistors Or(»s will convert to the
currents . flowing through the x terminals. Thus, the transconductance (g,)
realized by the configuration in Fig. 2 is approximately found as :

lo
=9 2
Em Wy (2)
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where Vr is the thermal voltage (approximately 26 mV at 27°C) and J,, is the
external bias current of the CFTA.

o !
EN| l_g

M ORAON

Fig. 2 - Bipolar implementation of the CFTA.

3. SFG REPRESENTATION AND CFTA REALIZATION

In this section, a SFG representation and coresponding CFTA-based circuit
realization for a general biquadratic current transfer function synthesis are given.
The synthesis procedure is based on drawing the SFG of the biquadratic filtering
function, and then realizing the CFTA-C circuit from the given graph. In Fig. 3, the
SFG for realizing a current-mode universal biquadratic filter is shown, which
consists of two lossless integrators and unity-gain forward and feedback paths.
According to the well-known Mason’s gain formula [14], the cumrent transfer
functions of this graph can be expressed as :

lyp _ &' I bs 1y 1

= ——re—

3

LN Tute )Y CLAMP(s)
" =M fiﬂ,:?&‘ﬂ (3)
I D) 1, D)
and D(s)=bs" +bhs+1,

whete e, Ipp, I1p, I4p and Igs are the HP, BP, LP, AP and BS current responses,
respectively. It should be noted that all the five standard biquadratic current
transfer functions can be synthesized simultaneously from the graph of Fig. 3. This
means that any circuit deduced from the SFG of Fig. 3 will function as a universal
biquadratic filter.
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a b
le »
Xy
f CFTA +x 1——-’%
z X =,
'L (e
where r=— I
¢ d

Fig. 4 — Sub-graphs and their corresponding CFTA-C sub-circuit realizations,

Considering the SFG synthesis of general biquadratic current transfer
functions in Fig, 3. It is clearly seen that the graph consists of two basic operations,
which are multi-output current follower and current lossless integrator, as redraw in
Figs. 4 a and 4 c, respectively. Using the current and voltage relations of the CFTA.
given in equation (1), these two sub-graphs can be realized using CFTA by the
corresponding sub-circuits as shown in Figs. 4 b and 4 d, respectively, For the
CFTA-based realization, it can readily obtain the CFTA-C circuit by interconnecting
the sub-circuits of Figs. 4 b and 4 d according to the overall SFG representation of
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Fig. 3. Therefore, the CFTA-C circuit realizing universal second-order current
transfer functions can be shown in Fig. 5. For this realization, the configuration
containg three CFTAs as active elements and two capacitors as passive elements.
Note that the circuit uses only grounded capacitors that is suitable for the integrated
circuit implementation point of view, and also exhibits low~input impedance and
high-output impedance terminals that are desirable for cascading in current-mode
operation [9].

)/
” 4
1 L,
/ +X “X ap +X
-y CFTA ix CFTA 4y f—— CFTA 4y
+x +x I,
+x LP
zZ z  x z X :

i
II

I
i

Fig. 5 ~ CFTA circuit realization of the SFG in Fig.3.

From Fig. 5, the design equations can be obtained through comparing Fig. 3
with Fig. 5. The results are summarized as follows ;
LR Y/ dhaon
bl Em Ema

Above expressions indicate that the coefficients 5, ( = 1, 2) of the realized
functions can be tuned electronically by adjusting the g, value of the ith CFTA.

In all cases, the natural angular frequency (wo), quality factor (Q) and
bandwidth (BW) of the proposed filter are found as :

(4)

@y “‘ c.c, s (3)
Em2Cy

0= [, (©)
EmCs

It 1s to be noted from above relations that the resultant frequency filter
provides the possibility of electronic tuning the characteristic frequency w and
by the value of g,.;, independently of the parameter
Em
o

i

BW = 0
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4. NON-IDEAL ANALYSIS

In case of the non-ideal CFTA, the relationship of the terminal voltage and
current given in equation (1) can be rewritten as :

- vw=0, L=au and i =g,vs, (8)

where o = (1- g) and g (Jg| << 1) is the current tracking error from /'to z terminals
of the CFTA. Therefore, taking the non-idealities of the CFTA into account, the
modified parameters o, Q and BI¥ of the proposed filter given in Fig. 5 become :

®p = MO Ol £l Em2 , (9)
GGy
Q a u’2gm?.cl ’ (10)
v My 8, Co

BW:WIEmI ’ (11)
Gy
and
a’3gm3r23 (12)

1-ag(lt guarzs)

where o is the parameter o of the i-th CFTA, and ry; is the parasitic resistance at
the z-terminal of the CFTA3.

The active and passive sensitivities of the parameters ey , O and BW for this
biquad filter are calculated as below :

1

Wy - _a® 1
St~ 0G5 (13)

1

e _.g¢ __go_ge__1
Skerem = Sapgn =5 =56, =75 (14)

B

Sewem =55 =1 . (15)

Sensitivity analyses show that all magnitudes of wy, O and BW sensitivities
are found to be not more than unity in magnitude.
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5. PERFORMANCE VERIFICATION AND DISCUSSION

To verify the theoretical analysis, the proposed design procedure given above
has been simulated with PSPICE simulation program. To implement the CFTA
active device in simulations, the bipolar technology structure depicted in Fig.2 has
been employed [11, 12] using transistor model PR10ON (PNP) and NP10ON (NPN)
real process parameters. The DC supply voltages and bias current were selected as:
+V=-V=2V and Iy = 100 pA, respectively.

As an example, the illustrative CFTA-based second-order current transfer
function synthesis of Fig. 5 was designed with f; = wo2n = 159 kHz. For this
purpose, the de-normalized component value were chosen as; C; = Cy = 1 nF, gn =
1A mAN (Igy =74 ,J.A), g = 0.7 mA/V (lo: =37 H.A) and Em = 1 mA/V (o3 =52
HA). The simulated responses comparing with the theoretical values are shown in
Figs. 6-8, respectively. From the results, it can be seen that the simulation results
agree very well with theoretical predictions.
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Fig. 6 —Ideal and simulated results for the LP, BP and HP current responses
of the proposed circuit in Fig. 5.
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6. CONCLUSION

This work presents a synthesis procedure for realizing universal biquad filter
by a resistor-less circuit. By using the SFG representation, the universal filters can
be realized employing three CFTAs and two grounded capacitors. The resulting
circuit obtained from the presented method is a canonical structure and especially
suitable for integration. The proposed circuit can generate LB, BP, HP, BS and AP
simultaneously. It has low-input and high-output impedances, and also convenient
electronic controllability through the g, value of the CFTA.

Received on 18 July, 2013
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ABSTRACT

In this paper, the simple realization of an electronically controllable floating
frequency-dependent negative resistance (FDNR) simulator circuit is introduced. The
proposed FDNR simulator consists of solely three voltage differencing transconductance
amplifiers (VDTAs) and two grounded capacitors without needing external resistors. The
equivalent value of the realized D-element (D,) is electronically tunable by means of the
VDTA transconductance values. Application examples on the fourth-order Butterworth
bandpass filter realization using the proposed tunable floating FDNR are also performed. The
simulation results obtained from PSPICE using TSMC 0.35-ym CMOS technology have been
provided to confirm the theoretical analyses.

Keyword: Voltage Differencing Transconductance Amplifier (VDTA); Frequency-Dependent
Negative Resistance (FDNR), Floating Simulator

1. Introduction

Frequency-Dependent Negative Resistances (FDNRs) are very useful elements for the design
and synthesis active filter. Also, FDNR can be used in applications of using floating
inductance. Several FDNR implementations using various active devices were proposed in
literature [1]-[5]. However, the works in [1]-[4] require at least three passive components and
most of them are floating. In [5], at least four active components were realized. Recently,
the new active building block, namely voltage differencing transconductance amplifier
(VDTA), has been introduced [6]. This element is composed of the current source controlled
by the difference of two input voltages and a multiple-output transconductance amplifier,
providing electronic tuning ability through its transconductance gains. This means that the
VDTA device is very suitable for electronically tunable active circuit synthesis.
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The objective of this workis to present an altemative approach of the floating FDNR simulator
topology using only three VDTAs and two grounded capacitors. Accordingly, the simulatoris
very suitable for integrated circuit (IC) implementation point of view. The D-element value
of the simulated FDNR can be tuned electronically tunable through the transconductance
parameters of the VDTAs. As application examples, the design of fourth-order Butterworth
filter based on the use of the proposed FDNR simulator is demonstrated. PSPICE simulati ons
are also performed to show the characteristics of the simulator circuit, and to verfy the

mathematical analyses.

2. Principle of the VDTA Operation
2.1 Basic Concept
As symbolically shown in Fig.1, the VDTA device is an active five-terminal building block,
when p and n areinput terminals, and z, +x and -x are output terminals. The terminal relations
of this device can be expressed by the following matrix equation

iz Ems T Emr 0 Vp
Le |=] © 0 Ens | Vn (1)
Q 0 —Zus | Vs

where gmrand grps are the first and second transconductance gains of the VDTA, respectively.
From eq.(1), the differential input voltage from p and n terminals (Vp~w) 1s transformed into
the current through the terminal z (i) by the transconductance gz The voltage drop at the
terminal z () is then converted to output currents at the terminals +x (i,) and -x (i) by the
transconductance gns In general, the transconductance gains of the VDTA can be
controlled electronically by the external bias voltage/current,

] Ly
” X
—
Vi O] p X+ 0 V¥x-
i X-
il PN oy,

i

Figure 1. Electrical symbol of the VDTA,

490



123

M"&l—_‘

llss

I Mz

My

Figure 2. CMOS realization of the VDTA.

The simple CMOS realization of the VDTA is shown in Fig.2. In this case, the g and gys
values of this element are determined by the output transistor transconductance, which can

respectively be approximated as :

£182 £384
Emp = + (2)
- (8’1‘*‘82} [33+34J
and
mSE( 8586 }_[ 8788 J , (3)
&5t 8¢ 27 t8&s

where g; = /I BittCoyx -Ig-'- is the transconductance value of the i-th transister G =1, 2, ..., 8),

Iy is the bias current of the i-th transistor, x is the effective carrier mobility, C,; is the
gate-oxide capacitance per unit area, arid # and I are the effective channel width and length of

the MOS M,;, respectively.

3. Proposed Floating FDNR Simulator Circuit
Fig.3 shows the proposed floating FDNR simulator circuit. This simulation contains only
three VDTAs and two grounded that is beneficial from the fabrication point of view. The
admittance matrix for the configuration of Fig.3 can be derived as the following expression :

Hﬁﬁsﬂ[ﬂ —Tﬁ] @
] &mrogmy [-1 +1| 72
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where gni = gnmigms1 and gms = gmmgmss. Thus, the circuit of Fig.3 realizes a floating
FDNR with an equivalent floating admittance given by

2
= C
qu =52Deq - - 1 ngl (5)
mEF25m3

D =C'1C28m1 ) (6)

where o
EmF2Em3

From eq.(5), it is easy to see that the value of the FDNR can be tuned by electronic means
through either g or gus of the VDTA, In addition, if we let 7} =0 or V3 = 0, then the tunable
grounded FDNR can easily be realized.

i iy
: '],L""z ‘J”’j'l

P vpTA
Figure 3. Proposed floating FDNR simulator cironit.

4. Simulation Results and Performance Verification
To evaluate the behavior of the proposed circuit in Fig 3, it is simulated using PSPICE
simulation, In simulations, the VDTA was performed by the schematic CMOS
implementation given in Fig,2 with supply voltages of +V = -V= 1.8 V. The CMOS
transistors in VDTA implementation were simulated the 0.35 zm TSMC process parameters.
The dimensions of MOS transistors are given in Table 1.

Table 1. Transistor aspect ratios of the VDTA given in Fig.2.

Transistors W (zm) L (zm)
Mi - M2, Ms - Ms 16.1 0.7
Mz —Ma, M7 - M 28 0.7
Mo — M2, M4 — My 56 0.7
Misz, Mg 7 0.7

As an example, the component values were chosen as : C, = Cy =1 nF, gnp = Znsi = Zur2 = Ens2
=0.60mA/V (fgp; =lps1 =Ipm =Ipn =100 /.LA), and EmFi = E8msy & 0.77 mA/V (Igﬁs '—-"Lgsg =200
HA), which results in D, = 1 fFs.  Fig.4 shows the frequency response of the impedance of the
proposed floating FDNR simulator circuit in Fig.3 relative to frequency. It can be observed
that the circuit operates pretty well between 20 kHz and 2 MHz, To further demonstrate the
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electronic tunability of the proposed FDNR, the simulator was also simulated by varying g,.m
(= &ns3) = 0.77mA/V, 0.93 mA/V and I mA/V, to obtain D,, = 1.00 fF, 0.66 {Fs, and 0.50 fFs,
respectively. The frequency characteristics of the inductance simulator for various gz
values are shown in Fig.5. As depicted in both figures, the simulation results are in close
agreement with the prediction, and confirm that the value of D,, can be adjusted electronically
by the fransconductance gain ofthe VDTA.

Mugnitumde  Phase
(ohm)  (degres)
- ().
100Mq - 100 TTTTI -

/\ Simulated FDNR
Z. S - Ideal FDNR

8
N
/
/
//
\
\
AN

200 T

/]
3

14 2300
10k 100k 1M 1oM
Frequency {Hz2)

Figure 4. Magnitude and phase responses of the proposed FDNR in Fig.3.
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Figure 5. Electronic tuning of the D,,-value of the proposed FDNR in Fig.3.

5. Application to Filter Realization
In this section, the proposed floating FDNR simulator in Fig.3 is used in the RLC fourth-order
Butterworth bandpass filter prototype shown in Fig,6(a), where Ry =Rs =1 Q, L, =0.225 4H,
Cy=1225 uF, Ly=11.25 4, C5=22.5 nF [7]. This filter is designed to obtain fourth-order
Butterworth characteristic whose bandwidth and center frequency are B =32 kHz and f, =
316 kHz respectively. By applying Bruton transformation and using magnitude scaling
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constant (k= 10°) and variable impedance scaling method, i.e. dividing the impedance of each
element in the Fig 6(a) by km, the RLC passive filter is converted into CRD filter as shown in
Fig.6(b) where all FDNRs are realized using the proposed circuit in Fig.3. In Fig6(b), the
resulting circuit components are obtained as: €y =1nF, Ry =225Q, D'3=11.25 fFs, R'4=
11.25kQ, D's=11.25aFs, and C's = 1 nF. Accordingtothese component values, the voltage
transfer fundtion of the bandpass filter in Fig. 6(b) is given by :

(4.043x 101952
st +2.843%10%)s% + (7.925%10'2)s% + (1. 121x10'8)s + 1. 554 x10%%)

H(s)=

The magnitude and phase characteristics of the filters are shown in Figs.7() and 7(b),
respectively. Fromthe figures, it appears that the theoretical and simulated results are in good

agreement

R, Ly Cs
AN o0o0) H—
+
£ ’(’\# Ly gjf o) g Re
(a)
Cl R..; D'S
& AW il
+
s R j‘: D ~
&3

Figure 6, Fourth-order Butterworth bandpass filter.
(a) RLC passive prototype (b)) equivalent CDR circuit with FDNRs.
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Figure 7. Simulated frequency characteristic of the filter in Fig.6.

(2) gain response  (b) phase response.

6. Conclusions

This paper describes an electronically tunable floating FDNR simulator circuit based on the use
of the voltage differencing transconductance amplifier (VDTA) and only two grounded
capacitor. The important gain of floating FDNR simulator is that its value can be adjusted
elecfrorﬁcally by changing bias currents of the VDTAs. To demonstrate the performance of
the proposed circuit, it is used to construct fourth-order Butterworth bandpass filter. PSPICE
simulation results verify that the performances of the proposed circuit and its applications are
in good agreement with the prediction of the analysis performed.
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Tunable Capacitance Multiplier with a Single
Voltage Differencing Buffered Amplifier

Sumalee Unhavanich, Oosana Onjan, and Worapong Tangsrirat, AMember, IAENG

Abstract—This work describes the grounded electronically
tunable capacitance multiplier circuit using voltage differencing
buffered amplifier (VDBA) as an active element. The proposed
capacitance simulator is simulated using one VDBA, ome
floating capacitor and one grounded reslstor. The realized
equivalent capacltance can be tuned electronically through the
transconductance gain of the VDBA, The effect of the VDBA
notr-idealities on the reallzed equivalent capacitance has also
been discussed In detail. As an application, active RC lowpass
filter i reallzed using the proposed tunable capacitance
siulator. PSPICE simulation results show a good agreement
with the theoretical amalysis, and verlfy the behaviors of the
proposed simulator and Its application.

Keywords — capacitance multiplier, Veoltage Differencing
Buffered Amplifier (VDBA), impedance simulator

1L INTRODUCTION

capacitance multiplier cireuit is a useful active building

block in many very large-scale integration (VLSI)
analog circuits, especially for active RC filter and oscillator
designs and cancellation of parasitic elements. This is well
recognized that the large-valued physical capacitor is either
not impractical or permitted to fabricate in the integrated
circuit technology.  Accordingly, the need for designs
grounded capacitance multiplication topology with high
equivalent integrated capacitance velue is important for
VLSI implementation point of view. Many eapacitance
multiplier circuit realizations employing more than two active
elements were introduced [1}-[8]. In view of low power
consumption and small silicon area on the chip, 1t is
preferable to reslize the simulator with a minimum number of
active end passive compenents. Nowadays, modem electronic
active building blocks are gaining importance inanalog signal
processing applications and designs. 1In [9], modern day
active components have been reviewed and discussed.
One of them is the circuit principle called as VDBA (voltage
differencing buffered amplifier). Its several applications,
such as aetive filters, sinusoidal oscillators and immittance
function simulators, were also introduced to demonstrate its
usefulness and versatile {10]-[13].
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In this work, we largely consider a grounded capacitance
simulator realization using one VDBA as active components
together with one floating capacitor and one grounded
resistor as passive components, The equivalent capacitance
value (C,y) of the proposed simulation scheme can be
controlled electronically through the transconductance
parameter (gn) of the VDBA.  The behavior of the proposed
capacitance simulator was evaluated through the PSPICE
simulation, A first-order RC lowpass filter using the proposed
circuit wes ako simulated.

II. VOLTAGE DIFFERENCING BUFFERED AMPLIFIER
(VDBA)

The schematic symbol of the VDBA is shown in Fig.1.
Basically, the VDBA device consists of the transconductance
arplifier as an input stage, and the unity-gain voltage buffer
as an output stage. Thus, the basic operation of this device
can be characterized by the following equations [9}-f101:

=i, =0, = gn(vo=¥y) and ¥, =% ()]
where g, is the small-signal transconductance gain of the
VDBA. Generally, the g,-value is electronically controllable
over several decades by a supplied bias current/voltage,
which lends electronic tunability to design circuit parameters.
From eq.(l), the differential input voltage between the
terminals p and n (v,-v,) is converted to a current at
the z-terminal (i) by 8 gn-parameter. The voltage across the
z-terminal (v.) is then conveyed to the output voltage at the
w-terminal (v,).

i ]

P w

e —y

Yp o1 P w F—oVu
i VDBA i
n Z

Va o n z vz

Fig. 1. Schematic symbol of the VDBA.
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HI. DESCRIPTION OF THE PROPOSED CAPACITANCE
MULTIPLIER

The proposed capacitance multiplier cireuit is shown in
Fig.2. 1t employs only one VDBA, one capacitor flosting
€y, and one grounded resistor Ry, Using eq.(1) and deriving
the proposed circuit of Fig.2, its input impedance Z, is
realized of value :

1 1

7, =2
M im ‘,(1 + gnR| rl JClq

@

Tt can easily be realized that the proposed circuit of Fig.2
simulates a grounded capacitance with its equivalent value :

Cp =0+ 8, R €]

From shove expression, it is relevant to note that an
external capacitor C; has to be multiplied by the resistance
Ry and transconductance g,. Since the g,-value usually
depends on the biasing current of the VDBA, the realized C,,
is electronic programmability,

G

i
+-{l§'. n W"J

Fig. 2, anposcd tunable capacitance multiplier dreuit.

IV. TRACKING ERROR ANALYSIS
The non-ideal relations for the VDBA can be described as :

Q)

=i, =0, 1= oga(¥; -v,) and v, =M.

where o= (1 - &,,) and g=(1 - g). Also, |g, | << 1
denotes the transconductance inaccuracy, and |& | << 1
denote the voltage tracking error from terminal z to termiral w,
respectively, Considering the VDBA non-idealities in the
proposed circuit of Fig.2, and solving for C,, will obtain :

Cop =+ 2B, RIC &)

It should be noted that the non-ideal transfer gains of the
VDRA have slightly effect on the realized C,,. However,
this small discrepancy can be compensated by appropriately
tuning the transconductance parameter g, of the VDBA.

ISBN: 978-988-14047-6-3
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

V. SIMULATION RESULTS AND EXAMPLE

The performance of the proposed circuit of Fig.2 has been
simulated by PSPICE program, For simulations, the bipolar
realization of the VDBA given in Fig.3 [12] has been
employed using the typical paremeters bipolwr transistor
model PRI0OON (FNP) and NP10ON (NPN). The DC supply
voltages and bias currents were chosen as : +V = -V = 1.5V
and T, = 50 uA, respectively. In this structure, the small-
signal transconductance gain (g.) is approximated to !

!
8=

=2 ®

where Vpis the thermal voltage that is equalto 26 mV at 27°C,

+v

+

Fig. 3. Bipalar realization of the VDBA used In simulstions [12).

As an example, the proposed capacitance multiplier of
Fig2 is realized with the following component values
Io =50 pA (g, = 0.96 mA/V), Ry = 10 kQ and C, = 0.1 nF.
The simulated time waveforms of v, snd i, through the
capacitance simulator are shown in Figd, where the
frequency of v, is £ = 100 kHz. As expected, the results
indicate that the current f, leads the voltege w, by
approximately 90", The total power consumption is found as
:0.839 mW.

The simulated frequency characteristics for the input
impedance Z,, of the proposed tunable capacitance multiplier
cireuit of Fig.2 comparing with the theoretical responses are
shown in Fig.5. The following passive component values !
Ry =10kQ and ¢, = 0.1 nF are selected, and the external
DC bias current (Ip) of the VDBA is varied from 20 4, 50 A,
250 pA to 520 uA, which result in g, = 0.4 mA/Y, 1 mA/Y,
5 mA/V end 10 mA/V, respectively. By sefting these
parameters, the realized equivalent capacitance Cy can be
obtained as : 0.5 1F, 1 nF, 5 nF and 10 nF. The resulting
charecteristics show that the proposed circuit works pretty
well between 100 Hz and 100 kHz approximately. Also
from Fig.5, it is proven that the circuit can exhibit an
electronically tuneble capacitance over a wide range by
adjusting the g,.-value of the VDBA.
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As an application example, the proposed capacitance
simuator in Fig.2 is utilized in the implementation of an
active RC lowpess filter shown in Fig6. The cut-off
frequency (f; = @/2x) of the cireuit can be obtained as ;

1 Q)
RC,

@, =

Since the value of C,, can be controlled with the external
biesing current, the cut-off frequency (f,) is electronically
tunable. In addition to take the effect of the VDBA non-
idealities into account, eq.(7} tuns to

o Ea—l ®
(1 +afg, RIR,C,

The sensitivities of e with respect to the active and
passive components can be found as :

R

Se=sp =5t =gh -8R ()
« g Bn L ]+aﬁngl

and Sp =82 =-1 (10)

From the above expressions, the cireuit sensitivities are very
smatl, since all of which are Jess than unity in absolute vahue,

To demonstrate the performance of an illustrative lowpass
filter in Fig.6, the component values are selected as follows :
Ry =10kQ, ¢ = 0.1 0F, Ry = 1 kQ and C,p = 10 11F, 5 1F,
1 nF and 0.5 nF, respectively, This results inf; = 15.9 kHz,
31.8 kHz, 159 kHz and 318 kHz, respectively. Fig.7 shows
the theory and simulated frequency responses of the active
RC lowpass filter in Fig.6 with the proposed electronically
tunable C.. The corresponding f. obteied from the
simulated results are approximated to : 18.4 kHz, 34.1 kHz,
154 kHz and 294 kHz, respectively. As a result, the
corresponding errors for f; are «15.69%, -8.01%, 2.91% and
7.37%. The results of the eircuit simulations are close to the
theoretical one as expected,
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V1. CONCLUSION

In this study, an electronically tunable capacitance
multiplier based on using VDBA is proposed. The proposed
capacitance simulator is designed with a single VDBA and
only two passive components. The equivalent capacitance of
the realized simulator can be tuned electronically by adjusting
the transconductance parameter gw of the VDBA. The
proposed capacitance simulator contains a minimum number
of components and exhibits very low various sensitivities.
The proposed circuit is used to construct the active RC
fowpass filter example and the simulation results are used to
display the workability of the circuits.
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SFG Actualization of General n™-Order
Voltage Transfer Functions Using VDBAS

Oosana Onjan, Sumales Unhavanich, and Worapong Tangsrirat, Member, J4ENG

Abstract—This work presents the synthesis of gemeral n™-
order voltage transfer functions with voltage differencing
buffered ampllilers (VDBAs) using signal flow graph (SFG)
technlque. Withowt the employment of external passive
resistors, the designed procedure requires only # VDBASs and #
capacitors for n"order transfer function realization. As
application examples, the first-order allpass and standard
blguadratic function realizations are demonstrated. The
simulation results by PSPICE have also heen provided, which
verlfy the usefulness of the presented technique.

Kepwords — Slgnal Flow Graph (SFG), Voltage Differencing
Buffered Amplifier (VDBA), universal fliter

I, INTRODUCTION

ECENTLY, analog ective building blocks were developed
d invented continuously. Among these, the voltage
differencing buffered amplifier (VDBA) is the newly defined
active circuit building block [1]. This device is slightly
modified from the conventional current differencing buffered
amplifier (CDBA) by replacing the current differencing unit
with a transconductance amplifier [2]. The difference
between VDBA and CDBA is that the VDBA inputs are
voltages as for the CDBA inputs are currents. Many
applications based on the use of the VDBAs as active
elements in analog sighal processing area have also been
developed in the literature [3]-[7]. In addition, the works of
[8]-[17) have propesed the actively circuit realizations of an
nfeorder voltage transfer function synthesis based on the
signal-flow-graph (SFG) approach employing various active
elements, However, all the available SFG circuit realizations
employ an excessive number of active and passive elements,
at least » active devices, 1 resistors and 1 capacitors.
Considering this fact, the work described m this paper
meinly focuses on presenting a general synthesis procedure
for realizing general n*order voltage transfer functions. The
proposed method is based on drawing a SFG directly from
the given transfer function and then obtaining, from the
graph, the active-C circuit configurations involving VDBAs.
The resulting circuit uses only # VDBAs and n capacitors
without needing any extemal passive resistors for n"-order
transfer function realization. It has been shown that the
design procedure proposed here is a canonical number of
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active and passive elements. Two illustrative examples
together with PSPICE simulation results illustrate the
uscfulness of the proposed design procedire.

1L VOLTAGE DIFFERENCING BUFFERED AMPLIFIER
(VDBA)
The VDBA symbol is shown in Fig. 1. The relative
characteristic between current and voltage of this device can
be described by the following matrix [18):

0 0 0 0]y,
i 0 0 0 0 0w,
2 |=|8n —8&« 0 0 Ofw, M
nd 0 0 1 0 0li,,
V. 0 -1 0 ofi,.
where g, is the iransconductance gain of the VDBA

According to eq.(1), the differential input voltage between
the terminals p and n (v,- v} is then converted to a current at
the z-terminal (f.) by a g,-parameter. The output voltages at
terminals w+ (w,+) and w- (v,.) follow the voltage across the
z-terminel (). The voltages v+ and w,. will be of equal
magnitude but different phases.

I'P l‘w+
YVoo—"—p w0 Vot
i VDBA [
LTy S— y  We——o VY,
L
Yz

Fig. 1. Circuit symbol of the VDBA.

HI, SFG ACTUALIZATION FROCEDURE

The general form of an nP-order voltage transfer function
can be expressed by the following equation:
Vouls) _ B,8" 28, 5" ot bys® b5 +]

2
Fols)  b,s" +b, 5" 4ot bys® + b5+l @

where ¥, and V. are the inpul end the output voltages,
respectively. The above equation can be represented by the
SFG of Fig. 2. It can be observed that the graph is mainly
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composed of the cascading connection of the sub-graph
shown in Fig. 3(a). Bach sub-graph performs the lossless
integrator, and its corresponding active-C  sub-circuit
involving VDBA is shown in Fig. 3(b). Therefore,
according to Fig. 2 and 3, the resulting VDBA-based
cirevit can be realized in Fig. 4. It is important to note
that the proposed technic%w requires only # VDBAs and n
capacitars for realizing n™-order transfer function.

G ®
<
Em " °——lﬂ—|
h_ G Voo 1 VI:BA W |0 ¥y
b Zm P -
(0
where oZom = S and1n1,2,3, 1
b Bw
bn-l - Cn—l
bi-z  Eme-n ®
and b, - C, o) Fig. 3. Sub-graph of Fig. 2 and its corresponding VDBA-based circull,
by Em(n)

Fig. 2. Signal flow gruph representation of eq. (2).

) CI Chi C|l|
Vz’-—ﬂﬂ—i s °-"'13ﬂ—| Vn""“l]ﬂ"" Vil °—ﬂﬂ—1
n z W 1 z W+ % W

Von™ Voul

W —

i
VDBA VDBA VDBA VDBA

b @ wlods @ wh p@w-.a[p ®

Fig. 4. Tie realization of n.order universal voltage transfer funetions of eq. (2) using VDBAs.
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IV. ILLUSTRATIVE EXAMPLES
The utility of the proposed procedure will be
demonstrated by the two following examples:
A. First-order allpass realization

The transfer function of the first-order allpass filtering
function can be defined by the following equation:

Voo (3) _ B -1
V. (s) b +1 )

where & = Cyig,,1.

The SFG representation of eq. (4) can be given in
Fig. 5(a), and its corresponding VDBA-C circuit realization
can then be obtained as Fig. 5(b). As can be observed, the
realized circuit consists of only ome VDBA and one
capacitor. In this case, the pole frequency (e,) and phase
shift () of the circuit are obtained as:

@, = 2af, = 22 )
and ¢=Jr—2tan“l(—alc—‘} . ©
gml

®)

Fig. 5. SFG realization of the first-order allpass function.
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B. Second-order universal functions

The general form of the standard second-order voltage
transfer functions can be given by the following expression:

V::ut(s) = b?.sz "bls"'l ) ©)
D) byst e bys+]

The above expression can be represented by SFG disgram
as shown in Fig. 6(a), and its reslization involving VDBA-C
can be shown in Fig. 6(b). In this case, two VDBAs and two
capacitors are required. As a result of eq, (7), the voltage
transfer function of Fig. 6(b) in term of the cirouit
component values can be written as:

sz%_(_&g}"}yz +[3m18m2 }y!
C, C,C, ®

{iF o]

CZ c1C2

where g, are the transconductance gain of the i-th VDBA
(f =1, 2). According to eq. (8), the stendard second-order
voltage transfer functions can be reelized by the following
conditions,
1) The lowpass (LP) function is realized,

f¥\=F,and Vy=F=0,
2) The highpass (HP) function is realized,

V=V, and Vi=W=0.
3) The bandpass (BP) function is realized,

if Fa=¥F,and ¥ =,=0,
4) The bandstop (B3) function is realized,

fFa=0and Vy=¥= ¥,
5) The allpass (AP) function is realized,

ifV1= W=V= Vp,.

Also from eq. (8), the pole frequency (w,), and the quality

factor (Q) of circuit can be piven by:

. EmEma )
@, 1}——0@ )]

V::m(s)=

and Q= EmC: (10
EmGi
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To obtain the first-order ellpass voltage response with the
pole frequency of f, = 766 kHz The circuit was designed
with the following active and passive components; Iy, =
25 pA (gurz= 0.96 mA/V) and Cy = 0.2 nF. Fig. 8 shows
the idesl and simulated frequency characteristics of the first-
order allpass filter realization of Fig. 5. The time domain
responses are also shown in Fig.9, where the phase shift is
recorded to be 84°,

)] Qun  Phau

(BB (degree)

0 W T T T T T TTIa0
[ i )i {... Tomt

[+ G = ] Bncild
—] o—] fill -
e of i
¥ o—i zw L oowe OV il
VDBA VDBA “H

[ ]
©
i
i
®
£

===

® @
I
. - ; . . / : t = T
Fig. 6. Realization af the second-order universal filtering functions using SFG. it ] i fim | o T ;

(a) SFG representation (b} circuit reallzation Frequency (Hz)

Fig. 8. Frequency response of the first-order allpass filter in Fig.5.
V. SIMULATION RESULTS

To verify the feasibility of the designed procedure, the
realized circuits have been simulated with PSPICE program. A
In simulations, the BICMOS VDBA shown in Fig. 7 has been JEI 1|
performed with the standard 0.35-um BiCMOS technology LR i f {
[18]. The transistars sizes were chosen as: 14/0.7 and 28/0.7 o |H { { [k { \ [
for all NMOS and PMOS transistors, respectively. The &€ f
supply voltages were V = 20,75 V, and biasing currents were .% AT ATl AT 1
14=125 ptA. The smell-signal effective transconductance (g,) 7~ . | T
of the VDBA in Fig. 7 is given by; i NAHNNRY \

N

1
vD vln

=1s v
gm "VT (1]) ]

Time {z9)

where Vr = 26 mV at 27 °C is the thermal voltage, and I is

the external DC bias current, Fig. 9. Time domain responses of the first-order allpass filter in Fig. §

ey

r,G

-V

Fig, 7. BiCMOS realization ofthe VDBA.
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The idesl and simulated frequency responses of the
second-order universal biquadratic filter in Fig. 6(b) are
shown in Figs. 10 and 11. The results are obtained with
Im=1m=38ﬂA(g_.ﬂl =8m = 1414mA/V)andCl “Czﬁ 1
nE. This results in £, = 255 kHz and ©Q = 1. From the results,
the locations of the simulated £, are about: 215.29 kHe,
219.92 kHz, 217.30 kHz, and 213,98 kHz for LP, HF, BS,
and BP responsss, which correspond to the following
absolute errors: 4.33%, 3.28%, 3.38%, and 4.92%,
respectively.

< 1 11 A N N
== dead
e Simulted

Guin (48)
Fal
¥l
i

% 10k 100k M 10K 100M
Frequency (Hz)

Fig. 10, Frequency charaderistics for the LB, HF, and BS responses of Fig. 6(1).
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Fig. 11. BP frequency response of Fig, 6(b).

VI. CONCLUSION

This work has been presented the SFG actualization of o™
order general voltage transfer functions using # VDBAs and
n capacitors. The proposed circuit is canonic in a number of
active and passive components and enjoys the ability of
electronic tuning. Applications on the first- and second-order
filtering function realizations have been provided, which
verify the utility of the proposed procedure.
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Abstract

In this paper, the simple realization of the current-controlled conveyor transconductance
amplifier (CCCTA) in BiCMOS technology is introduced. The proposed BiCMOS CCCTA
provides the advantages of low-voltage operation, wide dynamic range, and simple circuit
structure. Its characteristics, i.e. parasitic resistance and current transfer, are also tunable
electronically by external bias currents. The realized circuit is suitable for fabrication using
standard 0.35 pm BiCMOS technology. PSPICE simulation results demonstrating the
circuit characteristic are performed.

Keyword: Current-Controlled Conveyor Transconductance Amplifier (CCCTA), BiCMOS
technology, analog signal processing

1. Introduction
Since an introduction of the newly defined active building block namely, the current
conveyor transconductance amplifier (CCTA) in 2005 [1], this device has been gaining an
increasing attention that led to a number of analog function circuits.  Basically, the CCTA
device can be realized by cascading the second-generation current conveyor with the
multi-output transconductance amplifier in monolithic form. By combining the advantages
of both circuit technologies, the CCTA possesses wide bandwidth, high-slew rate, high
dynamic range, and low power consumption.  For these reasons, the CCTA is suitable for a
class of analog signal processing which can process in both current and voltage signals.
Hence, a great number of numerous analog adjustable functions is available in open literature

[1]-[3].

In 2008, the current-controlled conveyor transconductance amplifier (CCCTA) which is a
modified version of the CCTA, was introduced in bipolar technology [4]. Since its
introduction, the CCCTA has been widely used in applications for continuous-time signal

processing.
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The parasitic resistance looking into the x-terminal (Rs) of the circuit is used to advantage in
current-controlled circuit parameter, since it is easily adjusted by an external biasing current.
This advantage allows the implementation of numerous electronically tunable functions.

In recent integrated circuit technology, there are two basic technologies that are known as
bipolar and CMOS technologies.  For the bipolar transistor technology, they have higher
transconductance gain (gm), low-noise performance and better high-frequency performance
that their CMOS counterparts [5]. On the other hand, the advantage of the CMOS
technology includes high-input impedance level, low power dissipation and small chip area.
The circuit realized in BiCMOS technology will therefore provide the advantages of both
technologies.

The aim of this work is to realize a current-controlled conveyor transconductance amplifier
(CCCTA) structure suitable for integration in BICMOS technology. The proposed CCCTA
is simple structure and capable of operate at low voltage of +1V, as well as has a wide
bandwidth.  The characteristics of the proposed CCCTA are demonstrated by PSPICE
simulation results using 0.35-pm BiCMOS real process parameters.  The results show good
agreement with the expected values.

2. Basic Concept of the CCCTA

Basically, the CCCTA is a conceptually combination of second generation current-controlled
conveyor (CCCII) and transconductance amplifier.  Its electrical symbol and equivalent
circuit can be shown in Fig.1, As shown, the CCCTA device consists of two input terminals
(y and x) and two output terminals (z and 0).  The x-terminal is a low-input impedance
terminal while the y-terminal is the high-input impedance terminal. The z and o-terminals
are two types of high-output impedance terminals.  The property of the CCCTA can be
described by the following matrix :

iy, 0 0 0 O0ffi
Ve | _| R Ited @ I a
iy 1L 0 0 0w
iy 0 0 g, 0]y,

where R, and g, are the finite parasitic resistance looking into the x-terminal, and the
transconductance gain of the CCCTA, respectively. Here, R, and g,, depend on the external
DC bias currents Joy and /gy, respectively.
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(b) its equivalent circuit
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Figure 1. CCCTA (a) circuit symbol
3. Proposed BiCMOS CCCTA Realization
The schematic BICMOS realization of the proposed CCCTA is shown in Fig.2. The circuit
consists of second-generation (CCCII) and
transconductance amplifier. It is designed by combining bipolar and CMOS technologies in
order to utilize the main advantages of each technology, i.e., higher transconductance, higher
frequency, low power consumption, and small silicon area.  The groups of transistors Q1-Q;
and Q3-Qs, which are assumed to be well matched, act as transconductance amplifiers to
convert the voltage signal to the current signal.  The current mirroring has been achieved by
simple current mirror circuits (Ms-M7), (Ms-Ms), (Mio-M1z) and (M;3-Mys). Mirroring
actions between Ms and M, and Mg and Ms force equal bias current in Q, and Q,, and Qs and
Qu, respectively. By applying the translinear principle to the base-emitter voltages (vaz) of
Qi and Q, the differential input voltage (v,~v.) can be derived as :

current-controlled  conveyor

mainly

i F)
Yy Y = Vg — Vg, = (mﬂ"mﬂ] (2)

Is s

where Vr= 26 mV at 27°C is the thermal voltage, I is the reverse saturation current, and ig,
and iy are respectively the collector currents of transistors Q; and Qa.

As shown in Fig.2, the relationship of the current flowing through the x-terminal (i) is equal

to:
I =gy —ig 3)
where io = Loy ©))]
i 1 + e—(v’—v,)lVr
- Lo
and Igp = Lt g )
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Substituting eqs.(4) and (5) into (3), the current i, can be rewritten as :

v, —v
P =] X ¥
i, =I,ta n[h———-—-—-ZV J )

T

To simplifying, if we assume that (v,-1,) << 2Vr, then the term tanh(ve-v/2V5) can be
approximately reduced to (ve-v,/2V7/). Hence, ¢q.(6) can also be given by :

v, —vy
101 "55;“‘ (7)

R

L

From above expression, when the y-terminal is connected to ground, the parasitic resistance

looking into the x-terminal (R,) of the CCCTA has been derived as
Rz ®)
‘[Ol

It should be noted from eq.(7) that the resistance R, is controllable electronically by adjusting

the bias current fo;.
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Figure 2. BiCMOS realization of the proposed CCCTA.

Similarly, the small-signal transconductance gain (g,,) of the CCCTA derived from the

transconductor Q3-Qy can be expressed as :
io IOZ
= e IZ i 9
8n =7 . ®)

2

Also note that the g,,-value can be controlled electronically by changing the Jg;—value.
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4. Simulation Results
To verify the theoretical analysis, the proposed CCCTA structure in Fig.2 has been simulated
with PSPICE using standard 0.35-pum BiCMOS process parameters. The circuit was biased
with £1V supply voltages. The transistor aspect ratios (W/L in pm/pum) were chosen as :
7/0.7 and 8.5/0.7 for all the PMOS and NMOS transistors respectively.

In Fig3, the theoretical and simulated values of the parasitic resistance R, of the proposed
CCCTA against the biasing current Jo; are plotted. In the plots, the biasing current Jo; was
adjusted from 5 gA to 300 uA.  As shown, the simulated results agree well with the theory.
Fig.4 shows the current transfer characteristic from x-terminal to z-terminal as a function of
frequency. It can be observed that the bandwidth of the current transfer i, /i, has a constant
value of about 20 MHz.

The simulated frequency respomse of the transconductance gain g,, characteristic for
three different values of Ip, i.e. foy = 50 pA, 100 A and 150 uA, are depicted in Fig.5.
The resuits indicate that the bandwidth in order of megahertz is achieved.

10

| i [ 1 !

K

; 9 1]
\ -~@-m- Theoretical [*™
1‘.{ o= Simulated

R, kQ)

0'10 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Iy (4A)

Figure 3. The theoretical and simulated variations of R, as a function of /o.
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Figure 4. Frequency response of the current transfer i, /i, characteristic.
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Figure§. Frequency response of the transconductance gain g, characteristic.

5. Conclusion
In this paper, a simplified structure of the current-controlled conveyor transconductance
amplifier (CCCTA) in BiCMOS technology has been introduced and characterized. The
circuit is capable of operate at 1V supply voltages, and can operate to a frequency about 20
MHz. The proposed CCCTA is implemented with standard 0.35-pm BiCMOS real process
parameters. PSPICE simulation results are used to verify the performance of the circuit.
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