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ABSTRACT

The reduction of the minimum feature size of MOS transistor for digital very-large-scale
integration (\VVLSI) circuits has been ongoing for the past few decades. As the channel
length is scaled down into deep sub-micrometer dimensions, the lower power supply
voltage is required to ensure the device reliability. To be compatible with digital VLSI
technologies, analog integrated circuits, which can operate at low supply voltages, also,
received significant attention. The current mode signal processing emerged as low
voltage design technique for analog circuits which was manifested in proposition of
numerous current mode analog building blocks for the realization of various signal
processing and generation circuits. The Operational transresistance amplifier (OTRA), a
current-controlled voltage source, is one among those. Due to its inherent pros like
bandwidth independent of closed loop gain, high slew rate and simplicity in assimilating
the effect of parasitic capacitances at the input ports OTRA is being used widely for

signal processing and generating applications.

Sinusoidal oscillators are extensively used in the field of communication,
instrumentation, testing and measurements. Versatility of oscillators in electronic
applications coupled with advantages of OTRA and availability of limited literature has
led the author of the thesis to explore the area of OTRA based signal generation. In this
work several OTRA based sinusoidal oscillators that provide additional features not

available in previously known OTRA oscillators have been presented.

It is useful to minimize the number of active blocks and passive elements in the

oscillator topologies from power consumption optimization, reduction in parasitic



effects and area efficient design viewpoint. Therefore, sinusoidal oscillator design with
single OTRA is given due consideration and three second order oscillators are
presented. Additionally, the viability of oscillators providing low frequencies
oscillations is also examined. Another significant contribution is development of single
OTRA based third order SO having smaller component spread in condition of
oscillation compared to available topologies, which is a desirable feature from IC

fabrication viewpoint.

Quadrature oscillators find widespread applications in the field of communication. In
this work, five new structures (one second order and four third order designs) are
presented. Out of these five circuits, three third order topologies are derived from a

generic structure. The second order design also qualifies for low frequency operations.

Further, four new oscillators are presented that are capable of generating a wide range of
frequencies from very low to high. All the topologies provide electronic tuning,
independent control of frequency of oscillations without disturbing the condition of
oscillation. One of the configurations provides linear tuning, which is suitable for
measurement and instrument applications.

Finally, a new OTRA based Wein bridge oscillator with wider tuning range is proposed
in this work. A detailed mathematical formulation of harmonic distortion analysis is also
presented to ascertain the linearity of the proposed design.

The non-ideal behavior of all proposed configurations is studied by considering
nonidealities of OTRA and various performance analyses such as sensitivity, frequency
stability, harmonic and phase noise analysis as applicable are carried out. Functionality
of all propositions is verified through simulations using SPICE/Cadence Virtuoso
spectre ADE tool using 0.18 um CMOS process parameters. Further, few circuits are

verified experimentally also and post layout simulation results are included for rest.
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CHAPTER 1
INTRODUCTION



1.1 Background

Tremendous advancement in analog circuit design has occurred over the last few
decades, mainly due to rapid growth in very large scale integration (\VLSI) technology.
One of the main driving forces that ensured this continuous growth and interest in
analog circuit design is the grown need for fully integrated systems, which are
compatible with CMOS technology encompassing a larger number of digital as well as
analog circuits on a single chip. Analog circuits such as continuous time filters,
oscillators, current and voltage amplifiers, voltage comparators, rectifiers, digital to
analog and analog to digital converters, disk drive electronics, etc. are inevitable analog
circuits, which cannot be accomplished by digital techniques. Moreover, new
applications continue to appear where high performance and low power requirements
are being treated with equal importance.

\oltage mode (VM) operational amplifier has been in the mainstay for decades and
considered to be the most prominent and dominant analog building block (ABB) in the
area of analog signal processing. The limitations imposed by opamp based topologies in
their high-frequency operations due to lower slew rate and constant gain-bandwidth

product made analog designers and researchers to search for the alternative approach.

More recently, current-mode (CM) signal processing is widely considered to be the
viable design technique to overcome the limitations imposed by VM counterparts [1]-
[6]. In contrast to the conventional VM, current-mode signal representing the
information being processed is in the form of electric current. These circuits are low
impedance node networks, hence result in a low time constant, thereby improving

system performance in terms of speed and slew rate.



Thus, the CM technique has resulted in the emergence of numerous CM ABBs. The
literature has thus addressed voluminous blocks, which may run into an equally
voluminous bibliography, which is beyond the scope of the present work and hence
limited to some important selected works.

The CM building blocks, such as first-generation current conveyor (CCI) [7], second-
generation CCII [8], third-generation CCIII [9], have drawn significant attention of the
circuit designers and researchers. The CC based structures were being proposed in
abundance since 1970 onwards, with different alterations in the basic CC structure, a
number of newer elements have been introduced for better utilization [10]-[23]. To
encompass both electronic tunability and for CMOS integration, the operational
transconductance amplifier (OTA)-C [24] configurations were also significantly
inspected beyond 1985. The topologies using current feedback operational amplifier
(CFOA) [25] and its variants such as current controlled current feedback amplifier (CC-
CFA) [26] differential voltage current feedback amplifier (DVCFA) [27] and differential
difference complementary current feedback amplifier (DDCCFA) [28] came in
prominence around 1990 onwards to maintain compatibility with the existing voltage
mode topologies. The need for the floating output in some applications led to the design
four terminal floating nullor (FTFN) [29] and its variants, fully balanced four-terminal
floating nullor (FBFTFN) and operational floating amplifier (OFA) are presented in [30]
and [31] respectively.

The operational transresistance amplifier (OTRA) [32]-[35] implements a current
control voltage source and its generalization is current differencing buffered amplifier
(CDBA) [36]. Another interesting, current mode ABB, which is well suited for on-chip
implementation, is current differencing transconductance amplifier (CDTA) [37].

Differential voltage current conveyor (DVCC) [38] and its variants such as differential



voltage current conveyor transconductance amplifier (DVCCTA), current controlled
current conveyor transconductance amplifier (CCCCTA) are reported in [39] and [40]
respectively. Current controlled current follower transconductance amplifier (CFTA) [3]
and its variant modified current MC-CFTA [41] provides parasitic resistance R¢ that can
be controlled by the bias current. Differential-difference current conveyor (DDCC) [42],
differential voltage controlled current source (DVCCS) [43], differential difference
amplifier (DDA) [44], differential difference OFA (DDOFA) [45], universal voltage
conveyor (UVC) [46] are some other ABBs available in the literature. These active
blocks are used for the realization of various signal processing and generation circuits.
Signal generators can be divided into two categories; function generators and arbitrary
waveform generators (AWGS). Function generators are designed to generate periodic
waveforms at precise frequencies, whereas AWGS, is designed to generate large and
often complex waveforms. The function generators can broadly be classified as (i) linear
generators (ii) nonlinear generators. A linear generator can generate oscillations which
are sinusoidal and periodic, whereas nonlinear generators provide pulses, ramp and
sawtooth waveform, etc. Unlike function generators, AWGS can generate any arbitrarily
defined waveshape as their output.

Sinusoidal oscillators (SOs) find numerous applications in various fields such as
applications in communication such as signal generators, spectrum analyzers, A/D
converters, etc., measurement and instrumentation systems [47]-[49]. This electronic
function provides standard test and carrier signals for communication and
instrumentation circuits and also acts as the starting signal for the generation of several
other types of test signals. Therefore, these topologies acquired ample attention among
various researchers and inspired to develop new topologies, with better performance

than earlier known circuits, that are most suited for these applications. These new SO



topologies have been realized employing a variety of ABBs such as op-amps [47], [50]-
[56], CCII [57]-[65], OTA [57], [66]-[67], CCCII [68]-[70]. The designs proposed in
[59], [71]-[80] use CFOA. The structures proposed in [38], [81]-[82] use DVCC,
whereas the design of [83] utilizes DVCCTA. The CDTA based SOs are available in
[84]-[85], while CCCCTA based oscillator is presented in [86]. The VDTA and
MCCCFTA based oscillators are discussed in [87]-[88] and [41], [89]respectively. The
structure of [90] is designed using OTA and CCCCTA, whereas [42] uses OTA and
DDCC. Combination of OTA and current controlled current difference transconductance
amplifier (CCCDTA) is reported in [91]. Reference [92] proposes DDCC and VDTA

based SO and the oscillator presented in [93] is based on CCIl and UVC.

The OTRA [32] is a high gain current input, voltage output amplifier and has
gained much consideration from several researchers, due to its inherent pros like
bandwidth independent of closed-loop gain, higher slew rate and simplicity in
assimilating the effect of parasitic capacitances at the input ports. The parasitic
impedances at input and output terminals of OTRA are low and have a negligible effect
on circuits. As the output of OTRA can be used without a buffering device so these
circuits can easily be cascaded. Therefore, OTRA has been explored in the recent past to
develop various applications [94] such as immitance simulators [95]-[103], filters [35],
[104]-[139], inverse filters [140], analog multipliers and dividers [141]-[142], relaxation
oscillators and multivibrators [143]-[148] and various other applications such as
instrumentation amplifier [149], proportional derivative controller [150], pulse width
modulator [151], digital-to-analog converter (DAC) [152], field-programmable analog
array (FPAA) [153], PID controller [154], semi-Gaussian shaper [155] , time marker
generator [156], voltage transfer characteristics generator [157], and linear signal

generation circuits (SOs) etc.



In this work, OTRA is chosen for the development of sinusoidal oscillators.

1.2 Related Literature and Scope of Work

The available literature on SO designed using OTRA can be categorized based on 1)
number of OTRASs used in the topology 2) a number of output phases 3) order of the

circuit 4) tuning law of the oscillation frequency.

The available literature on SO designed using OTRA can be classified into four

categories as detailed below:

1) Category I- on the basis of number of OTRASs used in the topology.
2) Category 1l- on the basis of number of output phases.

3) Category IllI- on the basis of the order of the circuit.

4) Category IV- on the basis of tuning law of the oscillation frequency.
Category |

On the basis of the number of OTRAS used the literature is further classified as (i) single
OTRA based oscillators [158]-[170], (ii) two OTRA based SOs [35], [166]-[167], [170]-
[181] and (iii) SOs using three OTRAs [182]-[183]. A further delving revealed that most
of the single OTRA based SOs are second order structures [158]-[159], [161]-[166] and
only single topology [160] is a third order SO (TOSO). It is worth noticing that in the
TOSO of [160], the capacitive component spread in oscillation condition is large, which
is not favorable for IC implementation. It may, therefore, be concluded that there is a
lean presence of single ABB based TOSO in literature, which led authors to present a

single ABB based TOSO structure.



Category 11

On the basis of number of output phases the SOs can be divided in (i) single-phase
oscillators [158]-[165], [167]-[170], [178]-[180] (ii) quadrature oscillators (QO) [35],
[166]-[167], [171]-[178], [181]-[183] and (iii) multiphase sinusoidal oscillators (MSO)
[184]-[186]. Among several kinds of oscillators, QO (sinusoidal signals with 90° phase
difference) has acquired ample attention by circuit designers because of its wide range
of applications in telecommunications, measurements, etc. Therefore, many QO
topologies based on OTRA are designed and readily found in the literature [166]-[167],
[171]-[178], [182]-[183]. Among these topologies, no OTRA based QO qualifies for
generating low frequency (LF) quadrature outputs. In this work, a new OTRA based
electronically tunable low frequency quadrature oscillator (LFQO) is presented. To the
best of the author’s knowledge, this is the first OTRA based LFQO.

Further, from a literature survey, it reveals that several third order QO designs [171]-
[173], [182]-[183] are also available. These QOs are in general based on forming closed
loop using lossy and lossless integrators and can be classified in particular as those
using (i) two lossy and one lossless integrators [183], (ii) one lossy and two lossless
integrators [183] (iii) a second order low pass filter followed by an integrator [172] (iv)
three lowpass filters and gained feedback around the loop (v) High pass filter and
differentiator [171]. The structures of [173], [182] are based on intuitive design
methods. However, for controlling the FO, the topology [172] suffers from the tracking
problems inherent in dual-element control and topology in [173] has capacitive FO
control, which is not suitable IC integration viewpoint. The SOs discussed in [183]
(Figure 2) lack independent tuning. New realizations of third order QOs are designed in

this work that adds to the present repertoire of OTRA based QOs.



Category 111

Based on order of the SO topologies they can be divided in to second order [35], [158]-
[159], [161]-[170], [174]-[181] and third order oscillators [160], [171]-[173], [182]-
[183].

Category IV

Based on the tuning expression OTRA based SOs can be divided into oscillators having

tuning expression in the form of 1/2aRC [35], [158]-[165], [167]-[187] and SOs are

having tuning law of the form 2—V|1:C|: where K is resistor ratio [166]. On the other hand,
7w

the structures presented in [35], [158]-[187] are suitable for achieving medium to high

frequencies. The topology in [166] uses two OTRAs having tuning law of the form

2—V|1:C|:' This type of tuning law used to generate LF oscillations by employing less
T

passive component spread, which ultimately reduces significant area overhead in IC
implementation. Further, most of the second order SOs [158]-[159], [161]-[165] have an
expression for the frequency of oscillation (FO) of form 1/2aRC, which is suitable for
generating frequencies ranging from medium frequencies (MF) to high frequencies

(HF).

However, to ensure a wide range of frequencies (very low frequencies (VLF) to high
frequencies) with less sensitivity to passive component variations at all frequencies, FO
should be of the form Vk/2nRC where k is resistive gain. This has motivated the
development of SOs having an oscillation frequency of the form Vk/2zRC. An extensive
literature survey suggests that although numerous OTRA based SOs have been
advanced, the evaluation of non-linearity and harmonic distortion (HD) factors of SOs
have not been carried out. To fill this void OTRA based mathematical formulation HD

analysis is carried out in this work by proposing Weinbridge SO topology.
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1.3 Objectives

This work presents several OTRA based SO topologies which provide additional
features and advantages not available in previously known OTRA oscillator circuits.

Based on the literature survey and identified research gaps following objectives are set:

I.  To design new single OTRA based second order SOs
ii.  To develop a single OTRA based TOSO topology with the reduced component
spread in the condition of oscillation (CO).
iii.  To design oscillator topologies with a wide frequency range.
iv.  To develop OTRA based QOs having independent CO, FO tuning feature
v. To design OTRA based Wien bridge oscillator and to carry out its harmonic

analysis

1.4 Organization of the Dissertation

The following section presents the sequencing of chapters in the thesis:
Chapter 1:

This chapter takes a detailed look at the significance of signal generation circuits and

presents a review of existing literature available on OTRA based sinusoidal oscillators.
Chapter 2:

Characterization of OTRA realizations using (i) commercially available AD844 (CFOA)
ICs and (ii) CMOS based integrated circuit implementation is presented in this chapter
to set the groundwork for the material that follows. Functional verification of CMOS
OTRA circuit has been carried out through simulations using Cadence Virtuoso analog
design Environment (ADE) spectre tool at 0.18um CMOS technology node. The

schematic driven and post layout simulation results have been presented in this chapter.



Chapter 3:

This chapter is devoted to the design of single OTRA based sinusoidal oscillators. Two
new second order SOs and one TOSO each employing one OTRA and few passive
components have been presented in this chapter. The functionality of all proposed
structures is verified through simulations as well as experimentation using CFOA based

realization of OTRA.

Chapter 4:

This chapter of the thesis extends into the designing of quadrature oscillators and in all
five QO topologies have been proposed. The first one is a second order structure and it
qualifies for low frequency operations as well without having large component spread.
One of the third order quadrature oscillator (TOQO) topology adapts the scheme of
using second order high pass filter and a differentiator in a feedback loop whereas the

other three topologies are derived from an inverse filter based generalized structure.
Chapter 5:

This chapter presents four new electronically tunable sinusoidal oscillators. Each of the
proposed SO consists of forward path derived from a generic structure along with
one/two OTRA based resistive gain stages or integrator in its feedback path. All the
proposed SOs enjoy independent tuning of the FO through resistors without affecting
the CO. One of the structures also provides a quadrature output. The proposed SOs have
been successfully implemented and verified in 0.18um CMOS technology node using
Cadence Virtuoso ADE spectre tool. Both schematic driven and post-layout simulation
results have been included.

Chapter 6:

This chapter presents an OTRA based Wien bridge oscillator. The mathematical

formulation of harmonic analysis is presented to characterize the linear performance of

10



the proposed oscillator. The workability of the proposed Wien bridge oscillator is

verified through SPICE simulations followed by experimental results.
Chapter 7:

This chapter presents a summary of the work presented in the thesis and future scope.

11






CHAPTER 2
OPERATIONAL TRANSRESISTANCE
AMPLIFIER (OTRA)

13



2.1 Introduction

The CM signal processing has grown rapidly in the past few decades and demonstrated
to be a viable design technique to provide efficient solutions to circuit design problems.
This evolution has resulted in the emergence of numerous CM analog building blocks
[31, [5].

The OTRA [32], [34], [188] is one among these blocks and has gained much
consideration from several researchers, due to its inherent pros like bandwidth
independent of closed-loop gain, higher slew rate and simplicity in assimilating the
effect of parasitic capacitances at the input ports. As a result, OTRA is being used
widely for signal processing and generating applications [94] and the references cited
therein.

It is interesting to note that topologies developed employing OTRA as ABB has
an advantage from the current processing capabilities at the input terminals and can
directly drive the existing VM signal processing circuits, thus eliminating the
requirement of additional circuitry and associated power consumption, at the output.

In this chapter, OTRA characterization, using CFOA and CMOQOS, has discussed in
detail, followed by nonideal analysis using a single pole and active resistor realization in

OTRA based Circuits.

2.2 Basics of OTRA

OTRA is a high gain current input voltage output analog building block [32]. The input
terminals of OTRA are internally grounded, thereby eliminating response limitations
due to parasitic capacitances and resistances and hence is a suitable choice for high-
frequency applications. The circuit symbol of OTRA is shown in Figure 2.1 (a) and the

port characteristics are given by (2.1), which signifies the output voltage (V,) is equal to
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the product of the difference of input currents (I, 1) and transresistance gain Rpy. For

ideal operations, the R, of OTRA approaches infinity and forces the input currents to be

equal.
vV, o],
V, |= 0|,
vV, Rn -R, O]l (2.1)
Ip
—_—
Vp ,
Vn:_>
In
(a)
' lo —>
v p—> ) Ve

(b)

Figure 2.1. (a) Schematic symbol representation of OTRA (b) Equivalent of OTRA
An equivalent circuit model of OTRA is illustrated in Figure 2.1(b). The equivalent

circuit model of a practical OTRA is depicted in Figure 2.2, where R, and R,

characterize the terminal resistances of p and n ports, respectively.

15



Figure 2.2. Equivalent circuit model of a practical OTRA

2.3 Nonideal Analysis

Nonideal analysis of OTRA using a single-pole is presented in this section, which will
come handy to analyze the behavior of proposed circuits in this work in the presence of

OTRA nonidealities.

The performance of the proposed OTRA designs may deviate from the original results
because of the OTRA nonidealities. As already discussed, because of internally
grounded input terminals, most of the parasitics affecting the performance of OTRA can
be ignored. Ideally, Ry, is assumed to approach infinity. However, practically, its value is

frequency-dependent.

Considering a single-pole model, Ry, can be expressed as

Rn(8) =] — (2.2)
1+ —

Where R, represents the dc transresistance gain. For high-frequency applications, the

R, (s) reduces to

16



R, (S)= % (2.3)
p

1

where Cy, in (2.3) designates the parasitic capacitance of OTRA ;C = -
0%

2.4 OTRA Implementation

In this section, OTRA implementations that are used in the proposed work are
presented. These implementations are based on:
(i) Using commercially available AD844 (CFOA) I1Cs [189].

(i1) Using integrated circuit implementations [27], [36]-[40].
2.4.1 CFOA based Implementation and its Characterization

The symbol of the CFOA is shown in Figure 2.3. An OTRA can be realized using two

ADB844 ICs [189] connected, as depicted in Figure 2.4.

ly,

Figure 2.3. Symbol of IC AD 844

By using terminal equations of CFOA V, =V, ; I, =0;1, =1,;V, =V, , Figure 2.4 may
be analyzed to verify the terminal characteristics of OTRA, as given below. The

voltages at different ports can be written as
Vp =Vy; =Vy; =0 (2.4)
Vi =V =Wy, =0 (2.5)
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Vor =Vz1 =V, =V2p =0 (2.6)
From Figure 2.4 the currents can be evaluated as
I =g, =1, (2.7)
I, =y, =l =l =11, (2.8)
From above-quoted equations, the output port voltage (V,) can be yielded as

Vo :szz_lzz-Rz:_Rz(ln_lp) (2.9)

Vo =R, (I,=1,) (2.10)

0

» O

Figure 2.4. 1IC AD 844 based OTRA [189]

It may be observed that (2.10) is similar to (2.1) provided that the value of Rz be very
high. To have large resistance gain, the resistance Rz at Z terminal of the second
ADB844 is kept high.

The functionality of the OTRA has been verified through SPICE simulations, where the
OTRA is realized using commercially available IC AD844N. The supply voltages are

chosen as + 8.5V.
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The DC characteristics of CFOA based OTRA are plotted in Figures 2.5. The offset
current is obtained as 0.1 pA. The magnitude and phase responses are depicted in

Figures 2.6 (a) and (b), respectively. The DC open loop transresistance gain (R,) for

OTRA is obtained as 136 dBQ.
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Figure 2.5. DC characteristics of CFOA based OTRA
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Figure 2.6. Frequency response of CMOS based OTRA (a) Magnitude (b) Phase

The input resistance is plotted in Figure 2.7 and its value is observed to be 50 Q.
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Figure 2.7. The input resistance of CFOA based OTRA
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2.4.2 CMOS based Implementation and its Characterization

The CMOS realization of OTRA [32] is shown in Figure 2.8. It is based on the cascaded

connection of the modified differential current conveyor (MDCC) and a common source

amplifier.
VDD
— — 2
TR —E. i
| - |- l
Mg Mg Mio M
| |
] i
12 13
IC
|
M14
— I
T |- ||:
M, M, Ma
=3 _.IL ,‘_lp_ ‘&
ref i is IC
M M5 My M,
;SS

Figure 2.8. CMOS implementation of OTRA [32]

Assuming that all transistors operate in saturation region and each of the groups of the
transistors (M1-Mj3), (Ms and Mg), (Mg-M11) and (M1, and My3) are matched, the circuit
operation can be explained as follows. The current mirrors formed by (Mg-My;) force
equal currents (Ig) in the transistors Mi, M, and Ms. This operation drives the gate to
source voltages of My, M, and M3 to be equal and in turn, forces the two input terminals
to be virtually grounded.

The current mirrors formed by the transistor pairs (Mjo and M) and (M1, and Mys)
provide the current differencing operation, whereas the common source amplifier (M7,

M34) serves as high gain stage.
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Table 2.1. Aspect Ratios of Transistors

Transistor W(um)/L( pm)
M1-M3 36/0.9
M4 3.6/0.9
M5, M6 10.8/0.9
M7 3.6/0.9
M8-M11 18/0.9
M12,M13 36/0.9
M14 18/0.18

The functionality of CMOS OTRA [32] is verified through the Cadence Virtuoso ADE
spectre tool using 0.18um parameters. Supply voltages are taken as 1 V and bias
voltage as -0.3 V. The aspect ratios of transistors are given in Table 2.1. The Complete

layout of CMOS OTRA is shown in Figure 2.9 and the total die area is about 1753.4433

pm? (29.19umx 60.07pm).

Figure 2.9. The complete physical layout of OTRA

The DC characteristics of the simulated OTRA are shown in Figure 2.10, which shows
that the input differential current range is -25pA to 25pA. The pre and post-layout

magnitude and phase responses are depicted in Figures 2.11 (a) and (b), respectively.
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Figure 2.10. DC characteristics of CMOS based OTRA
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Figure 2.11. Frequency response of CMOS based OTRA (a) Magnitude (b) Phase

The layout implemented is verified by physical verification checks [190] such as Design
Rule Check (DRC), Layout vs. Schematic check (LVS) and RC parasitic extraction. Due
to the inclusion of parasitics, the post layout simulated magnitude response is slightly in

deviation from one obtained from schematic driven simulation.
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Figure 2.12. Frequency response of CMOS based OTRA at different corner
parameters
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The postlayout DC transresistance gain is observed to 157 dBQ as against 160 dBQ
prelayout value. Figure 2.12 shows the effect of different process corners (SS, SF, TT,
FS, FF) on the output waveform. The input resistance is plotted in Figure 2.13 and its

value is observed to be 3.8 Q till 2 MHz.
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Figure 2.13. Input impedance of OTRA

The gain-bandwidth product, parasitic capacitance and power dissipation are obtained as

440 GHz.Q, 5.03 fF and 226.26 W respectively. These results are summarized in Table

2.2.

Table 2.2. Parameters of CMOS OTRA circuit

Technology 0.18um CMOS
DC open loop transresistance gain 157 dBQ
Gain bandwidth product 440 GHzQ
Power dissipation 226.26 pW
Parasitic capacitance 5.03fF
Input resistance 3.8Q
Offset current 71.2nA
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2.5 Active Resistor Realization in OTRA based Circuits

The current differencing property of the OTRA makes it feasible to realize the resistors
connected to the input terminals of OTRA, using MOSFETs with complete nonlinearity
cancellation [35]. Each resistor implementation requires two matched NMOS

transistors, as shown in Figure 2.14.

Essentially, both the transistors should operate in the ohmic region. Figure 2.15 shows a
typical MOS based implementation of resistance connected at the inverting terminal of
OTRA, where nodes X and Y need to be connected to inverting and non-inverting
terminals of the OTRA, respectively. The currents flowing into the two transistors can

be specified as
Iy, =k, (Va -V3 Vpst + x1V|§Sl + XZVSSl +oe,
=k (Va -V )V, Vo) + %4 (V V) 4% (V V) . (2.11)
Iy =Ky (Vp -Vr )Vpso + xlvtf52 + XZVS82 o

=Ky (Vy -V )V Vo) + X (Vi -Vo)Z + X (Vy -Vy)° + ... (2.12)

Since the transistors M; and M are perfectly matched and have the same drain to source
voltages, the difference of the currents flowing into the two transistors can be computed

as

(- 1y) =kn (Vy -V )(Vy -Vy)
1
= oV -Vy) (2.13)

The resistance value can thus be expressed as
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1
R =
/Jncox(vv / L)(Va _Vb)

(2.14)

where W, = electron Mobility; C,x = Oxide capacitance per unit area; W/L = Effective

channel width/ Effective channel length and V,, V,, are the gate voltages.

Vi,

Figure 2.14. MOS implementation of resistance [35]
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Figure 2.15. MOS implementation of a linear resistance
connected between negative and output terminals of OTRA

Further, different values of resistors have been realized using MOSFETSs by setting W/L
as 1 um/2.5 um. Table 2.3 lists the difference of gate controlling voltages required for
implementing different resistor values. It also shows the current flowing through

corresponding resistors.
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Table 2.3. Gate controlling voltages for different resistor values implementation

R(kQ) (Va-Vb) (V) Ir(UA)
10.1 0.963 95.3
10.2 0.953 934
10.3 0.944 91.6
11 0.875 79.5
12 0.802 66.8
13 0.741 57
14 0.688 49.1
15 0.642 42.8
16 0.602 37.6
17 0.566 33.29
18 0.535 29.7
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Figure 2.16. Differential gate controlling voltage versus transistor current

The graph between gate controlling voltages and its current is depicted in Figure 2.16.
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2.6 Concluding Remarks

In this chapter, CFOA and CMOS based OTRAs are characterized. Nonidealities of
practically realized OTRA are also discussed, which would be helpful in performance
evaluation of any OTRA based circuit. The active resistor realization in OTRA based

circuits is also presented in this chapter.
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CHAPTER 3
SINGLE OTRA BASED SINUSOIDAL
OSCILLATORS

The content and results of the following papers have been reported in this chapter

[1] K. Gurumurthy, R. Pandey and N. Pandey, “Minimum component count Low
frequency sinusoidal oscillator based on Single OTRA,” 1JCTA, vol. 9, pp. 181-7, 2016.

(SCOPUS)

[2] K. Gurumurthy, N. Pandey and R. Pandey, “Single OTRA Based Low frequency
Sinusoidal Oscillator Realization,” 10P: Materials Science and Engineering; vol. 225,

2017. (SCOPUS)

[3] K. Gurumurthy, N. Pandey and R. Pandey, “New realization of third order sinusoidal
oscillator using single OTRA,” Int J Electron Commun (AEU), vol. 93, pp. 182-90,

2018. (SCI) (IF: 2.82)
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3.1 Introduction

Sinusoidal oscillators (SOs) play a vital role in control, power electronics,
instrumentation, measurement, standard test and carrier signals for communications and
other electronic systems [47]-[49]. These oscillators may generate signals of various

frequencies ranging from very low to very high.

Low frequency (LF) oscillators are a specific class of oscillators, which produce
periodic waveforms at a very low frequency generally in (0-20 Hz) range. These are
very commonly used for music and speech synthesis and also find applications in
various other fields such as testing of various servomechanisms, geophysical systems,
biological and biomedical fields [53], [76], [191]. The oscillators, which can produce
medium to high frequencies, can be easily designed by implementing tuning expression

of the form 1/RC, whereas, designing of LF oscillators with lower passive component

. . . Jhi-
spread needs a special tuning function of the form %.
T

The SOs are most commonly designed using a forward active network of single/multiple
ABBs based amplifiers/filters and passive networks placed in the feedback loop. The
oscillator topologies with a reduced number of ABBs and passive components lead to
power and area efficient designs wherein the parasitic effects are also reduced.
Therefore, this chapter is devoted to the design of single OTRA based SOs. It is
pertinent to mention here that with reference to harmonic distortion performance, the
TOSOs are always preferred over second order oscillators. This led us to present a third

order SO (TOSO) also in this chapter.
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3.2 Single OTRA based Second Order SOs

This section elaborates on the proposed second order SO topologies. Each topology is
described first, which is followed by its MOS resistor based realization. The effect of

nonidealities of OTRA on these structures is analyzed in the subsequent section.

3.2.1 Proposed Topology |

The proposed topology 1 is shown in Figure 3.1, using routine analysis the characteristic

equation (CE) of the SO can be expressed as

ece, (C_C_JL L1

R R/ RR R? (3.1)
R,
C,
) |
x’—{ | R P Ve
Rm :.
n
R
C:
l
Figure 3.1. Proposed single OTRA SO topology |
The CO and FO ( f,) for topology | from CE are given as
CO:C,R =CR
1
FO: f [l n]z ;where n _R (3.2)

°" 27zR,/ R,

By choosing the appropriate value of n, the proposed oscillator can provide low to

medium frequencies.
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3.2.2 Proposed Topology Il

The proposed topology Il is depicted in Figure 3.2 and its CE is expressed as

B L AYA S—
R
C;
‘ \
»—{
Vin | P Vour
CZ Rm 4¢°u 3
SAVAVAVES n
R
Ri
R>

Figure 3.2. Proposed single OTRA SO topology 11

{szclcszRle +5[ CRR,R+CR* (R +R,) ~C,R°R, | 33)

+RR,—~R*+RR, =0
The CO and FO may be obtained as

1
2 \2 (3.4)
forf- L 1+(£__RJ
27Z'R C]_Cz R2 R1R2

——[K]z (3.5)

2
Where K =1+n and n denotes the resistor ratio 3_ R )
RZ RlRZ
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The multiplication factor K can be selected to be greater than or less than unity by

choosing the appropriate values of R, Ry, R,. By making R _1 the K value may be
Rl

chosen to be greater than unity, whereas if RE >1the K value is set to be less than one.
1

Thus, the proposed oscillator can provide frequencies ranging from LF to MF by simply
adjusting K.
3.2.3 Proposed Topology 111

The proposed topology 11 is presented in Figure 3.3 and the CE is given by (3.6).

n Vout

Rm I

(1 1] C, Cl(l—K)] 1 ( 11 1 ]
—+— |+=1+ + + +
0

R S .
whereK = R—l; by considering equal capacitances, the FO and CO are computed as
2
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Fo:f =L J L, 12 (3.7)

27C\R,R, R,R; RyR,
Co:i+i=i;K=3 (3.8)
R, Ry R,

3.2.4 MOS-C implementation of Proposed Topology-I

The current differencing property of the OTRA makes it feasible to realize the resistors
connected to the input terminals of OTRA, using MOSFETs with complete nonlinearity

cancellation [35], as explained in chapter 2.

w

| |
—I7 vir o | R

i

T—‘ P Vout

R E— Rm
% Lo

Vor =Y

LA ‘e

vb |

-

Figure 3.4. MOS-C implementation of proposed topology-I

A thorough inspection of proposed topology-I suggests that all the resistors of Figure 3.1
are MOS realizable and the resulting structure is shown in Figure 3.4. The resistance
values can be tuned with the help of gate voltages and thus, the FO can be tuned

electronically.
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3.2.5 Nonideal Analysis
The performance of the proposed oscillators may deviate from the ideal results because
of the OTRA nonidedlities. Idedly, Ry is assumed to approach infinity. However,

practically, its value is frequency-dependent.

Considering a single-pole model single-pole mode of OTRA in Figure 3.1, the CE of

(3.1) modifiesto

2
s°C,(C,+C,)R? +s[(cz+cp)R—c15]—5+1= 0 (3.9)
R™ R
The modified CO and FO are computed as
CO:R(C,+C,)=CR
iy 1 1
FO: f, = [1-n]2 (3.10)

21 (C,+C )RRy
For, Figure 3.2, the CE of (3.2) changesto (3.11) by considering the nonidealities.

(Cy+C,)RRR+(Cy+C)R*(Ry+ Ry)

2 2
s*(C,+C,)C,R*RR, +s
" ~C,RR, (3.11)

-R?+R,R, +RR, = 0
The altered CO and FO are computed as
CO:(C;+C,)R(R+Ry)=RR(C,-(C,+C))

1

A 2 2
FO: f, = ! 1+[3- R ] (3.12)
21R,[(C;+C,)C, R, RR,
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From (3.10) and (3.12), it is observed that there is a slight deviation in FO in the
presence of nonidealities. The effect of parasitic capacitances C, can be eliminated by

preadjusting C; and C,, thus achieving self-compensation.
Considering the nonidealities of OTRA, the CE of Figure 3.3 changes to
X182+Y15+Z:=0 (3.13)

where coefficients X3, Y3 and Z; are represented respectively as

C 1 1) C 11
X,=C,C,|1+SC R +—2R | —+— |[+—2R | —+— 3.14
1 1 2{ pR1 C1 R1(R3 R;J C2 R1(R2 RAJJ ( )

vl=c1c2[ci(i+ij+ L +(1‘K)+CpR1[ L, ! D (3.15)

1 R 3 R4 R 2 CZ R 4 C:2 C1C2 R2 R4 RZ R3 R3 R4
Z, = L + L + ! |__K (3.16)
R,R, R,R, R;R,) RR,

It is clear that the CE modifies in the presence of nonidealities. However, the effect may

practically be ignored by choosing oscillator frequency much below 1/C,R; and
selecting external capacitors of value much higher than C,. In such a situation, the

coefficients Xy, Y1and Z; modify to

Xi%CC, (3.17)
Yi=CC; (cz [i+ij+&+ﬁa— K)j (318)
R, R,) R, R,
VAL L + L + 1 |__K (3.19)
R,R, R,R; RsR,) RsR,
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By substituting (3.17), (3.18) and (3.19) in (3.13), the CE given by (3.13) reduces to

(3.6) and FO, CO are given by (3.7) and (3.8) respectively.

3.2.6 Sensitivity Analysis

The sensitivity is an important performance criterion for any circuit, which enables
analog IC designers to choose which elements should be carefully designed to maintain
high circuit performance. The sensitivity of FO is calculated with respect to all passive

components [48] may be calculated as

Sy =é.%

o (3.20)

where X refers to various elements used.

The sensitivity of f, for Figure 3.1 with respect to circuit components is computed as

sée|=[ss :%;‘s;f ZZ(RR_R);‘SF}‘ 2R1+: (3.21)
Rl
The sensitivities of f, for Figure 3.2 with respect to C;, Cy, Rz, R1, R are
‘Sfo =‘Sfo =£‘ fol _ R(R—Rl) .
al el 2R 2[R (R4Ry) - R
) (3.22)
‘Sfo _ R .‘SFIO‘: R, (2R, +R)
*1 2[R (R+R,)-R?] 2[Ri(R+R,)-R?]
The sensitivities of f, for Figure 3.3 with respect to C, R, Rs, R4 are
1 1
S&|=1Sp|= (S| =
‘ ¢ ‘ Rl 2[1+Ry/(Ry — 2R,)] ‘ Rl 2[14 R, /(Ry—2R,)]
(3.23)
e ]
Rel 2[1-2R,/(Ry+R,)]’
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From (3.21) to (3.23), it can be seen that all the sensitivities with respect to passive

components and parasitic capacitances are less than unity in magnitude.

3.2.7 Simulation Results

The workability of the proposed structures is tested using SPICE simulations and the
CMOS implementation [32] of OTRA is used. The process parameters are taken as 0.18
pum provided by MOSIS (AGILENT) for the transistors used in OTRA. Supply voltages

Vssand Vpp used are + 1.5V.

For topology in Figure 3.1 simulations are carried out for f = 45 Hz by selecting R;= 11
kQ, R= 10 kQ, C;= 110 nF, C,= 100 nF. The corresponding timing waveform and its
frequency spectrums are depicted in Figure 3.5 and Figure 3.6, respectively. The Total
harmonic distortion (THD) is observed to be 2.24%. Figure 3.7 shows the variation of

frequency with resistor ratio ‘n’. At n = 0.8 the frequency is 1 Hz.
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Figure 3.5. Timing waveform of proposed topology |
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Figure 3.6. Frequency spectrum of proposed SO topology-I
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Figure 3.7. Variation of frequency with respect to n
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Figure 3.8. Histogram of Proposed SO-1 after Monte Carlo simulation

The robustness of the proposed circuit is examined through Monte Carlo simulations by
considering hundred samples with 5% variations in all passive components. Figure 3.8
shows the histogram in which the value of FO remains close to its theoretical value of
45 Hz. The proposed topology in Figure 3.1 also provides oscillations at higher
frequencies. To illustrate this point, the oscillator was designed for a FO of 1.59 MHz by
selecting component values as R= 1 kQ, R;= 2 kQ, C;= 100 pF, C,= 50 pF. The
simulated timing waveform and its frequency spectrum are plotted in Figure 3.9 (a) and

(b), respectively. The THD is observed as 0.47% at FO of 1.59 MHz.
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Figure 3.9. (a) Timing waveform and (b) frequency spectrum of proposed SO topology
I

Simulations are performed for oscillator topology in Figure 3.2 at FO of 7.96 Hz by
selecting R= 50 kQ, R1= R,= 100 kQ, C;= 100 nF, C,= 400 nF. The simulated transient
response and its corresponding frequency spectrum are shown in Figure 3.10 (a) and (b),
respectively. The robustness of the proposed SO topology Il is examined through Monte

Carlo simulations by considering hundred samples with 5% variations in all passive

components.
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Figure 3.10. (a) Transient waveform and (b) frequency spectrum of proposed SO-11
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Figure 3.11. Histogram of proposed SO-11 after Monte Carlo simulation

Figure 3.11 shows the histogram in which the value of FO remains close to its standard
value of 7.9 Hz. By adjusting the multiplication factor K in (3.5), the proposed structure
can provide higher frequency oscillations. To verify this fact, the oscillator was tested at

796 KHz by choosing component values as R= 0.5 kQ, R;= R= 1 kQ, C;= 100 pF,

sz 400 pF.
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Figure 3.12. (a) Transient waveform and (b) frequency spectrum of proposed SO-11

The simulated transient response and corresponding frequency spectrum are plotted in

Figure 3.12 (a) and (b), respectively. The THD is observed as 2.14% for 7.96 Hz

oscillation and 0.6% at 796 KHz.
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Figure 3.13. (a) Transient waveform and (b) frequency spectrum of proposed SO-I11
For simulation of circuit of Figure 3.3, the component values are chosen as R;= 5.4 kQ,
R= 1.8 kQ, R3= 7.2 kQ, Rs= 1.44 kQ and capacitor values are taken as 300 pF. The
simulated transient response and corresponding frequency spectrum are shown in Figure

3.13 (a) and (b), respectively. The simulated FO is obtained to be 273 KHz and THD is

observed to be 3.27%.
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Figure 3.14. Histogram of Proposed SO-I11 after Monte Carlo simulation.

The robustness of the proposed SO topology Il is examined through Monte Carlo
simulations by considering fifty samples with 5% variations in all passive components.

Figure 3.14 shows the histogram in which the value of FO remains close to its standard

value of 273 KHz.

3.2.8 Experimental Results

The proposed SOs are also verified experimentally by breadboarding AD8441C based

implementation of OTRA [181] and supply voltages of + 8V are used.
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Figure 3.15. Experimental results of Figure 3.1

(a) steady-state output and it's (b) frequency spectrum
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Figure 3.16. Measured outputs of SO-11
(a) steady-state output and it's (b) frequency spectrum

The resistor and capacitor values taken are R;= 10.1 kQ, R= 10 kQ, C;= 10 pF,
C,=10.1 pF. Figures 3.15 (a) and (b) show the observed oscillations and FFT spectrums
at 160 KHz for topology in Figure 3.1. Figure 3.2 is designed at 7 KHz (R;= 10 kQ,
Ro= 1.2 kQ, R= 11 kQ; C,= 100 pF, C1= 436 pF) and the corresponding steady-state

response and FFT spectrum are depicted in Figure 3.16 (a) and (b), respectively.

Figure 3.17. Measured outputs of SO-111

(a) steady-state output and it's (b) frequency spectrum

Figure 3.3 is modeled at 275 KHz (R1= 5.4 kQ, Ro= 1.8 kQ, R3= 7.2 kQ, R4= 1.44 kQ).
Its steady-state response and corresponding frequency spectrum are depicted in Figure

3.17 (a) and (b), respectively.
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3.3 Proposed TOSO Configuration

The literature review, as presented in chapter 1, suggested that only a single topology
[160] of TOSO using single OTRA is available. It is worth noting that in the TOSO of
[160], the capacitive component spread in the oscillation condition is large, which is not

favorable for IC implementation.

The proposed TOSO is shown in Figure 3.18. It uses a single OTRA and six passive
components. The CE is obtained by performing routine analysis, assuming ideal OTRA
and is given by

C,CRR,+C,C,RR, +
5301C2C3R1R2R3+SZ 1~21M0N2 2~3'M1N\3 :|

C,CsR,R; ~C,C4R R,

(3.24)

Assuming C1= C,= C3= C, R;= R,=R the CE (3.24) reduces to
s®C°R®R, +25°C°RR,; +SCR; +1=0 (3.25)
Therefore FO and CO are given by

1
27RC

FO: f, =

CO:2R, =R (3.26)

From (3.26), it is clear that FO can be tuned using C without affecting CO. Similarly,
CO can be adjusted using Rs. In practice, frequency tuning via capacitor variation is
difficult. However, the capacitors may be replaced by a capacitor bank formed by a
parallel connection of a capacitor and a series switch. The value of capacitance may be

varied by appropriate switch settings.
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Al

Figure 3.18. Proposed TOSO circuit

3.3.1 MOS resistor based Implementation

A thorough inspection of Figure 3.18 reveals that all the resistors except R, can be

realized using MOSFETs. The MOS resistor based implementation of proposed TOSO

is shown in Figure 3.19.
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Figure 3.19. MOS resistor implementation of proposed TOSO
3.3.2 Nonideal Analysis

Using a single-pole model for Ry, the CE given in (3.24) modifies to
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s’C,C3RRyRy(C, +C,) +5°[(C, +C,) (C3Ry(R, + R,) + CRIR, ) ~CC4RR, |+

(3.27)
S[(R,+R,)(C, +C,)~Cy (R +R, —R;) [+1=0

and the FO and CO change to

- \/(R1+R2)(C2+Cp)—C3(R1+R2_R3) (3.28)

FO: f, =~
° 2z CiC3RR,R3(C, +C )

(Ry+R,)(Cy+Cp)-Cy (R +Ry —Ry)
CO: ) (3.29)

(C2+Cp)(CaRs(Ri+Ry)+CiRiRy ) ~CIC3RIR,

The effect of C, can be eliminated by pre-adjusting the value of capacitor C,, thus
achieving self-compensation. By choosing equal capacitance and resistor values except

for Rz, the FO and CO are reduced to (3.26).

3.3.3 Sensitivity Analysis
The sensitivity of FO ( f,) for the circuit of Figure 3.18 with respect to R and C are

given as

f

f
0
SC

f
0
SR

=|Sg°| =L |Sg3|=0 (3.30)

From (3.31), it is observed that all passive sensitivities are less than or equal to unity in
magnitude. Therefore, it ensures that the sensitivity performance is satisfactory.
Sensitivities of the proposed TOSO structure by considering nonidealities and

component setting of C;= C, = C3= C, R;= R,= R are given by
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‘| RC,+RC | #|  2RC,
Sp’| = )Or, | = :
2RC, +R,C’| % 2RC, +RC
SfAO B RyC(C+C,)~(2RC,+ReC)(3C+2C,) \a1
c 2(2RC,+RC)(C+Cp) (3.31)
Son _ RC,(C+C,)-(2RC,+RC)C,
“p (2RC,+R,C)(C+Cp)

It is found that with C,—0 the above passive sensitivities reduce to as given in (3.31)

3.3.4 Simulation and Layout Results

The proposed TOSO circuit is verified through simulations using the Cadence Virtuoso
ADE spectre tool at 0.18um CMOS technology node. The simulated FO for the
component values C1= C,= C3= C= 1.8 pF and R;= R,= 10 kQ, R3= 5 kQ was observed
to be 8.82 MHz against the calculated value of 8.84 MHz. The corresponding transient
output and the FFT spectrum are shown in Figure 3.20 (a) and (b), respectively. It may

be noted that the simulated and theoretical values of FO are in close agreement.
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Figure 3.20. (a) Transient Output and (b) frequency spectrum of proposed TOSO
The robustness of the proposed TOSO is examined through Monte Carlo simulations by
considering ten samples with 3% variations in Rs and the results are shown in Figure
3.21. Figures 3.21 (a) and (b) shows that circuit performance is well acceptable with
3% variation of Rs. Further, the histogram of frequency is depicted in Figure 3.21 (b)
which indicates that FO remains close to the theoretical value of 8.84 MHz. The FO
variation with respect to R and C are shown in Figure 3.22 (a) and (b), respectively. In

Figure 3.22 (a) capacitor value is fixed at 100 pF and R is varied from 0.5 kQ to 25 kQ.
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Figure 3.21. Monte Carlo simulation (a) Transient output (b) Histogram of FO
For Figure 3.22 (b), resister value is set at 10 kQ and the capacitor is varied from 1 pF

to 10 nF. The highest frequency measured is 15.92 MHz and the lowest frequency is

1.59 KHz.
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Figure 3.22. (a) Frequency Tuning with (a) Resistance (b) with Capacitance for
proposed TOSO

The THD variation with respect to R and C are shown in Figure 3.23 (a) and (b)
respectively. It is observed that simulated THD does not exceed 2.6%. The proposed
TOSO is also laid out and verified through post-layout simulations. The typical values
of the passive components are considered as Ri= R,= 10 kQ, Rs= 5 kQ and

C,;= C,= C3= C= 1.8 pF. The resultant theoretical FO is found to be 8.84 MHz. The

complete layout of the proposed TOSO is shown in Figure 3.24.
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Figure 3.23. The % THD variation with (a) Resistance (b) Capacitance

Figure 3.24. The complete physical layout of proposed TOSO

The physical verification checks such as DRC, LVS, RC parasitic extraction
authenticate the layout implemented. The total active die area occupied by the oscillator
is 3085.7959 um’ (51.37um x 60.07um). The post-layout simulated waveform and
frequency spectrum are shown in Figure 3.25 (a) and (b), respectively. The simulated

FO is obtained as 8.79 MHz, which accords well with the theoretical value.
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Figure 3.25. (a) Simulated Output waveform and (b) frequency spectrum of proposed
TOSO

3.3.5 Experimental Results

The proposed TOSO is modeled with resistor values R;= R,= 10 kQ, Rs= 5 kQ and
capacitor values C;= C,= C3= C= 100 pF for which the calculated FO is 159.2 KHz. The
experimental steady-state response, FFT spectrums are shown in Figure 3.26 (a) and (b),

respectively and the practical FO is found to be 160 KHz.
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The proposed TOSO has also been simulated in SPICE in which OTRA has been
realized using 1C AD 844. Figures 3.27 (a) and (b) show the simulated and experimental
results for FO and THD variation of FO by varying R from 1 kQ to 10 kQ while
keeping C= 100 pF and by changing C from 20 pF to 10 nF with R fixed at R= 1 kQ
respectively. The FOs obtained through simulation and experiment are in close

agreement. It is observed that the highest experimental THD obtained is 3%, which is

considered to be low.

Figure 3.26. Experimental (a) steady-state output and it's (b) frequency spectrum
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Figure 3.27. (a) Frequency Tuning with R and C (b) % THD variation with R and C

3.4 Conclusion

New realizations of single OTRA based oscillators are presented in this chapter. The
functionality of proposed structures is verified through PSPICE/Cadence Virtuoso ADE
spectre tool using 0.18 um technology parameters. Moreover, the layout of the proposed
TOSO structure is also presented. The simulation and experimental results are found to

be in close agreement with theoretical propositions.

The proposed circuits are analyzed considering nonidealities of OTRA and it is observed
that the effect of nonidealities can be mitigated using self-compensation. The sensitivity
of oscillation frequency with respect to passive components is also examined and values
found out to be less than or equal to unity in magnitude. All topologies are further tested
experimentally wherein the OTRA is realized using off the shelf CFOA IC AD844.

Experimental results corroborate the theoretical propositions.
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CHAPTER 4
QUADRATURE OSCILLATOR
REALIZATIONS

The content and results of the following papers have been reported in this chapter

1. K. Gurumurthy, N. Pandey and R. Pandey, “New realization of quadrature
oscillator using OTRA,” Int J Electr Comput Eng (IJECE), vol. 7, no. 4, pp.
1815-1823, 2017. (SCOPUS)

2. Realization of Third order Inverse filters and its Applications (Communicated

Proceedings of the National Academy of Sciences, India, Springer)

3. K. Gurumurthy, R. Pandey and N. Pandey, “New Electronically tunable Low-
frequency Quadrature Oscillator using Operational Transresistance Amplifier,”
IETE Journal of Research, Taylor and Fransis.(SCIE) (1F:0.829) (Accepted)
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4.1 Introduction

Sinusoidal oscillators providing two outputs with 90° phase difference are termed as
quadrature oscillators (QOs). The QOs find wide applications in the field of
communication, power electronics and instrumentation such as in single-sideband
modulators, quadrature mixers, vector generators or selective voltmeters, etc. [166],
[178]. Therefore, there is a consistent research effort towards QO designs.

The design of single-phase oscillators was discussed in chapter 3. This chapter is
devoted to the realization of QOs and three new topologies are proposed. The first
topology is a second order QO, which also qualifies for low frequency operations,

whereas the other two are third order QOs.

4.2 Proposed Second Order QO Topology

From the literature review, it is observed that only a few second order OTRA based QOs
[166]-[167], [174]-[178] are available. A detailed study of these topologies divulges that
these structures have the FO of form 1/2zRC and are thus suitable for generating
oscillations ranging from medium to high frequencies. These topologies need a large RC
component spread in attaining lower frequencies, which is not desirable for functional
accuracy, performance and IC chip area viewpoint. Further, among these topologies, no
SO qualifies for generating low frequency quadrature sinusoid waveforms. Therefore, in
this work, a second order QO capable of producing low frequency signals is presented.
The proposed second order low frequency QO (LFQO) structure is depicted in
Figure 4.1. It consists of a forward path having all-pass type of transmission
characteristics followed by a feedback path comprising of an inverting differentiator.
Using the terminal characteristics of OTRA and performing routine analysis, the CE of

the proposed circuit is computed as
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R, R
2 3

The FO and CO may be computed as

FO: f, = -k - wherek _R (4.2)
277,JC,C3R,R, R
CO:C,R, =C,R, (4.3)

The straightforward analysis gives the relationship between Vout; and Vout; as

Vout _ :an°
2 __sC,R, =w,CsR,e 1V

4.4
Vout ; 44

It implies that Vout, lags Vout; by a phase of 90°, which verifies the relationship

between these outputs.

R2 L
|
|
Cc2
n
R1 @ Voutl
Rm
| e
Cc1
X R3
R4 T
n I
Vout2 @
Rm
P

Figure 4.1. Proposed second order LFQO

Inspection of (4.2) and (4.3) indicates that FO can be adjusted using R, or Rz without

affecting and similarly, the CO can be adjusted through R; without altering FO. Further,
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by selecting R, slightly less than Rz lower values of f, (LF oscillations) are attainable

with low component spread.

4.2.1 MOS-C Realization

As all the resistors in proposed topologies are connected between input and output
terminals, therefore a complete MOS-C realization is possible. Implementing resistors
through MOSFETSs gives the topology of Figure 4.2. The CO and FO of Figure 4.2 can
be tuned electronically as resistor values may be varied by changing gate control

voltages Vai, Vy,; for i = 1to 4.

=2|
Va3
V.
R
|
TD " Vout1
Rm
i? o]
Vor| | —— ]
Vout2 Hﬁ j
s clﬁq% ‘b2
N1
Rm C3
P
14
Vba|

Figure 4.2. Complete MOS-C implementation of proposed second order LFQO
4.2.2 Nonideal Analysis

Taking the nonidealities into account, the CE of (4.1) modifies to

s°C(C3+Cy)RR, +5{C,R —(C, +Cp)R4}+%——= 0 (4.5)
2 3

the modified CO and FO are given by (4.6) and (4.7) respectively
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A 1-k R,

f = wherek =—= 4.6
° 27,|Ci(C4+C,)KR,R, R, (49)

CO:(C, +C,)R = (C3+C,)R, (4.7)

It may be noted that the effect of C, can be eliminated by pre-adjusting the value of

capacitors C, and Cs, thus achieving self-compensation.

4.2.3 Sensitivity Analysis

The sensitivities of f, with respect to various circuit parameters are

1
fD_ . fO_ fD_ fO_ .
8¢ =0;S¢ =S¢ =Sgr ==

i G i G i k-2 “9
303:—2(—,5C =15 =
C;+C,) ™ 2(C3+C,) 2(1-k)

It may be noted from (4.8), that all the sensitivities for proposed QO are less than or
equal to 1/2 except sensitivity with respect to k. Therefore, it confirms that the

sensitivity performance of the proposed QO is satisfactory.

4.2.4 Frequency Stability

The frequency stability (S7) is yet another significant performance measure for

sinusoidal oscillators [3]. The S"is defined as
sF =do(a)/da| (4.9)

where a = @/w, is the normalized frequency and ¢(«) characterizes the phase function

of the open loop transfer function of the oscillator.

The open loop transfer function H(s) of the oscillator circuit is
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s°C,C,R,R,R;R, - SC3R,R,R;

H(s) = (4.10)

The frequency stability factor with condition setting as C1;= C,= C3= C and R;= R3= R4=

R, R;=R/n is given by

2dn-1 2

——for n>>1. (4.11)

sF =
n Jn

Inspection of (4.11) suggests that the frequency stability of proposed QO decreases with

increasing n.

4.2.5 Phase Noise Analysis

The random frequency fluctuations in a phase of a signal can be treated as phase noise.

To calculate the phase noise, a procedure discussed in [83], [192] is adopted.

By breaking the feedback loop at X in the proposed oscillator and assuming equal
capacitances and resistances except for Rs, the open loop transfer function H(s) is
computed as

s?°C*R°R, - SCR®R,

)= —(1+SCR)RR, 412)

The phase noise spectral density is shaped by

Y .. 1
— (o, +A0)f = ——— (4.13)
X dH

Aw* Aw‘

where w,isthe FOand o= (a)o + Aa)) is frequency close to the carrier frequency.

The H(s) given by (4.12) can also be expressed in terms of magnitude and phase as

H (j(t)) = A(a)).ej“’(“’) (414)

66



Differentiation of (4.14) with respect to ® gives

dw

dH dA . d :
_ (_+ JAd—¢jexp(J¢) (4.15)

dw W

Using (4.13), (4.15) can be rewritten as

1

2
+

Sio,+a0)f - {
Ao’

For w~ w,, A=1, (4.13) to (4.15) are used to compute phase noise.

dA

do

d¢

do

2:| (4.16)

Substituting the CO and FO in (4.12) the magnitude A(w) can be written as

4 2
(;’j (Rs— R)+[“’j (R;—R)R
A@)|= [

5 < (4.17)
(a)} (Ry=R)R; +(Rs — R)?
(0]
Differentiation of (4.17) with respect to o gives
[dA|_ 2 (R—R) (4.18)
do| o, (2R;—R)

the phase H(jw) can be written as

-1
. o -1 [ R3 _ -1 () R3
/H(jw) = =tan {(—%J . R3—RJ tan ([—%j R3—R] (4.19)

determining d—(p from (4.18) results in
|dg| 2R,
- .RC 4.20
ldo| (2R;-R) (4.20)
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The inspection of (4.18) and (4.20) reveals that the frequency stability at lower
frequencies can be stated high either by keeping product RC high or choosing R close to

2Rs.

The notable properties of the proposed oscillator are: 1) independent controllability of
FO through resistors without affecting the CO 2) possibility of complete MOS-C
implementation, thereby making FO electronically tunable 3) low passive sensitivities

4) good frequency stability properties.

By considering the above-listed benefits, the proposed circuit adds to the present
repertoire of OTRA based oscillators and serves to be the first OTRA based LFSO with

the capability of delivering quadrature outputs.

4.2.6 Simulation and Layout Results

The functionality of the proposed oscillator is verified through post-layout simulations.
The Cadence Virtuoso ADE spectre tool with 0.18um GPDK CMOS parameters is used
for simulations. The layout is implemented by physical verification checks such as DRC
and LVS. The layout drawn for component setting R;= R,= Rs=10 kQ, R3= 10.1 kQ and
C1= C,= C3= 5 pF is shown in Figure 4.3. The total layout die area is about 6876.145um?
(120.995um x 56.83um). Using RC parasitic extraction, the C, value is obtained as

5.03 fF.

The transient output for Vou, Vourz @and corresponding frequency spectrums are obtained
through post-layout simulations, shown in Figures 4.4 (a) and (b), respectively. The X-Y
plot for Vo versus Vour IS depicted in Figure 4.4 (c), which verifies the quadrature
relations between these voltage outputs. The simulated FO is observed as 316.32 KHz
against the calculated value of 316.89 KHz. The slight variation between simulated and

theoretical FO may be attributed to the parasitic capacitance of OTRA.
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Figure 4.3. The complete physical layout of proposed LFQO
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Figure 4.4. Post layout results of proposed LFQO (a) simulated transient Response (b)
FFT spectrum (c) Voutl versus Vout2
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The robustness of the proposed circuit is tested through Monte Carlo simulations by
considering Gaussian distribution with 5% variations in all the passive components.
Figure 4.5 presents the histogram of the Monte Carlo runs and it signifies that the circuit

operates well within 2% variation around theoretical FO.

wEEE EES

310.0k 315.0k 320.0k 325.0k
1/Period(Vgy,¢q) (H2)

Figure 4.5. Histogram of proposed LFQO

Further, the FO variation with respect to resistance Rz is shown in Figure 4.6. The other
component settings are chosen as R1= R,= R4= 10 kQ and C;= C,= C3= 10 pF while R3 is
varied from 10.1 kQ to 20 kQ. Similarly, the phase error plots between Vo and Vour
with respect to R; is examined for similar simulation settings and observations are

plotted as shown in Figure 4.7. The highest phase error is found to be 3.6°.
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Figure 4.8. Variation of % THD with Resistance R3

Total harmonic distortion is also observed for various frequencies using simulation
setting used for studying FO variation with Rs. The findings are plotted in Figure 4.8,

which show THD up to 3% till FO of 1 MHz.

Further to demonstrate the electronic tunability of the proposed QO, the drawn channel
width (Wgrawn) and channel length (Lgawn) are considered as 1um and 2.5 pm

respectively for all MOSFETSs used for resistor realization.

To realize resistors of value 10 kQ, 10.1 kQ, the gate controlling voltages V., Vi (Wwhere
i=1, 2, 3, 4) are adjusted so that (Vi -Vyi) is equal to 0.963 V, 0.953 V, respectively. The
electronic tuning of FO by MOS based resistor Rz (by altering gate controlling voltages

Vaz and Vbg) is shown in Figure 4.9.
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1.0

The proposed QO is also tested for LF operation by setting Ri= R,= R4= 20 kQ,

Rs=20.1 kQ and by selecting capacitance values as C;= C,= C3= 1 nF. The frequency of

the generated waveform is 0.559 KHz as against the theoretical value of 0.561 KHz. The

resultant schematic driven transient response and frequency spectrum are shown in

Figure 4.10 (a) and (b), respectively. The THD is found to be 1.82%.
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Figure 4.10. Schematic driven simulated results of proposed LFQO-I (Figure 4.1)

(a) transient response (b) FFT spectrum

4.3 Realization of Third order QOs

Few TOQO designs are already available [171]-[173], [182]-[183] in the literature.
These reported TOQOs are designed using (i) two lossy and one lossless integrators
[183], (ii) one lossy and two lossless integrators [183] (iii) a second order low pass filter
followed by an integrator [172] (iv) three low pass filters and gained feedback around

the loop (V) high pass filter and differentiator [171] (vi) intuitive method [173], [182].

In this section, two OTRA based TOQOs are proposed. The first structure is designed
using second order high pass filter and a differentiator in a feedback loop. The other

topology is derived from the inverse filter configuration.
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4.3.1 Proposed TOQO Topology-I

The proposed TOQO topology-I is shown in Figure 4.11. It uses an OTRA based second

order high pass filter [171] (Ci= Cs3) and an inverting differentiator in the feedback

forming a closed loop

Cc2
|
H } n Vout1l
[——
ﬁ3 Rm
|| P
RD
?D
n \
Vout2
Rm
o]

Figure 4.11. Proposed TOQO-I

Routine analysis of proposed topology gives the CE as

1

=0
RiR,

SC,CRCp +5°CC, +5| L+ Sz |4
RZ Rl

The FO and CO are computed as

FO: f = JCR +CyR,

27,C,C3RR,RCp

CO:(C,R, +C,R,)C, =C,R,Cp

(4.21)

(4.22)

(4.23)
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4.3.2 MOS -C Implementation of TOQO Topology-I
The MOS-C implementation of the proposed TOQO topology-1 is shown in Figure 4.12
The resistance value may be adjusted by appropriate choice of gate controlling voltages

(Vai, Vii; (1=1,2,3)) thereby making FO electronically tunable.

Val [
T%T c2
C1 n
| | [
[ Rm
1 gi P
Cc3 Voutl
| ] Vbl
| iil,,
va3 Vb2
— 1
Vout2 ‘c‘:D
n \
Rm
P
1 £ L
Vb3

Figure 4.12. The MOS resistor based implementation of proposed TOQO-I

4.3.3 Nonideal Analysis

Taking the nonideal behavior of OTRA into account, the CE given by (4.21) modifies to
Ws® + Xs? +Ys+Z =0 (4.24)
where the coefficients W, X, Y and Z can respectively be expressed as
W =CC,C,Ry, + C5CR, +C*CyRy;

X =CC, +CC, +CCP%+CPCZ%+CSC

2 1 1

Rp.

:£+(C2+CP)+RDCP 7= 1

RZ R1 Rl RZ ’ R1 RZ

Y
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The modified FO and CO due to nonidealities are given by

RpC C,+C

© 1 |ReR F(e:+ R
FO: fy ==/ 2—2 1

27 | C%CyRy +CR(C, +C,)

R R,R,{C(C,+C.)+C?C
CO:(C,+C,)R, +CR +C Ry = 1Ry RoC(C, +Cy) o}

R,(C+C,)(R.C+RpC,)+RR,C,C

(4.25)

(4.26)

As the parasitic capacitance of the OTRA is very small, using approximation

(C,+C,)~C the coefficients W, X, Y and Z can be simplified as

W =CC,C,R, +CiCRy, +C*CpRy,
=CRp (C,(C, +C,)+CCyp )
~CRp (C,C+CCp)
~C"Rp (C, +Cp)
~C?R,Cp

X =CC,+CC, +ccp%+cpcz%+c§cﬁ

2 1 Rl

=C(C,+C,)+C,(C, +Cp)%+%CpC

1 2
~C?+CC, o R
Rl RZ

~C%as CC, << C?

C,+C R,C
£+( 2 p)+ D™~p
RZ Rl R1R2
R,C
+£+ﬁ as Cp <<CaSCp << C
Rl R1R2

(4.27)

(4.28)

(4.29)
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(4.30)

By substituting W, X, Y, Z (4.27) to (4.30) in (4.24), the CE becomes same as (4.21) and
FO and CO of (4.25) and (4.26) reduce to (4.22) and (4.23) respectively.
4.3.4 Sensitivity Analysis

The sensitivity of FO ( f,) with respect to Ry, Ry, C and Cp, are given as

1

=3

f

Ry

__ R

f Rl
_—;‘SRO
2(R+Ry) 2

) 2(R +Ry)

‘Scf‘; (4.31)

_lef
—‘Sc"

It may be noted that all sensitivities are well within unity.

4.3.5 Frequency Stability

The open loop transfer function H(s) of Figure 4.11 is computed as

H(s)=
(1+sC,R)(1+sC,R,) (4.32)

The frequency stability factor (S7) with condition setting as C;= Cs= C, C,= Cp= nCand

Ri1= R,=R/2, Rp=R, is given by
SF = —Vn for n>>1. (4.33)

Inspection of (4.33) suggests that high S™ values can be achieved by selecting a larger

value of n. Therefore, the proposed QO offers excellent frequency stability.

4.3.6 Phase Noise Analysis

The open loop transfer function H(s) of the proposed circuit by assuming equal

capacitances except Cp is given as
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_ —s°C’C,yRpRR,
(1+sCR))(1+sCR,)

H(s) (4.34)

For o= m,, A=1, the H(s) given by (4.34) can be expressed in terms of magnitude and
phase as

H(jo) = A(w)e' (4.35)

Substituting the CO and FO of the proposed oscillator in (4.34) the magnitude A(w) can

be written as

2]
E— w
|A(w)| = o (4.36)

determining dA from (4.36) results in

Al 2
dA =— (4.37)
do| o,
the phase Z/H (w) can be evaluated as
1 1
oCpR 2
P Ca{w] (R +R,)
/H ()= =—tan™ Do (4.38)

do

determining do from (4.38) results
1)
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(4.39)

From (4.39), it is clear that the frequency stability of proposed TOQO topology-I

decreases with the increase of @, due to phase noise.

4.3.7 Simulation Results

The workability of the proposed circuit is tested through SPICE simulations.
Component values are chosen as C;= C,= C3= Cp= 100 pF and R;= Ry= 5 kQ,
Rp= 10 kQ. The simulated transient output, corresponding frequency spectrum and plot
of Vout; vs. Vout, are shown in Figure 4.13 (a), (b) and (c), respectively. The simulated
FO was observed to be 320 KHz as against the calculated value of 318.47 KHz. The

quadrature phase relationship between Voutl and Vout?2 is also verified through Figure

4.13 (c).
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Figure 4.13. (a) Transient output (b) frequency spectrum and (c) plot of Voutl vs.
Vout2 of proposed TOQO topology-I

The robustness of the proposed circuit is tested through Monte Carlo simulations by
considering Gaussian distribution with 5% variations in all the passive components used.
Figure 4.15 presents the histogram of the Monte Carlo runs it is observed, that the circuit

operates well within 2% variation around theoretical FO.
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Figure 4.14. Histogram of proposed third order QO-I

81



The FO of the proposed QO can be tuned by varying R, as suggested by (4.22). The FO
tuning with R (varied from 3 kQ to 6 kQ) while keeping C fixed (100 pF) is shown in
Figure 4.15 (a) whereas tuning with C (varied from 60 pF to 140 pF) with R fixed at
5 kQ is depicted in Figure 4.15 (b). It may be observed that the simulated and

theoretical values of FO are in close agreement
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Figure 4.15. Frequency tuning of proposed QO (Figure 4.12)
with (a) Resistance (b) Capacitance

The % THD variation with R and C is also studied and is depicted in Figure 4.16. The
% THD variation with R (C= 100 pF) for both quadrature outputs is recorded in Figure
4.16 (a) and the largest value observed is 1.87%. Similarly, Figure 4.16 (b) shows
% THD variation with C (R= 5 kQ), wherein the maximum observed value is well

within 2.5%.
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Figure 4.17. Phase error between Voutl and Vout2
with (a) Resistance (b) Capacitance

The phase error plots between Vouu and Vo are also examined by varying R and
keeping C constant and vice versa. Variation of phase error with resistance and
capacitance are depicted in Figure 4.17 (a) and (b), respectively. The largest value of

error is observed to be 5°.

4.3.8 Experimental Results

The proposed TOQO topology-I is also tested experimentally by breadboarding the
circuit of Figure 4.12. The passive component values are chosen same as simulated

driven output. Figure 4.18 depicts the transient output obtained on CRO at 320 KHz.
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Figure 4.18. Transient Response of Proposed TOQO-1 on CRO

4.3.9 Proposed TOQO Topology-II

This section presents three TOQO topologies, derived from a generic third order inverse
filter (IF). The IFs are used to reverse the distortions of the signal incurred due to signal
processing and transmission. For the signal correction, the IF should have a frequency
response reciprocal to the frequency response of the system causing distortion [193]-
[211]. It is observed that few first order [202] and second order [193]-[201], [203]-
[207], [209]-[211] IF topologies are reported in literature. However, no third order IF
topology is available in the open literature. In this work, a generic third order IF
structure based on the OTRA is developed, which is configured to provide inverse low-
pass (ILP), inverse High-pass (IHP) and Inverse band-pass (IBP) filter responses
through component selections. The proposed generic IF is then used to derive a
generalized third order SO structure, which leads to the design of three different SOs

with appropriate component selection.
Proposed Generic IF

The proposed generic third order IF is shown in Figure 4.19. It uses three OTRASs and
nine passive components. The transfer function for the proposed configuration is

obtained as
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Vout _ Y Y5Ys +Y,Y,Ye (4.40)

Vin Y,Y,Y,

where Y; (i= 1to7) represents some admittance. The component selection, corresponding

transfer functions and filter parameters are listed in Table 4.1.

Vin

Figure 4.19. Proposed generalized third order IF

In literature, active filters have been used to design sinusoidal oscillators by creating a
unity feedback loop around the filters. This concept is adapted here with proposed IFs
for the first time to develop the new oscillator topologies. By placing unity feedback
around ILP, IHP and IBP filters, CEs of (4.41)-(4.43) are obtained and corresponding
oscillators are termed as ILP_SO, IHP_SO and IBP_SO.

2
$3C,C,C,RR,R; +sclcéﬂ+ SC,R, +[ —%) -0 (4.41)
4 5
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Table 4.1. Proposed IF transfer functions and their parameters

IF
Component selection Transfer function IF parameters
Type
Vout 1
Y1=5Cy,Y o= 1 ,Y3=8Cp,Y 4= 1 N v 3 1 :
Ry Ry " | Vin 1R “oIlP = C CoRIRRs
C,C,C4RRoRs | R 1r2am1m2ns
ILP 1oL R 3\ Ry C.R R
1 1 1 82 sC 1 Qip = k. ;(HO)”_p =3
Ys5=—+5C4, Y6=—+5C3, Y7=— R 8 4 JC1C2C4RIRoRs —C4Ry Rs
1 1 Vout 1 3 1
Yi=—,Y,=5Cq, Y3=—,Ys=5Cy,| i = OHp = —=———————;
1 R 2 1, Y3 R, 4 21| Vin 53{(;5] 0 CiCoC3RRoR,
IHP 1 1 2 = QP =occo0 ESRRSR _C4R (Ho)ip =%
Y5:—+SC4,Y6:—+SC3,Y7:SC5; 53+ S + SC4 + 1 12224717213 373
R4 R3 C3 R3 C1C2C3 RlRZ C1C2C3 R]_Rz R4 for C3 = C5
Vout 1
lei , Yo=5Cq, Y3:i Y 4= sCo, = 2 3 _ 1 .
R, R, vin s [Rg,] DIBP = G C.RRR,
= 10203 Ro Ry
IBP C3Rs( Rs C.R R
_1 _1 _1 % sC 1 Qigp = 33 ((Ho)ige =| oo
Ys5=—+5sCy, Yo=—+5C3, Y7=— 3+ + C RN §/—_ °/IBP | R
R, * Ry 2 Rs CsR; CiC,C3R1R,  CiC,CaRiRyR, C1C2C4RIRRs ~CaRy 5
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2
$3C,C,C,RR,R, {1— (%D T S'Clcaﬂ +SC,R, +1=0 (4.42)
3 3

2
$3C,C,CsRR,R, +sclcéﬂ(1—(%n +SC,R, +1=0 (4.43)
3 5

Table 4.2 enlists the FO and CO of the proposed ILP_SO, IHP_SO and IBP_SO
computed from CEs of (4.41) to (4.43). It is worth mentioning that the FO for all
proposed SO topologies can be tuned independently using resistors without affecting
CO. Similarly, CO can be altered with the help of resistors without affecting FO, thereby

manifesting independent tuning.

Table 4.2. Frequency of oscillation and condition of oscillation of proposed QO

topologies
Circuit Frequency of Condition of Independent
oscillaton (f,) oscillation Tuning
JCs c R. )R
h 27z,/C,C,C,RR, C, [ RJ R 12
C
IHP_SO /G R_ G R
. 27T\/C1C2C3R1R2 (1_ C5/C3) R4 C3 (1_CS/C3) 11 T\
JC, C, R,
IBP_SO 4 R.R
- 27r\/C1C2C3R1R2 C; Ry(1-Ry/Rs) v

Further, a close observation on the component selection in Table 4.1 shows that ILP, IHP

and IBP filters use either lossless integrator or lossless differentiator. Therefore, all three

SOs provide quadrature response.
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4.3.9.1 MOS -C Implementations
All the proposed IF based TOQOs are completely MOS-C realizable, which facilitates

electronic tuning. The complete MOS-C implementations are shown in Figure 4.20.
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c1 P vi P
Ga> c2 v2
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\
()

Figure 4.20. Complete MOS-C implementations of proposed IF based TOQOs
(@) ILP _SO (b) IHP_SO (c) IBP_SO
4.3.9.2 Nonideal Analysis

This subsection presents the effect of OTRA nonidealities on proposed QOs. The CE of

ILP_SO, in presence of nonidealities, is expressed as

2
§3C,C,C,RR,Rs5,(5) &, (5) +Sclcéﬂ

[1—2—253(5) J =0

where error functions are given as

& (8) &,(S)+SC4R; +
) (4.44)

&(s) :]/(1+ stRl);gz(s) :]7/(1+ stRz);g3(s) :]/(1—stR5)

The altered CE of (4.41) results in modification of FO and CO. Therefore, the

compensation method must be applied for high-frequency applications to account for
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deviations introduced in FOs. A complete passive compensation may be achieved by
simply connecting a capacitor C, between V; and p terminal of i OTRA (i=1, 2) and

Vout and p terminal of third OTRA. The CE of (4.41) with Cy, modifies to

2
oo S o {1 faes(c, 0 )R |
4 5

{(1+5(C, ~Cx )R )(2+5(C, ~Cx )R, )| =0 (4.45)

It may be noted that the effect of C, can be eliminated by choosing Cy = Cy,

The CE of the IHP_SO in the presence of nonidealities is computed as

s*(C,+C,)(C, +C, )CsRiR,R, (1_(C5;Cp D+

3
s?(C,+Cy)(Cp +Cy )RR,

Rs

p (4.46)

The effect of C, can be eliminated by pre-adjusting the value of capacitors C4, C, and

Cs, thus achieving self-compensation.

The CE of the IBP_SO in the presence of nonidealities is obtained as

$*(C,+C,)(Cp +Cy )CRIRR, +57(C, +Cy )(Cy +C, )RR,R,

(4.47)

1 1
(R—g—R—Sgl(S)J+SC4R4 +1=0

where & (s) :]/(1—stR5)
The effect of C, may be eliminated by pre-adjusting the value of capacitors C; and C,
and placing capacitor of value C4 between V, and p terminal of third OTRA

The nonideal FO and CO of all three topologies, along with the passive compensated
error functions (wherever applicable), are listed in Table. 4.3
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Table 4.3. Nonideal FO and CO of proposed IF based QO topologies

Passive compensated error

Circuit Nonideal FO ( fAO) Nonideal CO et
unctions
& (s) = (1+S(Cp—CX)R1)
ILP_SO —# S 1—&53(5) Ll € (s)= (1+5(C —Cx)Rz)
- ‘91(3) &) (S) C4 R5 R3 P

€5 () = (1—s(cp—cx)R5)

fo\/(l—(C5 -Gy )/cs) Ry c,

IHP_SO [ oy o0y ) Ry C1—(Cs—Cp)/Cy)

fo c R
IBP_SO \/(1+Cp/C1)(1+Cp/CZ) c_;: R, (1—51(33)(R3/R5)) €3 (3) :]/(1‘5(09 —Cx )RS)




Table 4.4. Sensitivity calculations for proposed IF based TOQOs

Circuit Son
ILP_SO ||.f f f | f f f f f fl 1
= 8R2 |= 982 | =32 | = 0352 | =3¢ =8P = et | = 3R =[82 | =
A A A
Sfo:Sfo:O;Sfo:SfOZSfO:SfO:SfOZE; ol 1 ; fo| Cs ;sfoz C; ;sfoz C, ;sfoz 1
Ra| | Ra G| G| [Ca] R R 277C | 2(1-C5/Cq) | | 2(1-C5/Cq) | &| 2(Ci+Cp) | | 2(C,+Cp)'| 2(1_(c5_cp)/c3)
IHP_SO
SfAO ) Cs _SfAO _ Cp(2CH(C1+Cy+C5~Cs))+3CH +Cy(Co +C5—Cs ~CyCs /Cy +CoC3/Cy)
Ce | '17C
5 2(1—((:5—cp)/c:3) P 2(:3(1—(05—cp)/c3)(cl+cp)(cz+cp)
. f | Co(C +Cy+2C
IBP_SOlisfo| |50 —|s o =0?‘Sf° Z‘Sf" =‘5f° Z‘SfO [sfo|[sfo|-Lifslo| -G _.fslo| - __C2__|slo|_ ColGrCat2Cy)
R Ry Rs G G, Gy Cy R Rl 2’1 2(C,+Cp) G| 2, +Cp) Col 2(C, +Cp)(C1+Cp)
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4.3.9.3 Sensitivity Analysis

The sensitivity of f, with respect to circuit component and parasitics for proposed IF
based TOQOs is listed in Table 4.4. From Table 4.4, it is evident that all the passive
sensitivities of proposed IF based TOQOs are low. It is found that with C,—0, the

above-quoted passive sensitivities reduces to less than or equal half in magnitude.

4.3.9.4 Frequency Stability
The frequency stability expressions for all the proposed TOQOs are derived and are

presented in Table 4.5.

Table 4.5. Frequency stability factors for proposed topologies

Circuit Condition st

ILP_SO C1=C,=C3=C4=C and R,=R4=Rs5= R, R3:R/2,R1: R/n —2\/ﬁ

IHP_SO\| o =¢,=C,=C,=C.Cs=C/2 and R,=Rs= R, Ri=R/2,R;= R/n -2

IBP_SO| " ¢,=¢,=C4=C,=C and R,=R.=Rs= R, Re=R/I2,R,;=RIn | —2n

It may be observed that the ST can be made high by keeping n larger than unity for
ILP_SO and IBP_SO. The SF for IHP_SO can be made high by keeping n small.
Therefore, all proposed oscillators enjoy good frequency stability by selecting n
appropriately.

4.3.9.5 Phase Noise Analysis

The open loop transfer function for ILP_SO (Hy(s)) and IBP_SO (Hx(s)), by assuming

equal capacitances and resistances except Rs is given by
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s°C®R?R, +5°C°RR,; + SCR; +1

H. (s) =
1 (Ry/R)

o) s°C°R®+5% C?R®/R, +sRC +1 (4.48)
2(8) = S2C2R2

Similarly, the open loop transfer function for IHP_SO (Hs(s)) by assuming equal
resistances and capacitances except for Csis given by

s°C%C,R*+s°C?R? +SRC +1

H3(S) = S3C3R3 (4 49)

Let Hi joo) = Ai(o)exp (j ¢ (@) ) for i = 1,2,3 then

dA| 2
‘ﬁ -2 (4.50)
0
[dey|_ 2 [de,| 002 [dey| 3 (4.51)

do| o, |do| o, |do| o,

Inspection of (4.51) indicates that at higher frequencies, the frequency stability of all

topologies decreases due to phase noise.

4.3.9.6 Functional Verification

The performances of the proposed IF configurations are tested both pre and post layout
simulations in Cadence Virtuoso ADE spectre tool. The frequency responses of
proposed IFs are examined for pole frequency of 1.59 MHz. All capacitors and resistors
are chosen as 10 pF and 10 kQ respectively. The complete physical layouts, pre and
post-layout frequency responses for ILPF, IHPF and IBPF are shown in Figures 4.21,
4.22 and 4.23, respectively. The total die area taken by these IFs is 15693.5655um?
(24.05umx126.51um)(ILPF), 21267.2187um?(157.43umx135.09um)(IHPF), 16815.488

pm? (132.395pm x 127.01pm) (IBPF).
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Figure 4.21. (a) Complete physical layout of ILPF and its (b) frequency response
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Figure 4.22. (a) Complete physical layout out IHPF and its (b) frequency response
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Figure 4.23. (a) Complete physical layout out IBPF and its (b) frequency response

The maximum deviation between pre and post-layout results 6% for all IFs. Therefore,
all the structures have been found to work in corroboration with theoretical propositions.
The workability of the proposed SOs is verified through simulations. The component
values are taken as : ILP_SO (Ri= R= R4= Rs= 10 kQ, R3= 5 kQ, C1= C,= 10 pF,

C3: Cs=5 pF), |BP_SO (R1: R,=R,= 10 kQ, Rs=5 kQ, Ci=C,= C3: 10 pF, Cs= C5: 5
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pF) and IHP_SO (R1= R2= R4= Rs= 10 kQ, R3=5 kQ, C;= C,= 10 pF, C3= C4= 5 pF)

which result in FO of 1.59 MHz.

The simulated transient response and corresponding FFT responses and Vi versus V;
plot for proposed oscillators are depicted in Figures 4.24, 4.25 and 4.26, respectively.

The % error in FO between simulated and theoretical values is obtained within 5.5%

The simulated FOs are found to be in well accordance with the theoretical values. The

THD:s for all TOQOs are found to be less than 2.3 %
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Figure 4.24. (a) Transient / steady-state response (b) FFT and (c) V1 versus V2

graphs for proposed ILP_SO
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Figure 4.25. (a) Transient / steady-state response (b) FFT and (c) V1 versus V2
graphs for proposed IHP_SO
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Figure 4.26. (a) Transient / steady-state response (b) FFT and (c) V1 versus V2
graphs for proposed IBP_SO

4.4 Conclusion

New topologies of OTRA based QOs are presented in this chapter. A new realization of
second order OTRA based low frequency sinusoidal oscillator is proposed first followed
by a third order quadrature oscillator using a high pass filter and a differentiator. Further,
a new approach has been presented to design third order QOs employing a third order
inverse filter (IF). Three different structures are proposed using the IF based approach.
The functionality of the proposed structures is verified through Cadence Virtuoso ADE
spectre tool using 0.18 um technology parameters. Moreover, the layouts of the
proposed IFs, second order QO are also presented. The pre, post-layout simulation

results are found to be in close agreement with theoretical propositions.

The QO designed using a high pass filter and a differentiator is verified through SPICE
simulations using a 0.18um technology parameter. This topology is further tested

experimentally wherein the OTRA is realized using off the shelf CFOA IC AD844.
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The effect of nonidealities of OTRA has been analyzed by considering a single-pole
model, which suggests that for high-frequency applications, self-compensation can be
used. The sensitivity of f, with respect to passive components is also examined and
values found out to be less than or equal to half in magnitude. The simulated value of

THD for all proposed QOs is observed to be quite low.
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CHAPTER 5
GENERIC OSCILLATOR STRUCTURE
FOR WIDE FREQUENCY TUNING

The content and results of the following papers have been reported in this chapter

1. K. Gurumurthy, R. Pandey and N. Pandey, “New sinusoidal oscillator
configurations using operational transresistance amplifier,” Int J Circ Theor
Appl. vol. 47, no. 5, pp. 666-685, 2019. (SCI) (IF:1.5)
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5.1 Introduction

Sinusoidal Oscillators with wide frequency tuning have many advantages in the field of
communication, measurement and instrumentation systems. In chapter 3, single OTRA
based single-phase SOs capable of generating LF without using high values of passive
components were presented. However, these topologies suffer high FO sensitivity to

passive component variations and lack independent tuning.

The objective of this chapter is to design SOs having wide frequency tuning
range with low FO passive sensitivities. This chapter introduces four new structures
with following features: 1) less RC component spread for wide range of frequency
tuning 2) minimal FO sensitivity to component variations 3) electronic tunability 4)
independent FO tuning 5) excellent frequency stability and 6) less complex design

constraints/equations.

5.2 Proposed Oscillators

The proposed oscillators consist of a generic forward path with varied structures in the
feedback loop, thereby resulting in different topologies. The generalized representation

of forward-path used in the proposed configurations is shown in Figure 5.1.

B | I
Y2 Y4
] . 1
L p
A yi E v3 Ve
(LR 1
Y6
—{ ] n
E

Figure 5.1. Generalized representation of forward path
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Considering the node potentials of A, B, D and E to be Vi, V», V3 and V respectively

and performing routine analysis, the following equations are derived.
VY3 +V, Y, =VaY +V, Y (5.1)
VIY)Ys +V,Y,Ys + VoY, (Y, +Y, +Ys) = (VaYg +V,Ys) (Y, +Y, +Ys5) (5.2)
where Y; represents the admittance. Suitable choice of admittances, results in the

following cases:

1 1
Case. I. Considering Y4=Ys=0, Y1=5C4, Y, = R Ys3= . Ys5=3Cy; V; =V,; (5.2)
2 1
simplifies to
Vo (s2C,C,RR, +5{C,[R, + R, ]-CR, })-V, =0 (5.3)

Examining (5.3), it is seen that by connecting an OTRA based inverting resistive gain

stage characterized by (-%} between output of OTRAL and node B results in new SO
b

B R2
i ®
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Figure 5.2. Proposed sinusoidal configurations

depicted in Figure 5.2 (a). Its CE may be expressed as

s°C,C,R,R, +5{C,[R, +R,|-C,R, } + % =0 (5.4)
b

The corresponding FO and CO are given by

Jk R
FO: f =— Y~ - where k=— 5.5
° 2z JCCRR, Ry 9

Case. Il. With component and node settings similar to the case | and introducing a

cascade connection of inverting and non-inverting resistive gain stages (characterized by

R—° % respectively) in feedback as shown in Figure 5.2 (b) a new SO topology may
d b

be obtained and its CE is given as

(S°C.C,RR, +5{C, R, + RZ]-cle})+&&:o
Ro Ry (5.7)
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The FO and CO are obtained as

Jk R, R
FO: f,=—————; where k=—2—=% 5.8
i 27\|CC,RIR, Ry Ry &9
CO:C,[R,+R,]=CR, (5.9)

by taking R, and R equal, the proposed SO provides linear FO tunability.
Case. I1l. Using component and node settings similar to the case | and connecting
OTRA based inverting and non-inverting resistive gain stages in feedback as shown in

Figure 5.2 (c), a new SO topology can be obtained and its CE is expressed as

R, R
s°C,C,R,R, +5C, [R,+R,]-SCiR, R—a+R_C =0

b d (5.10)
The FO and CO are obtained as
Jk R
FO: f =— - where k =—= 5.11
° 27 JCC,RR, Ry 1)
Ra
CO:C,[R +R,]=CiR, % (5.12)

b
From (5.11) and (5.12), it may be observed that the topology of Figure 5.2 (c) enjoys

completely uncoupled tuning between FO and CO.

1 1 1
Case. IV. With Y1= Y,= Y4= 0, Y3= sCq, Ya= —, Y= —+SC2, Y= —: (51)
R3 R> Ry
minimizes to

New SO, can be obtained by connecting OTRA based noninverting integrator and

. . . . 1 R . .
noninverting gain stages (characterized by ,R—a respectively) as shown in
Stz Ry

Figure 5.2 (d) and its CE is given by
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$°C,C4R)R; +5{C4R; —CyR, } +%&= 0 (5.14)

b "1

The FO and CO are obtained as

JK R
FO: f, =—————— where k=— 5.15
° 2zJC,CiRR, R, -15)

This structure also provides quadrature outputs.

From FO and CO expressions of all the proposed topologies, it is clear that all the
circuits provide independent tuning of FO by distinct resistors without affecting CO.
Therefore all the circuits enjoy orthogonal tuning. Further, Figure 5.2 (c) enjoys
completely independent tuning between FO and CO without affecting each other.
Furthermore, it is interesting to note that the scaling factors in the numerator of FO of
proposed circuits are not part of CO, unlike topologies in [76], [78], [166], [212]-[214]

thereby making frequency scaling simpler.

5.2.1 MOS Resistor based Implementation

A thorough inspection of the circuits of Figure 5.2 reveals that all the resistances which
are involved in the tuning of FO and CO can be realized using MOSFETS, thereby
making topologies electronically tunable. The proposed circuits with MOS based
resistor realization are depicted in Figure 5.3. It is worth notify that the SO of

Figure 5.2 (d) is completely MOS-C realizable.
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Figure 5.3. (a)-(d) Electronically tunable realizations of proposed SOs
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5.2.2 Nonideal Analysis

Considering the nonidealities of OTRA, the proposed circuits are reanalyzed and the

modified CE for Figure 5.2 (a) may be expressed as

R
s°Cy(C, +Cy )RR, +5{(C, +C,)[R + RZ]—clR2}+R—agl(s) =0

b (5.17)
where & (s)—;
N 14SCLR, )
Resulting FO and CO respectively are represented as
FO: fA = \/E ;where K, = &81(8) (5.18)
° 27JCi(C,+C,)RR, | "R,
CO:(C2+CP)[R1+R2]=ClR2 (5.19)

The modified CE for Figure 5.2 (b) may be expressed as

s°Cy(C, +C, )RR, +5{(C, +C,)[R + RZ]—C1R2}+&&51(S) £,(s)=0
Ry Ry (5.20)

B _ 1
where &(5)= {1+5C,R}’ %(5) {1+5C R, |

Resulting FO and CO respectively are given by

" k R, R

FO: f, = o - where k, =—2—¢/(5)&,(S) (5.21)
27,JC(C, +Cp)RR, R, Ry

CO:(C, +C,)[R +R,]=CiR, (5.22)

The modified CE for Figure 5.2 (¢c) may be expressed as

s°C,(C, +C,)RR, +s{(c2 +C,)(R, + Rz)—clRZ&gz(s)}+&gl(s) =0
Ro Rg (5.23)

1
where gl(s)=m, gz(s)=m
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From (5.23) the FO and CO are given respectively as

A [k R
FO: f, = fn ; where k, =—%¢(s) (5.24)
" 27,JC(C,+C,)RR, "Ry |
Ra
CO:(C,+C,)[R, +R,]=CR, e (s) (5.25)

b

The modified CE for Figure 5.2 (d) may be expressed as

§?(C, +C,)(Cy +C )RR, +s{(03+Cp)R3—C1R2}+%%gl(s) =0

b "1 (5.26)
where g,(s)= 1t
S {14SCLR, )
The modified FO and CO are expressed as
A k R
FO: f, = \/7” :wherek, =—2&(S) (5.27)
27,J(C,+C,)(C5+C,)RRy Ry

It is clear from the above quoted analysis that FO and CO are altered in the presence of
nonidealities. Therefore, the compensation method must be applied for high-frequency

applications to account for the errors & (S),&,(S) introduced in FOs. Additionally, the

COs for all four topologies also get modified.

The complete passive compensation for the topology of Figure 5.3 (a) may be achieved
by connecting single capacitor Cy between p terminal and output of OTRA-2 as shown
in Figure 5.4(a). For the topologies of Figure 5.3 (b) and (c) Cx should be connected
between p terminal and output of OTRA-3 and p terminal and output of OTRA-2 as

shown in Figure 5.4 (b) and (c) respectively. For the SO shown in Figure 5.3 (d) passive
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compensation may be achieved by connecting single capacitor Cy between p terminal
and output of OTRA-2 as depicted in Figure 5.4 (d).

The CE of Figure 5.4 (a) may then be written as

R
57C,(C,+C )RR, +5{(Cy +Cp)[Ry+ Ry ]-CRy | +—2 1, (s) =0
R, (5.29)

1
{1+5(C, —C)R, }

where ¢, (S)=

The CE of Figure 5.4 (b) may then be written as

R, R
$’Cy(C, +C )RR, +5{(C, +Cy)[R + Ry |~ CiRy | + -5 £,,(5) &5, (5) =0
Ry Ry (5.30)

1 5 (5)= 1
145(C, ~C)R,} " {1+5(C, -Cx)R,|

where ¢,,(S)=

ACOA A Va\i

R2
C1 T T T p
| (1) L
| | Rm
1 gi | n
VJ } }Cz
Va2
Ty L Va3
n T T T
Rm@ \r;
2T
X
b A % }7 ””””” * Vb3
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Figure 5.4. (a)-(d) Passive compensated proposed SOs
Figure 5.4 (c) represents the passive compensated topology of Figure 5.3 (c) and the CE

for the same is given by

R R
s%C,(C, +C,)RR, +s{(c2 +C)[R+ Rz]—ClRZR—aan(s)}JrR—Cgln(s) =0
b d (5.31)

where ¢,(s)= L &,.(8)= 1
T 1es(C-COR) T {14s(C, -Cy)R, )

The passive compensation of Figure 5.3 (d) is depicted in Figure 5.4 (d) which leads to a
CE of

R, R
57(C,+C,)(C+C )RRy +5{(Cy +C IRy ~CiR, |+ -2 2 1, (5) =0
b " (5.32)
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1
{1+5(C, —Cx)R,}

where ¢,,(S)=

Equations (5.29) to (5.32) signify that by choosing the capacitor Cx equal to parasitic
capacitance C,, the error terms vanish, thereby nullifying the effect of C,. Further, the
effect of C, appearing in other terms can be eliminated by pre adjusting the value of
capacitor C; in (5.29)-(5.32) and C3in (5.32) thus achieving self-compensation.

5.2.3 Sensitivity Analysis

The sensitivity analysis for the proposed oscillators is carried out and sensitivities of

f, for all configurations with respect to various circuit parameters are listed in

Table 5.1.
Table 5.1. Sensitivity calculations for proposed circuits

Ckt.No S0

. fo| _ fol| _ fo| _ fol| _ fo 1 . fo Cp
Figure 5.2 (a) ‘SRl _‘SRZ —‘Scl —‘Scz _‘Sk =5 e :m

H fol _|efol_[cfo| _|gfo|_ fo_l- on_ Cp
Figure 5.2 (b) e ] =[sne| =[s&e| =[s& |=]s: 3 %l

. fo| _ fo| _ fo| _ fo| _ fo_l. f:)_ CP
Figure 5.2 (c) |SR1 _|SR2 —|5c1 —|Sc2 —|Sk 2" [%| 2(c, +C,)
Figure 5.2 (d) Sfozsfo=8f°=\8’° =\S‘° _ Lish =gl =0;]sk |- G
gure>. v TR el Tel T TR Ta T T a(C, +C,)(C +Cy)

The frequency f and sensitivity ( Ska) variation with respect to k for all proposed

topologies has been depicted in Figure 5.5. The sensitivity ‘Skfo is fixed and is equal to

1/2, for the entire frequency range for all configurations.
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Figure 5.5. f; and Skf° as a function of k for proposed topologies
5.2.4 Frequency Stability

The frequency stability factors are derived for all proposed topologies for the chosen
condition setting, as shown in Table 5.2. Inspection of Table 5.2 suggests that the high
S values can be achieved by selecting larger value of scaling factor (n) for all the
circuits. Therefore, proposed oscillators offer excellent frequency stability.

Table 5.2. Frequency stability factors for proposed topologies

Circuit Condition s"

Figure 5.2 (a) C.1=2C, C,=C and R1=R,=R,= R, Rp=R/n _Jon

Figure 5.2 (b) | C,=2C, C,=C and R1=R,=Rp=R.=R:=R, R¢= R/n _Jan

Figure 5.2 (c) | C;=C,=C and R;=R,= Ry=R=R, R;=2R,R4= R/n i

Figure 5.2 (d) | C;=C,=C3=C and R;=R,=R3=R; =R, Ry=R/n odn

5.2.5 Phase Noise Analysis

The open loop transfer function Hi(s) and Ha(s) of the oscillator circuits of

Figure 5.2 (a) and (b) respectively are given as
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sCR,

s°C,C,R,R, +SC,(R, +R,) +R—a
b
sC,R
H,(s) = L2 RR
s°C,C,R,R, +C, (R, +R,) +—2¢
Rde

(5.33)

(5.34)

For @~ a,, A=1 the Hi(s) and Hy(s) given by (5.33) and (5.34) can be expressed in

terms of magnitude and phase as

Hi() = A ()@

(5.35)

Substituting CO and FO of the corresponding circuits in (5.33) and (5.34) the magnitude

Ai(®) can be written as

A (0)|= 2
2
1-| 2 4|2 CiR:R,
Wy Wy CZRlRa
[a) CR, R.R;
1) C,R, R.R
|A2(a))|: 0 2'M "h'\d

dA

(0]

The for i= 1, 2 may be obtained as

|,
dw

The phase of H;(jw) can be written as

(5.36)

(5.37)

(5.38)
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-1
o ] (GRR @) [ e
ZH(jo) = ¢ =-tan {/—CZRlRa {[%J L%] H (5.39)
-1
i) =0, ——tant| [GRRR (@) (o
ZH,(jw) = p, =—tan ( clszl RR, {(%j Lwoj H (5.40)

Now the ] fori=1, 2 can be expressed as
@
—‘;2 =2C,R, (5.41)

The openloop transfer function Hs(s) of the oscillator circuit in Figure 5.2 (c) is given as

sCR, R
Rb

s?C,C,RR, +5C, (R, + R2)+§°
d

H,(s) = (5.42)

Substituting the CO and FO in (5.42) the magnitude of Az(®) can be written as

o)1 R
Wy ) Wy CZRle

|As(@)| = 2 (5.43)
2 2
e | el R
a)o a)o a)o CZRle

is computed as

dA;

(0]

Further

Al R 1 (5.44)
do| C,RR, &

the phase of H(jw) can be written as
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-1
ZH,(jw) =@, =—tan™ [[ﬁj DR ¢ R, - EEJ “’;{Rb cle] (5.45)

a)O Ra 0 a

Differentiation of (5.45) results in

R

Ra

doy
do

The openloop transfer function Hy(s) of the oscillator circuit in Figure 5.2 (d) is given as

sC,R, — ReRa
RR
H,(8) == 1 b (5.47)
$°C4C,R,R; +SC5R,
Substituting the CO and FO in (5.47) the magnitude of A4(®) can be written as
2 2
SRR
a,
A (@) = > e (5.48)
o (Rl @] R
Wy Rb Wy I:eb
The 9A, can be expressed as
a
Al 2 (5.49)

The phase of H(jw) can be written as

-1
ZH,(jo) =@, =—tan™ [[ﬁ} &J ~Tan ((ﬂ} &j (5.50)
@, Ra W, Ra

From (5.50) ‘M results in
do
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—fal- Y (5.51)

The inspection of the above-quoted equations indicates that proposed topologies of

Figure 5.2 (a), (b) and (c) are independent of the frequency of oscillation (,). Hence

the frequency stability of these topologies can be mentioned high by keeping product

RC high. On the other hand, the frequency stability of topology presented in

Figure 5.2 (d) decreases at higher frequencies with an increase in @, due to phase noise.

5.3 Simulation Results

To validate the theoretical propositions schematic and post lay out driven simulations
are carried out using the Cadence Virtuoso ADE spectre tool. For proposed topologies,
the layouts and corresponding pre, post-layout transient outputs for chosen passive
component values are shown in Table 5.3. The layout implemented is verified by
physical verification checks [190], [215] such as DRC, LVS and RC parasitic extraction.
Due to the inclusion of parasitics, the post layout simulated frequencies are slightly
decreased compared to simulated frequencies. The discrepancies between pre and post
layout simulation frequencies are found to be less than 5% for all oscillators. Therefore,
all the topologies have been found to work in corroboration with theoretical
propositions. The THDs of proposed configurations are observed to be less than 3.5%.
The frequency spectrums of configurations of Figures 5.2 (a)-(d) are shown in
Figure 5.6 (a)-(d), respectively. The graph between Vo versus Vou for proposed QO

(Figure 5.2 (d)) is shown in Figure 5.6 (e), respectively.

124



150.0m
—— postlayout driven output
Schematic driven output
__ 100.0m
=
@
o
S
=
50.0m -|
0.0 ] r T T
500.0k 1.0M 1.5M 2.0M 2.5M
Frequency(Hz)
(a)
140.0m 4 —— Schematic driven output I— Schematic driven output
—— Postlayout driven output |—— Postlayout driven output
4120.0m 240.0m
. 100.0m -
s ] S
g 80.0m 4 § 160.0m -
o S
> 60.0m =
40.0m 80.0m -
20.0m L
0.0 v T y S 7 T —'lu 0.0 T T T T
500.0k 10M 15M 20M 25M 3.0M M M M 4M 5M
Frequency(Hz) Frequency(Hz)
(b) (c)
120.0m Vouri
ou 200.0m
— 80.0m - 100.0m -
=
Lt
o
[=:)
= 2 0.0
= 40.0m-
-100.0m
0.0 -200.0m -
100k 200k 300k 400k 500k 600k 700k 800k -200.0m -100.0m 0.0  100.0m  200.0m
Frequency(Hz) Vout1

(d) (e)

Figure 5.6. (a)-(d) FFT spectrums of Figure 5.2 (a)-(d) and (e) Voutl versus Vout2

graph for proposed QO (Figure 5.2 (d))
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Table 5.3. Pre and Post layout results

5253.4218 /M (87.45umx 60.07pm).

———Schematic driven output
--------- postlayout driven output

Figure 5.2 (a)
R1=R,=Ry=10kQ,R=1kQ.C,
= 5pF, C,=2.5pF/
FO:1.42MHz 2000 o0 510m  520m 53.0m  540n  65.0u
Time(S)
Postlayout simulation
100.0m- 1012 mv 98.06 mv Schcmfaﬂtlc .irrlula:on
5"‘\
= A
H 3 0.0
Figure 5.2 (b) R,=R,=10kQ,R,=R~1kQ.R, = \
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Time(S)
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Figure 5.2 (d)

C1=C3=5pF,C;=10pF,R;=1
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Figure 5.7. Variation of FO with R for SO of Figure 5.2 (b)
To validate the linear variability of FO with R,= R.= R (say) for Figure 5.2 (b), R is

varied from 0.1 kQ to 50 kQ while remaining resistance and capacitance values are
chosen as Ri1= R,= 10 kQ, R:= Re= R, Ry= Rg= 25 kQ and C;= 5 pF, C,= 2.5 pF. The
corresponding graph is depicted in Figure 5.7, which confirms the linear relation
between FO and R. The maximum THD was observed to be 2.4%.

Further, to demonstrate the electronic tunability of the proposed SOs, the topology of
Figure 5.3 (d) was chosen wherein the resistors R,, Rp, Rc and Ry are realized using
MOS transistors. According to the technology node used for simulation, the parameter
values are: [, = 327.37 Cm? V.s.; gate oxide thickness Tox= 4 x 10”° m, channel width
offset (WINT) and channel length offset (LINT) = 0.01um. Therefore, Coy is calculated
as 8.65 x 10° F/m? In simulations, we assumed Wgawn as 3.6 pm and Lgrawn @S
0.72 um. To realize R = 10 kQ, (= 1 kQ), the gate controlling voltages Vi, Vi (where i=
1, 2) are adjusted, so that (V, -Vyi) is equal to 0.073 'V, (0.73 V).

The growth and sustained oscillations of Figure 5.3 (d) at 260 KHz are illustrated in
Figure 5.8 (a) and the decaying oscillations are depicted in Figure 5.8 (b). Further,
Figure 5.8 (c) depicts the tuning of FO by varying resistor R; by altering gate
controlling voltages Va1 and Vp;.
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Figure 5.8. Simulated output waveforms at 260 KHz for proposed SO (Figure 5.3 (d))
(a) growing oscillations (b) decay of oscillations (c) variation of FO with R, by

changing (Vai-Vb1).
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To assess the oscillator post-fabrication performances, PVT is carried out for all the
topologies. For brevity, only the results obtained for Figure 5.2 (b) are shown.
Figure 5.9 (a) shows the effect of different process corners (SS, SF, TT, FS, FF) on the
output waveform, whereas, Figure 5.9 (b) and (c) represent output sinusoidal waveforms
in the presence of supply voltage variations (£2.5%, +5%), temperature variations (-20°
C to 100° C), respectively. It may be seen from Figure 5.9 that no abrupt change in the
output in the presence of PVT variations is observed. Similar PVT analysis is
accomplished for remaining topologies also and good quality of sine waves have been

obtained.

240.0m 4 -
——+2.5% Variation

- a- -2.5% Variation
160.0m - = +5% Variation
~+---5% Variation |

a4.0p 45.0p 46.0p a7.0p 48.0p 40.0p a1.0p a2.op a3.0p
Time(S) Time (S)
@ (b)

= -200C, . 0°C, . 27°C, , 50°C, . 100°C

0.0 ' 2.0p ' 4.0 ' 6.0p
Time (S)

(©)

Figure 5.9. Output waveforms of PVT analysis corresponding to (a) process variations
(b) supply voltage Variations, (c) variations in temperature.
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To operate the proposed circuit (Figure 5.2 (b)) in VLF mode the passive component
values are chosen as C;= 300 pF, C,= 150 pF and R;= R,= Ry,= R¢= 100 kQ,
Ra= Rc= 0.1 kQ. The frequency of the generated waveform is 7.31 Hz as against the
calculated value of 7.5Hz. The resultant transient response and frequency spectrum are

shown in Figure 5.10 (a) and (b), respectively. The THD is found to be less than 2.5%.

200.0m 400.0m 600.0m 800.0m 1.0
Time(S)

(@)

50.0m
40.0m -

30.0m -

Vout(V)

20.0m

10.0m

0.0

-10.0m T - <
0.0 50 10.0

Frequency(Hz)

(b)
Figure 5.10. (a) Simulated transient waveform, (b) FFT spectrum

The robustness of the proposed circuits is tested by performing Monte Carlo simulations
by considering Gaussian distribution for a hundred runs. For brevity results
corresponding to (Figure 5.2 (c), (d)) only are shown. The runs are carried out with a
nominal tolerance of 3% in R; and R4/Ry, respectively. The FO for Figure 5.2 (c) is set
at 1.12 MHz and that for Figure 5.2 (d) is considered as 260 KHz. Figure 5.11 shows the
histogram of the Monte Carlo runs and it signifies that the circuits generate stable output

in all iterations despite a change introduced in CO.
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Figure 5.11. Histogram of the proposed circuits
for (a) Figure 5.2 (c); (b) Figure 5.2 (d)

5.4 Conclusion

This chapter introduces four new structures of electronically tunable SOs. Each of the
proposed SO consists of forward path derived from a generic structure along with
one/two OTRA based resistive gain stages or integrator in its feedback path. All the
proposed SOs enjoy independent tuning of FO through resistors without affecting the
CO. Further, all topologies are found to exhibit low f, sensitivities at all frequencies with
respect to circuit parameters. One of the topologies is capable of achieving VLF using
less RC component spread and provides linear tuning too. One configuration provides

quadrature outputs also. The schematic driven and post layout simulations, layout
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designs are carried by the Cadence Virtuoso ADE spectre tool are included for
verification of functionality of proposed structures. The PVT and Monte Carlo analyses
are presented to estimate the mismatch after the fabrication process. Thus, the proposed

circuits add to the present repertoire of OTRA based oscillators.
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CHAPTER 6
OTRA BASED WIEN BRIDGE
OSCILLATOR AND ITS HARMONIC
ANALYSIS

The content and results of the following papers have been reported in this chapter
1. K. Gurumurthy, R. Pandey and N. Pandey, “Operational transresistance
amplifier based Wien bridge oscillator and its Harmonic Analysis,” Wireless

personal communications, vol. 108, no.1, 2019. Springer. (SCI E) (IF: 1.2)

135



6.1 Introduction

A wide variety of sinusoidal oscillators are available in the literature and Wien bridge
oscillator is one among those which provides sinusoids with high linearity [215].

Traditionally, operational amplifiers are used to realize Wien bridge oscillator [51], [55];
however, their high-frequency operations are limited due to constant gain-bandwidth
product and low slew rate [3]. A new OTRA based Wein bridge SO with wider tuning
range is proposed in this chapter. A detailed harmonic distortion analysis is presented to

ascertain the linearity of the proposed design.

6.2 Proposed Oscillator

The proposed circuit is shown in Figure 6.1, which is derived from traditional Wien
bridge oscillator by replacing the opamp with OTRA based voltage controlled voltage
source (VCVS). As the OTRA is a current-controlled voltage source, the combination of

buffer and OTRA is used as a VCVS, which forms a forward path of gain K given by

K= Ry (6.1)
RS
The feedback factor H(s) involving two RC sections is expressed by
H(s) =228 (6.2)
Z,(s)+Z5(s)
1

where Z,(s)=R, + and Z,(s)=R, ||%; Substituting the values of Z; and Z; in
S

1 2

(6.2) the H(s) can be expressed as

sCR,
s’C,C,RR, +S[C,R +C,R, +C|R, ] +1

H(s) = (6.3)
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The well-known Barkhausen criterion [48] for sustained oscillations can also be

expressed in terms of the CE of the system as given

1-KH(s)=0 (6.4)

Substituting (6.1) and (6.3) in (6.4) the CE of the circuit of Figure 6.1 may be obtained

as

X
w

Buffer Vout

Figure 6.1. OTRA based Wien bridge Oscillator

C,R,R,

3

s?C,C,RR, + s[clR1 +C,R, +CR, — +1=0 (6.5)

Considering C;= C, = C and equating real and imaginary parts of (6.5) the CO and FO

can be determined as

RoR,s =(R,+2R,); FO: f, N (6.6)

CO: =
R3 27C Rl R2

It is observed from (6.6) that both CO and FO can be adjusted independently, i.e. the FO

can be tuned using C, whereas the CO can be adjusted through Rzand Ry.

137



In this chapter, the OTRA and buffer are implemented using CFOA (AD844). The
realization of OTRA using AD844 ICs has already been presented in section 2.4. The

buffer can be realized, using CFOA as shown in Figure 6.2.

AD844 ‘

|XT Rx T|z

Rz

Figure 6.2. IC AD 844 based Buffer implementation

Using terminal characteristics of CFOA the I, and I, can be expressed as

Ix =—V—X=—V—Y:|z=—v—z (6.7)
X RX Rz
Therefore, V2 :V_Y 6.8)
RZ RX
With Rz= Ry, a combination of (6.7) and (6.8) gives
V,; =V andV,, =V, (6.9)

The voltage of Vy, a high impedance terminal, is now available at a low impedance

terminal W. Thus, the circuit of Figure 6.2 implements a buffer.

6.2.1 Nonideal Analysis

In the analysis of the proposed oscillator presented in section 6.2, the CFOA
characteristics are considered to be ideal. However, in practice, the output of the
oscillator may deviate due to the nonideal behaviour of CFOA. For analysing the

nonideal behaviour the nonideal model of CFOA [206] is considered, which includes a
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finite input resistance at X terminal, parasitic impedances (Ry I Cy) and (R,|IC,) atY
and Z terminals, respectively.

The parasitic impedance at Y terminals of all CFOAs can be neglected as the Y terminal

is grounded. Considering the nonidealities outlined above (6.5) modifies to (6.10).

sC,R, (Rx "‘Rxs)(l"'sczsReq)

s’°C,C,RR, +5[C,R +C,R, +C,R, | +1 Req '
Rz1Rz2R, -1

(Rs +Ryx> )[R21Rzz —RysRy (1+ 5(321R21)(1Jr sCz,Rz, ) +Rz1Rx3 (1+ SszRzz)]
(6.10)
Where Ri, (Rzi, Czi) represents X and Z terminal parasitic impedances of i CFOA.
RZ3RZ

=—237 ~R, asR,,>>R 6.11
eq RZ3 N Rz Z Z3 Z ( )
AsR; >> Ry ,;(R;+ Ry, ) ® Ryand Ry >> Ry 3Ry + Ry = Rys; (6.12)

The proposed structure can be redrawn, as shown in Figure 6.3, with CFOA parasitic

impedances.

Using approximations of (6.11) and (6.12) the (6.10) can be rewritten as

SC,R, Ry (1+5C, Ry, )
$°C,C,R|R, +s[C,R +C,R, +C,R, | +1’ Ry (6.13)
Rz1Rz5R, -1
R, [ R71Rz5 — Ry 3Ry (1+5C;1R;1 ) (1+5C;,R75 )+ Ry4Ry 3 (14+5C45R,, )]
. 1 1
Selecting the FO to be much smaller than and (6.13) reduces to (6.5) and
C21R21 CZZRZZ

therefore, expressions for FO and CO remain unaffected.
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R4

Figure 6.3. Proposed oscillator including Nonidealities

6.3 Harmonic Distortion Analysis

Harmonic distortion analysis is usually carried out to characterize the linearity
performance of a circuit [216]. The low value of THD is always necessary to avoid the
harmful effects such as the heating effect of electronic equipment etc. There are
different methods and models discussed in the literature [215]-[222] to study the
nonlinear behavior of the oscillator.

The HD analysis method given in [215] is based on separating the nonlinear function
from the frequency-dependent linear transfer function for the computing of THD and the
same has been adapted for the proposed circuit also. Being the most significant
components, the second and third harmonics only are considered and the respective

distortion factors, namely HD, and HD3, are computed.
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Tijw) N A — |

Figure 6.4. Generic block diagram representation of proposed circuit

The proposed circuit is redrawn in Figure 6.4 with the OTRA based VCVS in forward-
path (transfer function T(jm)) and the passive network represented by H(jo) in the

feedback path.

Considering only the first three harmonics the voltage at node X may be represented in

phasor notation as
V, (t) = Re[vme"“’ot 1V, el +VX3ej3w°t} (6.14)

where

w, - oscillation frequency and

Vy; - complex quantity with a magnitude as I\/Xi|and phase as ZVy; with (i=1, 2, 3).

Assuming the fundamental component as the real number, the phase of second and third
harmonics are computed with respect to fundamental. Taking nonlinearity of OTRA into

account, the output at node Y is modeled as
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Vy =a (@, Vy +a,(w, )Vf + (@, )Vf (6.15)

The coefficients a; (i=1,2,3) can be frequency independent and their values are obtained
by analyzing Fourier components of voltage \y, . The corresponding calculations are

presented below.

Considering the circuit of buffer and OTRA separating Z; and Z, from Figure

6.1(highlighted in blue dotted box) and assuming the input V, as pure sinusoidal

voltage with amplitude V,, and frequency w, as given by
Vy =Vy, cos(a,t) (6.16)
Then the output voltagev, of the circuit given by (6.15) can be rewritten as
Vy =8, (0,Vy +ay (@, Vs, +a5(@,)Vy (6.17)
Substituting the expression of Vy into (6.17), we get

1+cos(2w.t
al (a)O )VX1 COS(a)ot) + a2 (C()O )V)?l (#)
e (B, t) +3cos(aw,t) (6.18)
cos(3w.t) +3cos(w
+a3(a)o)V§jl£ o y b j

By neglecting the DC term [222] in (6.18) and considering frequency dependent terms

Vy1, Vi, and Vy; we get

3
Vi = ay (@, Vyq + Za3 (a)o)Vfl

Via
2

1
Vys :Zas(wo)v>§1

Vyo =8y(@,) (6.19)
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Equation (6.19) relates coefficientsa;, a, and asto the magnitude of the harmonics of

Vy1, Vy, and Vy, as given by

Vy1 — 3V, \ W,
g =135 —_N2:5 —4 Y3 (6.20)

2 3
Vx1 V1 Vx1

The components Vy;,Vy, and Vy;are derived using the Fourier integral as given in
(6.21).

1

2w ,

Vy == [ V, (t)e”“'d(at) ; where k =1, 2, 3; (6.21)
T

0

Assuming signal distortion is due to the output voltage saturation mechanism, the

Fourier integral is evaluated in three different regions, namely when

Wy (t) < Vo Wy (1) <V, and V(1) > -V, . The value of Vy for these three different

R
regions are —Vgy, [R_4VX 1 cos(a)ot)] and V,, respectively.
3

The values of a;, a, and az are computed as

2 2
a _R 1—£arccosvsatR3 JFEVSat Rs 3—2[MJ 1—(Mj (6.22)
3 % VxiRy  7VyiR, VxiRs VxiRs

2 2
2VsatR3. l_(vsatR?»J 1_(VsatR3]
4 R4 VX1R4 VX1R4 VX1R4

a —_ T 6.23
2 37 Ry Vi1 (6.23)
2
Vsat R3 (Vsat R3 j _ (Vsat R3 j
Q= 16 R4 .VX1R4 VX1R4 VX1R4 (6.24)
° 37R, VE
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The voltage Vy (t)andVy (t)are related by
Vy =V *H(jw) (6.25)
where the operator * is used to compute the output of the forward block and the value of

the function H(jw) is to be computed at input signal frequency [218]-[219].

Substituting (6.14) into (6.15) for evaluation of product terms between the real part of

the sum of phasors yields

Vy () = Re[v”e"“’ot v, e /2%t +vY3e"3“’otJ (6.26)

where the terms up to third harmonics are retained and dc component and higher terms

are neglected [219] The values of Vy4,Vy,, Vy 4 are computed as

3
Wy = ai(wo)vx1+za3(a’o)v>§1 (6.27)
1 2 3 2
Vyz =20, )V, + > 8, (@, V1 + > a3(@,Vx1Vx 2 (6.28)
1
Vys =830, )Vy 3 + 8, (0, )VxiVxs + 1 8 (@, V1 (6.29)

The voltage Vx of the linear section may be obtained by retracing feedback path and its

value is given by
Vy (1) = Re[VYlejwotH (joog) +Vy 8 0 H (2 o, ) +Vy 16> H (3 ja)o)} (6.30)

The, V,,Vy, and V,;may be evaluated by substituting (6.27)-(6.29) in (6.30) and

comparing the resulting expression with (6.14). Thus, V,, is given as

2 =|:a1(a)o)vxl+%a3(wo)v)?l:|H(ja)o) (6.31)
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3a .
= {Vm +Za_3v>?1}alH (jo,)
|

where a,H(jw,) is the loop gain of the linearized system atw = @, . Simplification of

(6.31) gives

(6.32)

Substituting s = jw in (6.3), the value of H (jw) at @ = @g maybe expressed as

H(ja))‘ = Whereu:ﬁ;v:&
O=00 1+u+v R, C,
Similarly V,, is obtained as
1 3 .
V2 = |:a1(2wo)vx2 + Eaz (“’o)Vfl +233(a’o)v>?1vx2} H(j2a,) (6.33)

Solving (6.33) yield

Vg =3 22 EAlEe) 2 (634)

1—(1+Vx1]a1H(12w0)
2y
where H(2jw,)= 1 (6.35)
-3+ j\P(1+u+1/v)
u
Finally, Vxs is computed as
1 .
Vs = [al(3a’o)vx3 +a, (@, )VyVxs +Zas (%)Vgl} H(j3e,) (6.36)
- 2 .
Of Vy 5 = lag aH (J3m,) 1+ 2a3 aH (j2a,) V>:()’1 (6.37)

4a 1-aH(j30,)| aas 3ag, 2 .
1 1+28v2 laH(j2
22, X[ (12a5)
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aH(j3w,)
1-aH(j3w,)

The term can be evaluated and is given by

j3a \/V

- 1 I

1-aH(j3m,) -8+ j3\/v(1+u+1a)
u v !

By considering (6.32), (6.34) and (6.37), HD, and HD3 are evaluated as

V
HD,=20l0g \\7—2 =20log 22V : (6.39)
X1 _
\/Qu (3a3V>%1+a1—1—u)+(9a3V>%1—9a1j
4 4
3 2
vV *|a3|Vx1
—X31—=20log 4 = .
X1 3_,,2 24
64u (a V1 +a —1—u)+a V
\/ g8Vx1te 16 3" x1
HD; = 22 (6.40)

3 2 ) -9 2 a5
Qu|—agVyq+ay—1-u|+| —aVyq—9a +==
(43x1 il (4 3Vx1 1+33

2
-9
9u (Za3v)%1+al —1—u) + (4a3v>%1—alj

The minimum values of HD, and HD3 can be obtained by choosing optimum u value,
which may be determined by differentiating (6.39) and (6.40) with respect to u. The
optimal value of u is computed as

3 1
Uope =5 AV, + E(a1 -1) (6.41)

The values of HD, and HD; depend on Vy,(amplitude); coefficients a;,a,,a; and on

. . R
the parameter u. Further, the coefficients a;,a,,a; will depend onR—“,vX1 and the
3

saturation voltage of OTRA (V) . In order to allow amplitude stabilization mechanism,

the values of% andV,, must be chosen to satisfy the condition of
3
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Ry >> Vear (6.42)
Ry Vi

6.4 Simulation Results

The functionality of the proposed Wien bridge oscillator has been verified through
SPICE simulations where the OTRA and the buffer are realized using commercially
available IC AD844N as shown in Figure 2.4 (chapter 2) and 6.3 respectively. The
supply voltages are chosen as + 8.5 V. The proposed oscillator is designed for a FO of
300 KHz for which the components are computed as R;= 9 kQ, R,= 3 kQ, R3= 1 kQ,
R4 = 5.1 kQ and C= 104 pF. Simulated transient output and the corresponding frequency
spectrum obtained through simulation are depicted in Figure 6.5. The simulated value of

THD is observed as 0.8%.

Next, the simulations are carried out to examine the harmonic distortion of the oscillator
for the chosen supply voltages, Vsar of 5 V is obtained for OTRA from SPICE
simulation. To examine the impact of R4/R3; on HD, and HD3, for FO of 300 KHz
different peak amplitudes of 0.5V, 1 V and 1.65 V are considered. The corresponding R,
C values and uqp for these peak voltages are shown in Table 6.1. The simulated
waveforms of Vx and Vy for settings at serial number 1, 2 and 3 of Table 6.1 are
depicted in Figures 6.6 (a), 6.7 (a) and 6.8 (a), respectively. It has been discussed in
section 6.3 that signal distortion occurs mainly due to active element saturation
mechanism [216]. To validate this point, R4/R3 is changed from settings given in
Table 6.1 and corresponding waveforms are placed as Figures 6.6 (b), 6.7 (b) and 6.8 (b)

which are slightly distorted waveform thus confirming the mentioned fact.
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Figure 6.5. (a) Transient output (b) Frequency spectrum
Table 6.2 enlists simulated and theoretical values of HD, and HD; for the three cases

discussed above. There is close agreement between the two. The THD for the three

cases is within 1%.

Table 6.1. Example design parameters

S.No. | Vx1 Resistance (k) C(PF) | Uopt

1 0.5V | Ri=16,R,=2,R3=1,R4,=10.1 | 94 4.5

2 1v R1=9,R»=3, R3=1,R,=5.1 | 102 2.5

3 1.65V | R1=R»=5.2, Rs=1,R,=3.1 | 102 1.5

Vout(V/)
Vout(V)

4.0+

! 4 y 4 -5.0 T T T T y
A00p @Rop B80.0yy 850 100D TNS0: HIG.00 FLSO0u 1200 B0.0p 82.0n 84.0p 86.04 88.0p 90.0p 92.0p
Time(s) Time(s)

(a) (b)

Figure 6.6. Simulated waveforms for Vx and Vy (Settings of S. No. 1 of Table 6.1) with
(a) R4/R3 = 10.1 (b) R4/R3=11
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70.0p
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T T
90.0p 95.0p  100.0p

Figure 6.7. Simulated waveforms for Vx and Vy (Settings of S. No. 2 of Table 6.1) with
(a) R4/R3=5.1 (b) R4/R3 =6

Vout(V)
o

Vout(V)

(a)

T T T
75.0u 80.0u B85.0u

Time(S)

90.0p

T r T T y T T
60.0y 650§ 70.0y 75.0) B0.0y 850u 90.0y 9504 100.0p

Time (S)

(b)

Figure 6.8. Simulated waveforms for Vi and Vy (Settings of S. No. 3 of Table 6.1) with
(@) R4/R3=3.1(b) R4/R3 =4

Table 6.2. Theoretical and Simulated values of HD2 and HD3.

S.No Vx1 Theoretical Simulated

HD,(dB) | HD3(dB) | HD,(dB) | HD3(dB)
1 0.5V

(R4R3)=10 | -46.71 | -54.65 | -48.80 | -52.34
1Vv

2 (R4/R3)=5 | -45.52 -48.40 -46.65 -48.89
1.65mV

3 (RJ/Rs)=3 -4551 -46.64 -42.27 -41.68
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6.4.1 Experimental Results

The functionality of the proposed Wien bridge oscillator is also verified experimentally
for which the circuit is breadboarded using AD844 ICs. The passive components are
chosen as Ri= 16 kQ, Ro=2 kQ, Rs= 1 kQ, Rs=10.1 kQ and C= 10 pF corresponding

to FO of 2.82 MHz.

500.00m 250.0m
[ VX‘ ......... Vx|
n 2 n a M o 200.0m -
250.00m !\ j i\ & o A\
I [ - ' ' i
% A i A {0 ' [ v
! % o ' ' ' . \ : ' ' ' 150.0m
S S A O A - s
x 0‘00_' 1 Ll 1 B3
> 4 oa bR o = 100.0m
d a1 '
| ' V! b H
Vi Vi \ - v 50.0m -
-250.00m 1) 1 5§ b 1 .
v i iy ' '
0.0 A
-500.00m r . ’
80.0p 81.0p 82.0p ™M M 1Y 4M
Time (S) Frequency(Hz)

(©)

Figure 6.9. (a) Simulated transient output waveform and (b) its frequency spectrum
(c) Experimental output waveform

The simulated transient output waveform and its frequency spectrum are shown in
Figures 6.9 (a) and (b), respectively. Simulated THD value at FO of 2.82 MHz is found
to be 0.7%. The experimental output is depicted in Figure 6.9 (c). The observed values
of FO (2.80 MHz) closely match with the theoretical values.
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6.5 Conclusion

The OTRA based Wien bridge oscillator has been presented in this chapter, which is a
suitable choice for high-frequency applications. The FO and the CO for the proposed
structure are derived and the structure is also analyzed in the presence of device
nonidealities. The detailed harmonic analysis is carried out to characterize the linear
performance of the proposed oscillator. The workability of the proposed oscillator is
presented through SPICE simulations and experimental prototyping. The THD for the

proposed design is found to be less than 1%.
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Chapter 7
CONCLUSION AND FUTURE SCOPE
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This thesis presents the signal generating circuits and their performance analysis using
OTRA, a current mode analog building block of relatively recent origin. In this chapter,
a summary of the major conclusions of the work reported in various chapters of the

thesis is presented.

7.1 Summary of Work done in this Thesis

The introduction chapter presents a brief overview of various current mode analog
building blocks. Further, it takes a detailed look at the significance of signal generation
circuits and this is followed by literature review on OTRA based SOs.

In chapter 2, the CMOS based and off the shelf ICs (CFOA-AD844 IC) based
realizations of OTRA are studied and characterized. The characterization of the CMOS
OTRA circuit is done through Cadence Virtuoso ADE spectre tool at 0.18 um CMOS
technology node. The schematic driven and post-layout simulation results have been
included. The CFOA IC-based realization is characterized using SPICE. These
simulated structures set the groundwork for the material that follows as these are used
for validation of all proposed designs. Nonideal behavior of OTRA is also studied so
that its effect on proposed circuits can be analyzed.

Chapter 3 deals with single OTRA based SOs. Three, second order SOs are
proposed in this chapter, out of which two SOs can be used to achieve low frequencies
without a large component spread. Further, a third order oscillator is also presented.

Chapter 4 of this thesis extends into the designing of quadrature oscillators and
in all five QO topologies have been proposed. The first one is a second order structure
and it qualifies for low frequency operations as well without having large component
spread. One of the TOQO topologies adapts the scheme of using second order high pass
filter and a differentiator in a feedback loop, whereas the other three topologies are
derived from an inverse filter based generalized structure.
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In chapter 5, four new structures of electronically tunable SOs are presented. Each of the
proposed SO consists of forward path derived from a generic structure along with
one/two OTRA based resistive gain stages or differentiator in its feedback path. All the
proposed SOs enjoy independent tuning of the FO through resistors without affecting
the CO. Further, all topologies are found to exhibit low sensitivities to circuit parameters
at all frequencies. One of the proposed structures is capable of providing frequencies in
the VLF range with low RC component spread and provides linear tuning too, whereas
one of those provides quadrature outputs.

Chapter 6 of this thesis presents Wien bridge oscillator, which uses an OTRA,
two RC sections and a buffer. Further, harmonic analysis is carried out to characterize
the linear performance of the proposed oscillator.

Effect of nonidealities of OTRA is studied on the proposed structure and various
performance analyses such as sensitivity, stability, harmonic and phase noise analysis as
applicable are carried out. Functionality of all propositions is verified through
simulations using SPICE/Cadence Virtuoso spectre ADE tool using 0.18 um CMOS
process parameters. Further, few circuits are verified experimentally also and post
layout simulation results are included for rest.

It is significant to state here that all the proposed designs in this work has some floating
passive components. The grounded capacitors are preferred from fabrication viewpoint,
using top-quality IC technology of today, they can be implemented using advance
techniques such as metal-insulator-metal (MIM) or metal-oxide-metal (MOM), double
poly (polyl—poly?2) capacitor processes.

The salient features of all proposed structures have been summarized in Table 7.1.
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Table 7.1. Salient features of proposed structures

Complete Electroni Independ
Name of No.of . Olp MOS-C ectronic Experi
h Anal ent L
Chapter Structure | OTRA Order natysts phase based Tuning _ UL | ental
realization Tuning
1 Introduction and Background of Analog Building Blocks and Literature Review
2 Basic OTRA and its Characteristics
3 Topology-I 1 2 Yes No No No Yes
Single OTRA | Topology-II 1 2 L No No No No Yes
Sensitivity,
Topology-11l 1 2 S No No Yes No Yes
based potogy Monte Carlo
Oscillators TOSO 1 3 No No Yes Yes Yes
QO-I 2 2 Q Yes Yes Yes Yes No
TOQO-I 2 3 - Yes No Yes No Yes
4 Q Frequency Stability, Q
Topology-I 3 3 Sensitivity, Phase Q Yes Yes Yes Yes No
Quadrature Toooloav-li 3 3 Noise, Monte Carlo 9 Ves Yeos VoS VoS NG
Oscillators pology
Topology-IlI 3 3 Q Yes Yes Yes Yes No
S Topology-I 2 2 Frequency Stability, S No Yes Yes Yes No
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Wide Range Topology-1I 3 Sensitivity, No Yes Yes Yes No
tunin :
. g Topology-1ll 3 Phase Noise, Monte No Yes Yes Yes No
Oscillators Carlo. PVT
Topology-1V 3 ’ Yes Yes Yes Yes No
. . 1+
6 Weln.brldge Harmonic analysis No No Yes No Yes
Oscillator Buffer
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7.2 Future Scope

Signal generator is the extensively used general instrument in the modern test area. The
signal source is needed in production, testing and maintenance of equipment. In the
modern field of electronic systems, wave generator can be used as stand-alone signal

sources or may be integrated in sensing system for providing excitation and control.

Versatility of oscillators in electronic applications coupled with advantages of OTRA
and availability of limited literature has led the author of the thesis to explore the area of

OTRA based signal generation.

Tuning of amplitude and frequency and their independent control adds extra flexibility
to the system. Therefore, the SO topologies may be designed with inbuilt amplitude
control feature, which was not undertaken in this work. Further, in this era of

miniaturization, low voltage low power SO topologies may be investigated.
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