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ABSTRACT

A Study of Canonic Sinusoidal RC-Oscillators &%
Using Operational Amplifiers ' —~—

Al
.

Mohammad Tavakoli Darkani, Ph.D.
Concordia University, 1985

In ‘this thesis, systematic generation and design of
operational amplifier baséd RC oscillators are studied.
Both single ‘output operational amplifier based RC
oscillators (Type-I) and differential outpu£, operational
amplifier based RC oscillators (Type-II) are investigated.
. The . study 1includes bdoth single and variable frequency
operation for bofé types of RC oscillators: RC oscillators
with special features such as groun&;d capacifors and/or
frequency controlling grounded variable resistor are also

examined.

\

Towards this end, a uﬁifibd and systematic approach 1is
developed first for generatioh of Tyﬁe-I oscillators., Using
this approach, two co;plete sets qt canonie RC oscillators
are identified for single and variable frequency operations
respectively. I; the set of single freqiency oscillators,
{t is westablished that there are only 12 circuits each
consisting of one operational amplifier, 2 c§pac1tors and' y
resistors,. Three of these circuits are new. In the set of
variable frequency osoillatérs, it {s shown that there are

only 16 ecircuits each containing one resistor more than that

of single frequency oscillator cirecuits. Eight of the
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oirecuits in this set are also new. A complete set of 8

canonic grounded capacitor variable frequency osoillators'is:,

then derived. \A start up .problem in this set is identified
and the proper solution is developed. The method of

solution 1leads to another complete set of 12 easily tunable

variable ,frequency canonic grounded capacitor

RC oscillators. All the grounded‘oapaoitoé oscillators are
new.

P

Extentson of the approach to Type-II oircu}ts leads to
four complete sets of oscillators of this type. 'The fi}st
set contafna single frequency oscillators. The second set
consists of ‘variable rﬁequency oscillaforﬁ. Eaéh qf the

b

circuits in the above two sets requires 2 - capacitors, 3

resistors and one differential output operational amplifier.

. }
The other two sets are grounded‘oapacitor circuits, One set

contains single frequency osocillators while “the other.

consists of variiblq frequency oscill(t&ra. In the single

. .
frequency oscillator set, each circult consists of 2

capacitors, 4 resistors as well as one differential output .

s, . S
opsrational amplifier. Inthe variable frequency oscillator

set, each circuit requires one additional resistor. All the.

Type-II ocircuits aro new.

The theoretical analyses are viritigd by extensive
exferimental tests. The test results agree ‘closely with

theoretical prcdictiona..

V'U"HN,
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1.1 General

CHAPTER I

INTRODUCTION

-

.

'

Sinusoidal oScflla%ora ﬁave always been an important

part of electronic aysteps [1].\ Today, these osocillators

pln;jiﬁvdihential role 1n moat the existing electronic

L]

eyatems. They ire' widely used in ocommunications (2],

i

instrumqntation and measurements{3], etc. One can generato

a long 1list of applicationsfor auch a widely used device.

However, 'we mention in the tollowing only a few of the more

-

important ones. T

Low frequency oscillators are used in sonar enginesring
and biomedieal engineering (rehabilitation * devices for
handiocapped). Audio trequenc§\“oaoillatora are used for

- K - . .
méauurnen%a oft impedances, harmonic distortions, power

.output, damping factaor, etc. They are used in bridge

measurements and signal rbggheration [4]. -Radio (frequency

f - -

oscillators . can be found' in modulators and coherent

demo@ulatcrs. * Most digiltal 'cdgmunication systems. use

.oscillators ’rof moduliting and demodulating\\the digital

signal for tnunsmiaion [5]. Sinusoidal dscillators aro alao

.used for snalylins 'the responses of aetive and passive

filters. One of tbo important parta of a phase-locked 1loop

)

its' oscillator [6]. .Sinusoidal oacil;atora can-also He‘

1 N ; . )
st ! . } N
' N

R
r
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"used in low power inverters. These inverters ari; used 1in

small” strobe 1lights and photoftash units [7]. A
considerable geduction in switching transient is poaaibld

due to the fact that, the. harmonic output from these ccert

inverters.. fa much less_ than4<§hat of a. oonventional

square-wave inverter. ) - Lo
< = N = » - 4 'rlrv

4

1.2 RC-0scillators

§1nusoidaI‘ oac%llators are gepor;lly divided into three:
categories (RC, LC, RBC),l out’  of whioch RC 0§;1£lntovs
(RCOs) are moat suitable lror lovw and ve;i low tr€§uency
opepmations. This 1s because at these rrequenofka, th;'
inductors become bhyaioally large and of poor qusdity, while

on the other hand RCOs remain compact and economical.

Further, in recent years tremendous 'advancta 1n'
integrated circuit (IC) technology have provided the
opportunity for produéing niniaturized and lgs?t .yeight
systems. Limitations in this teohnoroky for redli;ation of
inductors aakc‘tho RCOs even more attractive and sometimes

essential. . '

¥

1.3 RCOs wWith 3pooigﬂr;onturos
! .

RCOs can be divided 1into two <categories, single
rrpqpeﬁoy oaoillatdra (SFOs) and variable frequency

oscillators (VFOs). In both of these categories, some of

3



the circuits have some advantages over the rest in the 3ame
family. For example, in both cases grounded capacitor

RC-oa&illators (GCRCOs) are preferred ove} the other types
of RCOs. In VFOs, it 1isa hi;hly desirable to have the
’ frequency vayied{by varyingponly one‘elemgnt of the circult.
For. ‘many practicil reasons, the variablae "element is

"preferred to be a resistor. Further, ?k is important to have
‘ the variablé resistor also grounded, 1in which case, by
. making the variable resistor voltage dependent, a voltage

controlled oscillator (VCO) can be easily obtained.

1.4 Canonic RCOs . s

»

Numerous studies have been reported in the literature

o

for the design and implementation of RC -~ active
A X

oscillators [8-20]. With the exception of a very few, the 7/¢
-.approgch to most of these studies has been on an. ad hoo
basis, that 1;, a circuit 1is selected at random and its
properties are examined, as opposed to a systematic and
unified treatment that yilelds a complete set of results.
Recently one such treatment was reported in [8]. However,
the investigations were restricted ¢to :he cl;ss of SFOs
which use only three terminal eontrolled sources as active
elements. \ ’

1

The workhorse of‘man7ng circuits is the operational *

amplifier (OA). Any other type of active element can, in

¥

fact, be deéerived from the OA with a suitable pasaive



)

* .
- .

reedbackAaround it. Thus, 1t is desirable to 'have a study

of systematic generation of RCOs, using OAs directly as”

( N +
active elements. Further, it 1s of interest to study
. canonic circuits for RCOs. The term canonic is used in this
o

thesis to mean the RCOs with the minimum number ) of

components, active as well as passive.

-
i}

Canonic” realizations are importahf for many reasons.
They consume.the least amount of power. Thias reduces the
problem of heat sinking. Consequently, the volume and
weight of the system 1is reduced. Further, for low and, very

low frequency . applications, passive componeﬁts tend to be

normall’llarge in value and more costly, hence canonic

L]

circuits will be desfrablo from these considerations.
Finally, in IC technology, it can be shown that the minimum
obtainable frequency is directly proporfional to the number

of passive components in the network [21]. e
. 7

1.5 Scbge .~
In this theiis, the aim is to present the results of a
general; unified and systematic approach to the realization

of OA based canonic RC-active oscillators. Both single

sm,’..:A-rt'aquem':y and variable frequency applications are

)

ﬂtinveatigated. The study undertakes both single ended 04,
(an OA with a single output w;th respect to the ground,
simply called an O0A in this thesiai based RCOs and

differential output OA (DOOA) based RCOs. The results for
A

o
N



\

0A béaed RCOs are given in chapters 2, 3 and 4. The results
* R ~ . P; s

for DOOA based RCOs are given in chapter 5. The results of

experimental ‘"varifications are also given. in the

correqundiné chapters.

Chapter 2‘ presents the realization of RCOs for single

frequency appliéatiods, Thq genéral‘theory of oscillators

is diacussed. This- -theory 1is also used in the latter

3

v

chapters. Systematicg;if, a complete seg of 12 canonic.

clirocuits are derived. Each\cirouit requires only one 04, 2

capacitors and 4 resistors. One ot‘bhqu circuits has both

\.
N

-of its capacitors grounded. —

Chapter 3 examines the generation of VFOs. In this
chapter,  -first, the theory of VFO0s is diséuased.‘ Baied on -
this thecry and that of chﬁpter 2, a set of 16 canonic VFOs

are found. It is shown that the set 1is oomplete. Eagh -

circuit employs one OA, 2 capacitors and 5 resistors.

Frequency of oscillation in each circuit can be controlled

7

by a single variable resistor. Three of thé circuits have

the variadle resistor grounded.

Chaptor 4 extends the theories developed 1in previous

chapteras to the realization and design!ot GCRCOs. First, a

- complete set of 8 canonie GCRCOs is found, eich containing

sone OA, 2\capaoibors and 6 resiators.f The ci;cuits in this

set, however, have either a limited frequency range of

~

variation or a poor start up propertf. Based on this set,



% . 7. , -
N s
. another set of 12 easily tunable and wide range. GCRCOs 1is

found. This second set is also complete, and eath ‘eircuit

in this set employs one resii%or more than the number of

_ resistors used in the first soi.
b Chapter 5 presents the results for, eyatonftic
generation of DOOA based RCOs. Using the DOOA as the active

part of the circuits allows further reduction in the number

-y

of resistors in the circuita. In this chapter a total of 10
circuits are found, out of which, two are 5 element SFOs.
Three are 6 element grounded oabaoiéor single frequeq?y\

oscillators (GCSFOs). Two are 5 elament VFOs with the

»

~ variable resistor grounded. Three are 7 element groutrided
oapacitor variable frequency oscillators (GCVFOs). One of

the GCVFOs has its variable resistor also grounded.

N
.

- . .
Chapter 6 contains the conclusion of the thesis. Some

¥ ., -

possible directions for future research in this field are

also given in this chapter. S ) -

e ot R e § Rl Aets 2 » R
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CHAPTER II

‘ 'y

CANONIC SINGLE FREQUENCY RC-OSCILLATORS USING OAs -

-

2.1 Introduction , &
&

.

RCOs can be bnoaaiy divided into two <categories:: - SFOa
and VFOs. In SFOs,” the oscillation conditio.n (0C) is
dependent on the oscillation frequency (OF). To vary the
frequency of oscillation, either the design should be

. " changed or at least more than one element should be varied
simultaneously. Consequently, the most " convenlent

-

applications for this type of osacillators are in the area of

fixed frequency operation. ¢
2.2 Theotry ’E .

It 1is _convenient to assume that an RCO consists of two

S

‘1 'pérés, ath?e and passive, Since the aim is to find canonic

RCOs,' we should minimize both passive and active parts.
Using OAs dixectlyasthe active element, it is clear that, the
pinimum number ﬁof OAs th;t can be usedvin the circuit is
one. | ng;2.1(a)' shows the OA as the -active part of an
oscillator. /%his act%pe part has two input and one output

ports. Now, we should find a passive network that contains

& -

that osqillatora do not have 1inputs ‘and they should be

derived thréugh feedbacks, the passive network must have two

{ -

i

all of the passive elements of the circuit, Keeping in mind
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2.1(a): Single output operational amplifier.
(b): Four terminal 3 port RC network with
’ connected graph. ) T
(e): Four terminal 3 port RC network with non-

connected graph.
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oufputs and oné input to match the inputs and the output of
the active part ;speetively. There exist‘only twg of such
networfs; they are shown in Figs.2.1(b) : and 2.1(e).
Co%necting the outputs of passive part to the inputs of
active part and assﬁming unity é;edback froﬁ output of
active part to' input of passive part, circuits of
Figs.2.2(a) and 2.2(b) are obtained. In Fig.2.2(a), ‘the-
passive network has a connected graph while the passive part
gr Fig;2.2(b) has two separate graph;ﬁ\\In‘Appendix A, it 1is
shown that Fig.2.2(b) is in faect, a special ca?o of

Fig.2.2(a). Therefore, analysis of Fig.2.2(a) will

automatically include the analysis of Fig.2.2(b).

Consider the c¢ircuit in Fig.2.2(a). It consists of one

OA of differential gain Ad' Ideally A is infinity. The

d

: ¢
network N is a four-terminal, three port network. The

transfer functions of interest are:

» v, N,(8) '

'1'“(,8) =3,—1- = 5SY (2.-1) ,
'\‘Vz ni?_(s) ,

T,,(8) = VI = (8T . (2-2) .

The cﬁargctei;stic equabion(bE) of the passive network is

v .

D(3)z0 and its roots are pn;the negative real axis [22],

The unity feedback loop, causes the following equation to
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T RC-Passive Network . T
|

‘ . H

1

RC-Passive Network

Y

RC-Passive Network

&
o ey

(b) ‘ -

Fig. 2.2(a):

0
. . ‘. H - .
-,) ~y v] 2 ? .
' v
|

Gener}l donfiguration of RCO with a single 0OA
and cdquéted graph RC network.
(b): General aonfiguration of RCO with a.s

ingle 0A
ghd non —connected graph RC network. '

)
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hold -

VvV 2 V,. . . (2-3)

From the gain characteristics of the OA, we have
Voz Ad(v1- vz) . ( X (2-")

4 " °

4
&

sdbat&iuting for Vo from (2-3) 'and dividing both sides by
vi‘d ve havg,

e v,

Lodo20 0 s
- d 1" 1

'Subatituting for the right aide of (2-5) from (2~1) and

(2-2)'and letting Ad go to infinity, we can write

. , H.(8)  N,(8) o

AR 175l 17 R (2-6)
- » )

]

¥

ce, D(S) is neither zero nor infinity on the jw axis, the

' N ’ H]
over all CE of the system is 1 ’ 5 ’
"

. R, (8) - 32(8) 2 0 g (217),

“
il
1 . -

To ensure a pure sinusoidal oacillaiion, Bqn.(2=7) should be
: \

"a second order polynomial. Furthere, its roots must be on

the ég,axis; This requires that at least two capacitors be

L
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N - S
. N . N \

\

present in the network N. The general form of (2-7) is:

ta, 528 1sm)-(mzs.r.zuaas«nra>-' 0 (2-8)

-
!

which can be put in the form

as? + BS+y =0 - (2-9)
"where ' g %131-a2 ' (2,10;)’ .

BgB,-BZ (2-10b)

Y=Y, -Y, (2-10¢)

Equa?ion (2-9) will have puE?liiaginary'roota (excludfﬁs
/ .

origin and infinity) if:

\,
a k0 . (2¢112) F
B =0 | ‘ (2-111)
Yy/a > 0 ‘ (2-110)
thoy CE .is:
as?

+Y =20 (2-12)

. The roots of (2-12) are now on the ju axis and the OF is

»
g e i e
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15
w syl (2-13)

-

A ‘close examination of (2-7)<(2-12) provides some rules

are ‘Tound useful in developing.a general approach for

identifing specific circuits from the oconfiguration of

I-

II-~

.F1g.2.2(a). ' They are as follows.

¢

For CE to be a second order polynomial, N must contain

at least two capacitors. Since it is desirable to have
the minimum number of capacitors in the network, it
will be assumed hereafter that N contains only two

' ¥
capacitors and all the other elements are resistors.

To satisfy (2-11b),either B1= 82=0 or B1=82£0. It can
' LY
be shown. that an RC unbalanced network that oontains

.only two oupaéitors can not have a null at a nonzero

and finite frequency. Also, if the pair T11 and 'ri 18

2
any oombination of pure low pass or high pass transfer
‘functions, then (2-11¢c) would be violated. Therefore,;
the "S" term should be present in both N1(S) and NZ(S),

and B1z B2 3 0 is not possible.

III- For (2-11¢) to be satisfied, the same polynomial (N, (3)

or Nz(si)ﬁhich contains second ordeér "S" term must also

_contain a constant ternm.

Combining rules I to III, it is concluded that at
least one of N1(S) or Nz(s) should be a complete second

K

1

“Eyt
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- degree polynomial in ®3",

: 4

IV- At least two branches should be incident on every " node
in the network N, (see Appendix B).

-

2.3 Stable-Unstable Pair Circuits

“

If the input terminals of the OA in Fig.2.2(a) are- -

interchanged, the CE of the system will still be.as given py
(2-7). Thereroﬁe, if N has been designed such that
Fig.2.2(a) produces an RCO, then, theoretically, .
interchanging the inputs to the 0OA should still yield an RCO
circui&. However, it is shown in Appendix C that only one
of the ¢two resulting circuits will work properly while the
other will lateh wup in an unstable mode of operation.
Conéequently, the above pair of circuits will be termed

stable-~unatable (SU) pair ecircuits.

i

L

2.4 Realization of SFO Circuits %

The configuration of Fig.2.2(a) contains the minimum number
of OAs, namely one, Tharefore, it is only neéecessary to
realise the network N using the minimum number of passive
components. /It has been established so far that N has only
two capacitors. Then, it 1is only required to find the
minimum number of resistors to generate a canonic SFO. For
a ayatemaﬁic mothoﬁ to obtain complete results.-the approach

is as follows. PFirst, assume that there is no independent
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node inside N. The network N then has four nodes. Next

‘assume that thege is one independent node inside N (5 node

9etwork) and so on. Then, for every case all the posasible
oconfigurations with the minimum number of components are
found, while disregarding all non canon£3 circults. As we
are aeqkind/ canonic realizations, 1t is obvious that the Nkb
network N should contain the fewest number of nodes as well
as branches. Also, the two nodes of a branch must be
clearly identifiable with the two termigals of an element.
Hence, it is assumed thgt a branch admittance Yi betwesn any:
two nodes corresponds only to a conductance G1 ‘or £o Ehe
admittanoce ‘of a ocapacitor SC1 or to the admittance of a

parallel connection of a reaistor and a capacitor G£+Sci.

) 2.4.1 Pour-Node Network

1

-

As it is shown in Fig.2.3, a four node network can have

a maximum of 6 braqohds. Analysis shows that the CE
i
contains four branch admittances, that is, ~

.

!1!2- Y3Y“’ 0 (2-14)

where Yi is the admittance of the branch 1. Note that, as

is expected, branches 16 and !5 do not contribute to the CE.

Thcrifore, they can be removed from .the network without .
affecting éhc operation of the oscillator. Using the most

general form of the branch admittance 3C,+G for all the

it

branches, EBqn.(2-14) can be written as



Fig. 2.3: Oscillator with the general four node passive
RC network.

d
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S (C c -C3C )+S(Ci02+9261-036u—63 u) +(G 3 u):O (2-15)

]

and (2~11a2) becomes
. 4 .

. ' L
As- mentioned before, we are interested in realizations that

caﬁg:in only two capacitors. Hence, the only choices are

\

(a) Ciz Cp= O (2-17)

(b) C3g Guzdb. , (2-18)

Let us choose the condition (a). Then, Eqn.(2-11b) becomes:

8
- C30y= 050y O /f‘ﬁi (2-19)

3 v

Since the value of any element can not be negative and c.

3
,and C, are non zero, BEqn.(2-19) can be satisfied only if
Gy= dg= 0 ' (2-20)
then the CE 1is:
82(-c c,;)+c1 ot 0. | (2-21)
- f

-~y

AT rah S G -adios Sraite Wb T4 < =
v
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Equa;ion (2i£1) shows that (2-11¢) can not be satisfied,
F

therefore, the system will not oscillate. Similarly,

assuming condition (b), it can $° shown that-no oscillation

T

is possible.

—~r ' i

Thus, we conclude that a four node topology for N Will
not produce any oscillator - circuit. ‘Clearly then, the

oscillator circuit should have at least five nodes,

2.4.2 Plve-Node Network

ﬁ .
, ) .
In this case the most general form of N ¢s as shown in

Fig.2.4. 'The CE is

18!5(.!1+Yz+13+1u)+!5!312+Y1YuYe

o . *

r
¥

fYTYG(Y1¢!2+!3+Yu)-Ysruta-!1r3yz= 0 (2-22)

e _
Again, note that Lg and Y1° do not contribute to the CE and

hence they need not be considered. There are eight branch

admitances in the CE given by (2-22).

It 1is observed that the choice Y,s T,= Ta= Yy= 0 or Y= Y5=,

Y7= Tg= 0 will reduce the CE identically = to zero.

Therefore, ws proceed in the following way.

. ) v AN
(1) Let any three ocut of the four admittances'Y1 Xg\fu

be set to zero. Then (2«22) can be written as

P K,Jk .« 4P ... .
: (Y
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;" »

"¥8Y5(!nz)" Y7YG(Ynz) 270 (2-'23)

(2]
g

where Yhz is the remaining nonzero branch in the é;;::&,a to

Yu. Hance, the CE reduces to

Y

4 . § - ' "
Yg¥o- Y, Y= O. . (2-24)

Equation (2-24) is mathematically the same as (2-14), which

was shown to ﬁroduce no oscillation. Therefore, more than
v .

a

two branches in the set can not be set to zero.

> ¢
! . (11) Cyooae‘ any thres out of Y; to Yg equal to zero.
fhe CE then reduces,to one ;erd, incapable of generating
oscillation. Choosing any -tﬁo out of Y7/t6 !8 equal to
R ;:;o, we obtain , | I , ' -
. . >y , o . |
; p‘°' Ygs¥ =0, CE = Y Y,- Y ¥,z 0 . (2-25) :\
- | | TgeYgs0, CE = Y Y,- Y20 (2-26) Y
| !7.r;tg}~gg\= i8Y1' YeYsa 0 (2-27)
’ \\ s ol .
Yg=Y5a0, CE = Ta¥y- Y,¥3= 0 (2-28)
E o n | | ,
; |t YgaYgs0, CRaaY Y (X 4Y,eY 04T, ) =Y, Y Y oY Y, Y0 O (2-29) -
: , ‘,!7=i6=o, czarsrs(r1+22+t3*ru)+!1!428;1513¥2= 0 (2-30) i
. .

o L S Ty
-
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£

h back into ?2-31)-(2-3“).

[IN

Equations (2-25)-(2-28) are similar to (2;1M) and can be

discarded. Equations (2-29) and (2-30) also can not produce

-

iaaginary roo¥s since all their coefficients are of the same

,sign: “Clegrly thenj only one branch admittance in the set
Y5 to Ya can be set-to zero. Therefore, from parts (i) and

(11), 'th conclusion 4is that a total of three branch

admittances out of eight can be set to zero. Thus at least
five branches should be present in the passive network. The

onl} poisibie choices for three branch admiétances as zeros

'

are: -

LI ’ ~ .
.Y5=Y3=¥ 0, CE=Y1YuY8-Y6Y7(Y1+Yu)=O (2-31)
Tg=1,=Y,=0, CE=Y5Y3Y2-Y6Y7(Y3+YZ)=O (2-32)
Ye=Y,=Y,=0, CE=Y1Y3Y7-Y8Y5(Y1+Y3)=O (2-33)

v ) ’
17;r1=13=o CE=Yg Y, ¥ =Yg ¥ (¥,+¥,)=0 (2-34)
/ '\*‘ ¢

Mathematically (2«31)}=(2-34) are of the form
]

n
T

rarb(rc+rd)-13!dxc= 0 | (2-35)

¢

Therefore, we shall analyse (2-35) and then put the results

o

]
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.

Comparing (2-35) with (2-7), we get

- ° 4 - '
N1(s)— ‘YaYb(Yc-F Yd), N?(s)— YeYcho

It is necessary that either Yc or Yd

capacitor(Rule 1II), To have N1(S) or NZ(S) as a complete

eontain a

second-order polynomial(Rule IV), at least one branch should

be of the form SCi+d hence at least six elements are

i’
required to produce the proper CE. Tﬁerefére, the derived///j
circuit gmust have five branches and™six elements. Clearly,
tﬁe number of resistors is four ain;e the nu;ber of
capacitors 1is two. TJAillustrate how a specific oscillator

circuit is generated, let Yc=SCc, Yb=SCb+Gb, Y_ =G

and Yé:Ge. Then the CE is
™,

S
- 2 : -
GaCpCoS +S(GaGdCb+GaGch'GeGdcc?,*GaGbGd‘o (2-36)
7

The OC and OF are, respectively, .

,0C: G,GyC+G G C =G, G C o= O (2-37)
i
GGy 1/2

OF: wy=( g=g) ¢ ' | (3-38)

b”e
L 3
SuGQtituting these rgfults into (2-31)-(2-34), 'different
osgillator circuits dap nbw be found. For ‘qxample putting

the. results: into (2-32) we have, .
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%

Y2=Y°=SC2 ,(‘ .dee“CB*GB s Ya=G

5, Yd=Yu=Gu, YQ=Y6?G6‘ (2‘39)

-

and ’ -

: GG 172
874
mg:( E;E;) (2-40)

N ) * j
The resulting circuit is shown in Fig.2.5(a). Using the

same procedure, four gacillator circuits are derived from

J

each equation, leading to a total of -eight \§G~‘paiq
a

oscillator cf;gﬁits. The eight circuits each have

resistor and a capacitor in series. An 1nterchahge of the
capacitor and the resistor will not Effect the O0C or OF.
Thus, these elght circuits are further reduced to four

topologically different circuits. These four cirecuits are

shown in Figs.2.5(a)-(d).

o~

Now that it 1is known that at least six elements are

‘required to build an 6scillator, let us investigate circuits

L
with six branch admittances with one element per branch.

2.4.3 Five-Node Six-Branch Six-Element Network

Let any two out of eight branches in (2-22) be set to

zero. - . -

Y, =Y +Yy) #Y Y ¥,-Y Y, ¥, =0 (2-42)

20, CE=Yg¥ (Y,+Y 5Ys

1 3

rd
L]

v
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Yssfuzo,
YG:YZ:O,
Y_=Y

20,

YS:; 20,

3
YBSY“'O.

Y88Y1.0’

29

CE=Y8Y5(Y1+Y2+Y3) +YSY3Y2-Yi?3!7:O

»

+Y) #Y, Y, ¥o-¥ Y. Y, 20

CE:YGYS(Y1¢Y 3%7

3

CB:Y1YuY8-Y6!7(Y1 +Y3+Yu)-!1Y Y,=0

37
J/

CE=Y1Y“Y8—Y6¥7(Y1 +Yu¢Y2)-Y6YuY2=O

CE:Y5Y3YZ—Y6Y7(Y1 +Y +Y3)-Y1Y Y, =0

2 3°7

o \
CE:!SY3Y2-Y6Y7(Y2 +Y3+Yu)-Y6YuY2=0

/

Mathematically (2-41)-(2-48) are of the form

!aY

+Ya)+Y Y Y -Y Y Y 20

b”c"Y ce’d "f e 4,

d

(2-43)
(2-44)
(2-45)

(2-46)

-(2=-47)

"12-18)

(2-49)

»

In (2-49), branches !e or. Y, should be capacitors (Rule II).

Let !d-scd. Hence, the onlyychoicc for the othes capacitive

branch that can lead to an oscillator is Ya'sca' The CE is

al
S (C’CdGb

0C:

-y

4

)+S(C‘Gb(G°+G°) 'checd)*gccecb'o

C'Gb(Gc+0e)-6fG°Cd:0

g6 1/2 ’
c e .
we =( g7

a”d

(sifi; |

(2-51a)

(2-51b)



s : y

If we choose Yessce, then the only choice for the other

capacitive hranch would be Yc=SC°, then CE 1s

2

s2c_€,0,+800,0, (C +C,) =0,6,C, 146,66 =0 (2-52)
0C: 0,6, (C 4G, )=GyG,C =0 (2-53)
. G .G, 1/2
OF 1 w C‘Cb) (2-54)
c e

Ny

o
Substituting ' the results from (2-50) and (2-52) 1into
(2-u1)-(2lua), 16 circuits are found, one from each
substitution. However, these 16 <circuits .are eight.SU

pairs. Therefore, there are only eight stable circuits

which are shown in Figs.2.5(e)=(1).

Since we are concerned with canonic realizations only
and have found circuits with six elements, the analysis of
seven-branch networks will not be necessary. This 1is
because they req%ire at least seven elements and hence will

no longer be canonic. The next type of network that should

be considered, is one with two independent nodes inside it.

+

2.4.4 Six-Node Network ’ V.

In this ocase ﬁ contains two internal nodes. The general
form of the corresponding network is shown in Pig.2.6. The

CE is

P
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LR PTR L R PR PR ST R R P T T R O AR PR R R R PR T R T R R R

-~y

+Y6Y10Y11Y13+Y6Y7Y11Y2+Y6Y7Y11Yu+Y6Y7Y11Y13+Y6Y10Y2Yn

+Y6Y11Y2YH+Y6Y7Y2Y13+Y6Y11Y2Y13+Y6Y7Y13Yu+Y6Y10Y13Yu .

*Y6Y2Yur13+Y6Y1ZYZYH+Y6Y1ZYTYu+Y6Y12Y7Y2¢Y6Y9Y£Yu

+Y6Y9Y7YQ+Y6Y9Y2Y7+Y6Y11Y10Y1+YBY10Y11Y3+Y6Y1ﬁY7Y1

%
+Y6Y11Y7Y3+Y6Y7Y10Y1+Y6Y7Y10Y3+Y7Y11Y1Y3+Y7Y1OY1Y3’

L
+Y7Y9Y1Y3+¥7Y6Y9Y1+Y7Y6Y9Y3*Y7Y’2Y1Y3+Y7Y6Y12Y1

+Y7Y6Y Y. +Y, Y

12Y3+Y 3Y13Y1+Y7Y6Y +Y Y6Y Y.+Y, Y

1374+ 17 Y Y 3T+, Y5 Y, 3T,

+Y7Y12Y13Y5+Y7Y9Y13Y3+Y7Y9Y13Y6+Y7Y9Y12Y3+Y7Y9Y12Y1

+Y Y Y Y +Y, Y. Y Yqu

1¥9Y12%93* 12792 LR TR PR R PR ST

oT12T7Tyr oY 2 T q0 11 Ty

“Ye Y, o Ye Y=g Y g ¥gTg=Te ¥ o Yg T 3=Y5Y oY 55T oYY

YooY 0¥ 12Yy3~Tg¥g Yy =Ys g Y  ,Yg-YgYg¥ oYy =YY, gY, Y,

-Y5Y12Y2Y3-Y5Y8Y2Y13-Y5%12Y2Y13-Y5Y8Y13Y3-Y5Y10Y13Y3

-Y5Y2Y3Y13-YSY11Y2Y3-Y5Y11Y8Y3-Y5Y11Y8Y2-Y5Y9Y2Y3

-YSY9Y8Y3-Y519Y2Y8-Y5Y12Y10Y1-Y5Y10Y12YH-Y5Y12Y8Y1

"y Y Vg Yy =Y g ¥ oY =Yg ¥ oYy -Tg ¥ o ¥y-Tg¥ oYYy

-Y8Y9Y1Yu-Y8Y5Y9Y1-YaYsYgYu-Y8Y11Y1Yu-Y8Y5Y11Y1

4

-Y8Y5Y11!u‘YaYnY13Y1-Y8YSY13!1-18Y5Y13YH—Y8Y11Y13Y1
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7Y8Y11Y13Y5-YBY9Y13YM-Y8Y9Y13Y53Y8Y9Y11Yu-Y8Y9Y11Y1

—Y8Y9Y1]Y13-Y2Y9Y11Y3-Y9Y11Y8Y3

-Y9Y11Y8Y2-Y10Y12}qu=0 (2-?5)

There are 13 branch admittances in N, The probiem is
one of assigning six elements (four resistors and two
capacitors) properly to these admittances. Even assunming

one element per brdnch, ghoosing six out of 13 and then

choosing two out of six as capacitors, requires’

(g3).(g)=25,7uo combinations to be investigated. This would

4

be an extremely time consuming and a tedious Job.

Fortunately an elegant and simple approach 1s possible.
4

Let n, b and 1 Dbe the number of nodes, brahches and
loops in the passive network respectively. Then 1 is given

by
1 2b -n +1 (2-56)

In order to have at least one loop in the network bz5. This
means at least six elements are required to construct the
network. Figure 2.7(a) shows one 1loop with six nodes
distributed on 1it. Choose any node as 4input node(for
example,node 1), Then any other node (not next to input
node) can be chosen as ground node (for example, 3,4 or 5).
There c¢can not be any branch connected directly between the

input terminals of OQA. Therefore, the OA's input nodes

Y
¢
X4
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"Fig. 2.7Ca): Paaéivo 3ix node, one loop, six branch |

network. - ‘
(b)s Configurdtion with one loop passive network.

\q\‘ﬂ o‘

@
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should be between input node and the ground. Figure 2.7(b)

shows an example, the CE of Fig.2.7(b) is

v

Yayb- Y Y4= 0 _ (2-57)
where
Y, Y Y Y 3
Y =Y., T . S Y = 23— Y=Y, .
a 1 b Y3+Yu c Y6+Y5 472

\ N
Analysis of (2-5T7) does not légggto any oscillator ec¢ircuit.

In- fact, it 1s shown in Appendix D that a single loop RC

) ~

network with more than five nodes, two Cs, one OA and any

number of Rs can netther produce a canonic SFO, nor can ib‘

n

produce a VFO,

/.

’

The study of a six~-node network with seven branches 1is

unnecessary, since it is not canoniec.
¥ . : A

2:3.5 Seven-Node Network

In this case, N has three internal nodes. From the
previous discussion, it is clear that N must have at least,

( .
two loops to be able to produce oscillation. From (2-56) it
\
can be shown that at least eight branchesy; are then required

in N. This requires at least seven elements. Hence, the
circuits will be non-canonic. Clearly then study of seven
and higher node networks 1s not warranted. Thus, the

complete set of éanoric SFbg consists of 12 e¢ircuits as

given in Fig.2.5. Circuits of Figs.2.5(a), (f) and (J) are

¥
new SFOs.

L
’
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i

2.5 Design Procedures

The design procedures have been‘derived for all the 12

¢

SFOs. However, the procedure is illustrated here only for

o 1

sthe circuit of Fig.2.5(3). The saaé procedure can be used
‘for all remaining 11 circuits. Design equations for all the

circuits are given in Table 2-I. The CE 2£jthe circuit of

Fig.2.5(J) 1is

Yg‘a<‘2*’3*’u’*staYz‘!sYuYz= 0 {2-58)

3

QhO’OBing !uSSCu, Yags'Ca, Y2=Gz, Y3=03’ Y6=G6, Y5=GS’ (2"58)
can be written as F s
‘,.
2 h!
S GSCGCH*S[GSCB(GZ+G3) -GGGZCu]+GSGSGz=O (2-59)
- \OCS GSCG(GQ:?3)-GGGZCH=O (2-60) -
G G2 172
OF: W= cacn) , (2-61)

Choosing 02=G3=66=G=‘% and Cy=zCq=C from (2-60) and (2-61)

J

and w = q . (2-62)

3
=~

Note that G, and Gg can’ be varied without affecting Wy

Thus one of them ocan. be adjusted to set the circuit to

[N
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t Design equations for circuits of Fig.2.5.
Cz =Cy =C, 96 =‘é;—= Gy = G =1/R'
* 1
a . - - —
(a) 0C: Gg= 26 ,u, = =
c3=ca-.-c,c8=(;55§c:1 =G =1/R
b : = gﬁ&*s) : 78
(b) oc: G,= ANY, = 33
’ C6 = C2 =C, Ge = G7 z G;_: G =1/R
(c) a 1
ocC: GS= 26 ’ws = RC
\» C‘1 = C6 = C 9 G6 = G7 2 Gn = G =1/R
(d). 1
oC: G&: 26 ,w S RC
C1 = Cu =C ,‘G 2 G5 2 02 =G =1/R
(e) 1
OC! GG= ZG ,ms = -ﬁ'(-:'
02 = C3 = C , G8 = G5 =G, =G =1/R
(f) '
0C: GG= %G 'ws =,§E.
Cz =/C3 = C ;3 GS s G5 = G1 = G =1/R
(g) ' g 1. .
OC: (}7: 2G ,ms = -R-E ’ -
Ci'=Cy = C . CGg ='c;5 =Gy = G =1/R
(h) " \ 1 \
. OC: S',r- 2G ,U)B =\ﬁ-
, 4 €, = Cg =C, Gg =Gy = Q1.= G =1/R
i . = .
(1) 0C: Gg= 26 ,0 = 7= ,
: Cy=Cg 2C, Gg =G, =Gy =G =¥/R
(3) B 1
c1 = C8 = C ’ Gs = 62 = G3 = G =1/R
(k) - 1
- 0C: G,= 26 ,0, = 3=
C3 = C5 =C, GB = Gu ] G1 =G =1/R
(M 1.
/. 0C: G,,: 2G ywy = E

\’\
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oscillation. - ‘ .

2.6 About the 12 circuits

P
\
v,

. L
It has been shown that there are only 12 canonic SFOs.

We ave mentioned that 3 of tha;e circuits are new, the
other circuits have been reported in [8]. However, (8]

gives also 12 canonié SFOs. In the following ve clarify the

apparent discrepency.

In (8], 16 SFOs are found using controlled ‘sources as
‘active elements. The configurations are shown in Figs.6-9

A3
of the same reference. In realization of controlled sources

however, four of the ;1rcuiha need more than on'e 0;<wh1cQ‘
are not canonic. The remaining 12 realizations}are shown in
Table I as cases \ (a)-(1). Thesev 12, cigeuits are
realizations of the coﬁfiéyritions (a)-(f) of FigsSé.and 8.
Three circuits, namely, (J)-(1) of Table I are ﬁiysically
the same as the three circuits (1), (g) and (h),

respectively, of Table I [8].

2.7 Experimental Results ,

All the 12 SFO circuits have been tested experimentally.

Experimental r:aulta agree with . the theoretical analysis.
In all the experiments the amplitude of the output has been
constant (25 volts peak to peak). The maximum distortion

measured for any circuit has  been less than 1.5% . The
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-

sigmal haiﬂ;pen measured between output of OA (Fairchild

T41) and E e ground node. The.power supply of +15 volts has
been used. Only the experimental results of one circuit are
given here as representitive sample. Figure 2.8 shows the

output signal of oscillator circuit corresponding to

- Fig.2.5(a) at two frequencies: (a) 0.104 kHz and

(b) 1.326 kHz. The component values for two circuits are:

(a) R5=67.2 kQ, R(=36.6 k2, R3=R7=1.2 kQ, C,=C,=0.1 uF, -

(b) R =R,=15.2 k@, C.=C.=0.1 pF,

5 3 772

=225 W, R=129,2 kR, Ry=R,

K

v

A1l the registors are carbon film of tolerance 5%. All the

capacitors are polystyrene of tolerance 5%.

v

Using a new and unifded approacﬁ for g{gerating canonic
RCOs, 1t i3 established that the minimum rumber of | passive
components required to genérate an OA based SFO is 6. A set
of 12 single fredueécy(oscillétors-g: found. ?hé set 1is
shown po: be complete, that i3, no additional single
frequency RC oscillator circyits can be generg&gd‘using one
OA, two capacitors and four resistors. All the 12 circuilts
have beén to'k&;&in the laboratory. The results of the
tests are in c¢lose agreement with the theory. While nine of
these oscillators have alreﬁdy been reported in the

literature, ‘three are new oscillator circuits. One of the



40

Fig. 2.8: Output aignal of circuit of Fig.z 5(a), at
two rrequenciea. (a) 104 Hz, (b) 1326 Bz,

o s nemmroAAe € AT ~
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new circuits has both the capacitors grounded, which i1s an

attractive feature for IC technology.

»
»
.
.
'
-
'
.
-~
<
t
* L
1
\ '
N
.
v
E q
. AN
L
- »
¢
' « ® .
n -
' »
.
.
kool
A~ }
’
.
L
* . ( -
. | N
’ >
N -
A d * *
. \ -
' . - .
. ‘
- .
. .
' AN




CHAPTER 1IlI

2

CANONIC VARIABLE FREQUENCY RC-OSCILLATORS USING OAs

-
o«
3

(] ! 6

S o Fropr e o s Fash s s o fm S e s b




43

CHAPTER 1III

CANONIC VARIABLE FREQUENCY RC-OSCILLATORS USING OAs

3.1 Introduction

4 » *

&
‘ ¥4
In variable frequency oscillators the condition of
oscillation sis independent of the frequency of oscillation.
Thus, the frequency can be varied over a range without
affecting the condition of oscillation. It is important
that the frequency can be varied by‘varying the value of only
one element. , For many practical reasons the variable
element shoulq be a resistor. For example, by simply making
the variable resistor"to be voltage dependent, a voltage
,S-\
controlled oscillator (VCO) can be obtained.

)

3.2 Theory

It 1is necessary in a VFO that the frequency can be varied
while the ocircuit %s in operation. In mathematical terms,
this 1is equivalent to having OF varied without affecting the

C. This means the expressions‘tor OF and 0C should be such

.. ~—
hat OF contains an element (variable element) of the

circult which 0C is independent of.
R

Since Fig.2.2(a) 1is the most general configuration for

RCOs using OAs, it is, necessary to take Fig.2.2(a) as the

. general configuration for the studyfpr VFOs.

2



Consider Fig.2.2(a), The CE is given by (2-7). From the
. o .
previous chapter, the experessions for OC and OF are

0C: g =0 (3=-1)
\\on‘ o = (ysa)'/2 (3-2)

To vary the frequency from (3-2) and/or vy should be

a
varied. Assuming that p 1s ths variable element of the

network, then OF and OC can be written as:
ma=(yla)1/2=r(p) (3-3)
8 = g(p) (3=

Any network coefficient can be expresed as a linear function

of any of the network elements [23]. Hence, the most

general form of (3-4) is

[}

g8 =0 I‘(U,. - Uz)p + '(03 - Uu.)! 0 (3-%)

where U1, 02, U3, and Uu are functions of the elemsants of
the circuit other than p. To satisfy (3-5), it is necessary

4
that

N

Uy = Uyn 0 ' '~ (3-6a)



s

bpanches Y_ and Y

RT

U3 - Ull= 0 (3-6b)

-If (3-6) 1s satisfied, it is obvious that variations of p

cannot alter (3-5). Therefore, f(p) can be varied while

g(p) is always zero.

‘3.3 Realization of VFOs

It was shown 1in ghapter 2 that four node networks can-
not generate any oscillator circuits. Therefore, it is
clear that for VFOs, the network N must have at least five
nodes. .« It 1s also shown in Appendix D that a single loop
network can not generate a VFO. Therefore, N must have a
ninimum of 2 loops. Since aé least twe capdcitogﬁ and four
;esiators are required for an SFO, a VFO has' at least two
capacitoras, and five resistors. ‘ Finally, from (2-56) a
five-node network with two loops ﬁust have at leg&t- six
branches, Therefore, the first network to be considered is
a five node six branch network having seven ;¥ements.

3.3.1 Five-Node Six-Branch Seven-Element Network

-

Consider Fig.2.4. It is the most general configuration
of a five node network. As it was mentioned before,
9 10 do not contribute to the CE and are
removed. The CE of the. network 1is given by (2-22). A

six~-branch network can have seven elements only if one ‘éﬂw

the branches is of the form SC1+Gi and others are single

v /\
<4, \
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S °
‘(element é}anches. To obtain a six-branch neétwork any %wo
out of eight branches present in N can be rehoved. In this
wﬁy only weight CEs that are potential candidate for
generating oscillators are found. These CEs are the same as
Eqns. (2-41) to (2-48). These equations are similar to
(2-49), A detailed analysis of (2-49) shows that no VFO

circuit can be found rrog\?h&eutype of network.

3.3.2 Five-Node Seven-Branch Network -

Again, Fig.2.4 repersents the general circuit and CE 1is (r
given by Eqn.ﬁ?-ZZ). There are eight branch;s in N. To
——.__gensrate a seven branch network it is.only necessary to set
one branch admittance at a time to zero. In this way eight -

CE can be found as:
4

N <~
-YSYS(Y2+Y3+YH)-25Y2Y3=O (3-7a)
]
Y2=0, YTYG(Y1+Yu+¥3)+Y7Y1Y3k
TYBYS(Y1+YM+Y3)'Y8¥1YM'° //’/,j3~7b) .
Y3=0, ‘ Y7Y6(Yu+Y1+Y2)+Y6YuYZ
1,=0, !7Y6(13+Y2+Y1)+Y7! Y,

3

-4«'()



47

’ -YBYS(Y3+Y2+Y1)-Y5¥

3Y2=0 (3-7d) ///

-~

5 7 7 ‘ . <
: ' A
. Y
+?5!3Y2-Y7Y3Y1s0 (3-8b) *
- ’ ./ v

Y7=O, YSYB(Y1+Y2¢Yu+Y3)+Y1YuY8
+ISYZY3-Y6Y2Y“=° (3-8¢c)

Y8=Q, \ 16!7(!1+YZ+13+YQ)+Y1Y3Y1
r!BIZYu-Y Y, Y =0 (3-84)

.'572°3

Equations (3-7) and (3-8) are mathematically the same as

) »
(3-9) and (3-10) respectively, as given below

‘ ¢
!u!f(!b*!o*rd)’!grb!d- YhYe(Yb+Y°de)

-YhYbYon 0 (3-9)
. 4
stt(Y‘o-!b-o-!c-o-!d)-o-Y‘!ch-o- !s‘!brd-rh!brca 0- . (3-10)
4

Analysing (3-9), 1t is found that the only choices for

capacitive and resistive branches leading to VFOs are,

[



N

+ - . -

03

(1) Y aSC , ¥,28C,, Y, 26, Y,=G4, Y =G, Y26, Y =G, and

(11) Yd=SCd, Yegsce,Yhagh, Yb=Gq' Yc=G°, Yr=Gr, Y8=Ggl

)

\

For choice(i), the CE is:

2
S GSCch+S[ Gb(GgQr-Gthh(GngCr -

-thecc)] +GngGd-GhGe(Gb+Gd)‘s 0

G C - GhG

OC: chr(Gb+Gd)-Gh eCo

chz 0

&cbcd-chce(abmd)‘ \ 172

OF: Ns:{
@ocgctcc

H?itins (3=11) in the form of (3-3), we have

’

Gb(ch Cc)+(GsGdCr-G G _C )=0

r=0y h'g"c

¥
Comparing (3-12) with (3-6), OC is:
AN , G Cp-CpCy= O
chdct'ch90°c= O’

GbGd—GhG.(Gb+Gd) 172
’ >0

. G
and OF is:s “a’{ &
chfco L

AN

(3-11a)

(3-11b)

R .
(3-11c)

(3-12)

(3-13a)

MY

(3-13¢)



49

or

Gd = Ge, Gs/Gh = Co/Ct = k, Gb? e

v

where Gb is the variable element. For 6hoice (11), the CE

is ¢
12
J\.ly '
2

-8 thecd+§[chrcd+cgcbcdjfhce(Gb+cc)] ﬁ

] " ~ ’)

*chr(cb*Gc)'GthGo‘ 0 . (3=-14)
yielding:
- Ge

0C: G,2G_ and GB/Gh=C°/Cd=k and G> =3 (3~15a) g

‘ ¢ G,(G . +G_)=G,G. G 172 "
OF: *3/) w oy BL D o hbe , (3-15b)
: 8 G.C C
h e d

and Gb is the variaﬁle elemsnt.

When the resulta?ﬁlrrom part (i) are put into
(3-72)=(3=-7d), four VFOs are found. For example, from
(3-7a) it is found that

0C: GB'GH’ 06/6

2C,/Chak, G, = (3-16a)

5773

where G2 1a'the variable element and, .

-



<

‘obtained from (3-7a)=(3=-7d). /

.‘ , - . \ .
pl ’ . \v .
o . 50 X

G;GyG,~G Ga(G,+Gy) 1/2

' OF: ws={
v ) G6C3C7 .. .
Using the results of part (11) for (3-8a)=-(3-8d) another '
four VFOs are found that are SU pairs of the four VFOs from

part(i). Figure§ 3.1(a)=(d) show th% final four stable VFOs
b‘ -"'-

B ’ ’
Analysing (3-10),Othe possible’  choices for capacitive

2
o

and r}&tstive branéhes legding to VFOs are ¢
TN .

\(i) Yagsca, YOSSCO, ngcb, Yd=Gd‘, Yggckgy YtFGr,‘ Yh=Gh

v

(11) !b;scb, Y4=5Cyy Y,=G., Y =G, YszGB, Y,2G,, Y, =G

¢ .

For choice (i), the CE from (3-10) is:

- w

2 ‘ - ;\\
:
] Grcac°+s[cgcf(ca+cc)-thbcc],f

. ,/// *chr(Qb*Gd)*chbGd’o' (3=17) ‘>

and: & ‘ | k

( | ’
oC: chf(ca+cé)-chnbce=o ({3~18a)

G G.(G.+G.)+G G.G 172 '
e £89p*0q )+ g% (3-18)

S .
X TN

* » ~

OF




)
[ e it .

'

*{(ponuyjuUo)d)y SJOJBITFOSO o )
hn:c:uoﬁ_k 8[qQeIJRA OTUOURD g| JO 3986 Y] IR TRE A | - . g

5 -

- "
..I
. 4
E ’ lﬂ
)
. (9) (e)
.
- | | \
.
{ L}
. |
_ )
E
4+
.
L4
1 ~ >
| - s
. .
.
| .
“ /
) -
) +
| el 13
t il
v > - P . B
) : e ; = o .. -
- e L st



52

K .
S *(PeNUTqUO]) EUOJETITIOSO
! . Aousnbauj syqetues ojuoues g jo 388 ayg tLE 974

kg ~ - *

n v

e (W) (6) e




Aoudsnboaal a1qe

¥

‘-+{penujjquoy) sJa0j3eITIIEO .

TJBA OTuoued 9| Jd 388 8yl

(L) (%) .

L

o

<
o

Ll



54

\\/‘/

- 4

*(PInuUT3uoO)) BJOIBITTOEO
Aouanbaay sTqQEIJIRA DTUOURD 91 JO 39% @8yl

(d) (o)

£

.

P T



55

Since (3-18a) 1is independent of Gy, satisfying (3-18a)
allows (3-5) to be always satisfied when Gd is the variable
element. Putting these results into (3-8a)-(3-8d) four Van
are found. These VFOs are found tg/be two SU paifs yieldiné

only two stable VFOs.

For choice (i1), the CE 1is

o’

2
$%¢_c, C +S[qsGr(Cb*Cd)-GthCb]

gb’d
+GgGr(Ga+Gc)+GaGcGr=0 (3-19)
, ) L
° . ‘ ’
oC: chr(cb+cd)~chcocb=o (3-20a)
(G,G,(G_+G_)+G_G G,) 172
oF: wa{ —B-L2 ¢ 80f 4 "N . (3,0,
chbcd
Here -(3-20a) 1is independent of Ga' Therefore, Ga can be

2
taken as the variable element. From these results, and

(3-8a)-(3-8d),  four VFOs are found, which are again two SU
pairs, yielding only two' stable VFOs. Figures 3.1(e)=(h)
show the” final four stable VFOs. Note that we>0 is always

I

satisfied in both parts (i) and (ii).
‘Clearly, a VFO for which N hau‘ five nodes and aight

\yfunches or more is not canonic. Thus, a study of such

nétworks is unwar;anted.

i
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3.3.3. Six-Node Network

Figure'2.6 shows the network with all its branches. The
CE is giveﬁ by (2-55). It is necessary to have at least two
loops in the passive network (see Apbendix D). From (2-56),
in order to have at least two loops, N must have at least
seven branches. There are a total of 13 branches in N. The
number ;f ways the branches may be chosen, as well as the
ch capaeitiﬁe and the variable resistive branches mayk be

i

selected, are
13 7 5.
(7 ).(2).(‘)-180,180

Clearly, it is an enormous task for straight forward
verification. Thus, we follow the approach adopted 1in the

case of SFOs. \
i

Figure 3.é shows all the possible graphs with six nodes,
seven branches and two loops. cqnsequently, a total of 61
cases should be considered for all the four graphshgé
Fié.3.2. However, no VFOs are found from graphs of
Pigs.3.2(b) and (c). To illustrate this, let us follow the

steps for the case of Fig.3.2(a). b

For the graph of Fig.3.2(a), any of the nodes can be
chosen as the ground node (for example, node 1). Then only
no&es 3,5, or 6 cah be choa;n as input node (for example.
node 3). ‘Th; Sossible input terminals of the OA are then 5

and 6 or 2 and or 6 and 2 (for example, 5 and 6).

X
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'in 6 5
1 2 3
~(b)
- !
6 5 4
6 3
1 2 3 ~
| S 1 2
(c) (d).

Fig. 3.2: All the possible graphs of ’a six nodes, seven
branch, two loop connected network.

.
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Comparing the resulting circuit with Fig.2.6, the nodes and
branches can be renamed. Figure 3.3 shows the resulting

circuit and CE can be found from (2-55) as:
TeXoXy¥y g+ Yep¥yYygr Ye¥o¥qoY g% Ye¥y¥oYqy

+Y6Y3!10Y11+ Y6Y9Y2Yu- Y2Y3Y9Y11= g (3-21):

Using rules gpIV, one possible choice for capacitive

branches {is Ynssc1 =SC All other branches are then

17 ¥4035C0-
resistive. Then (3-21) can be written as

2
S [(02+c3+cu)06c10011}+s(G6Gu92(c10+c11)

~G5G4GgC,,14GgG, G, 0y = O (3-22)
. G, G.G 1/2
OF: w =l 12 9 } (3-23a)
(GZ+G3+FH)C1OC11
Comparing (3-23) with (3-5) shows that U3 =U, =0

and G2 is the variable element. Figure 3.1(i) shows the

final circuit.

-5

Note that W, is independent of G6. Thus, G6 can be used
to set the OC of the circuit. Using the same procedure, a
total of 16 VFOs are found. However, eight of .them can be

derived from the other eight simply by interchanging the two
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Flg. 3.3: Active. network with a six node, seven branch
‘two loop passive network,

S e mesmdrianr o bt b e o am o -
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internal nodes. Finally, the eight circuits ' are four SU

pairs. Figures 3.1(1)-(1) show the final four stable VFOs.

. Using the same procedure for the graph of Fig.3.2(d), a
total of 16 VFOs are found. Again, these 16 ceircuits are
rbduced to distinect eight for internal nodes. Further, the
eight circuits are found to b four SU pairs. Figures

AN

3.1(m)=-(p) show the four circufts. *

“Analysis of an eight ranch netwvork is not required

because it needs eight el&men s which is not e¢anonic.

- [}
\

3.3.4 Seven-Node Network N

In a seven-node nétwork, at lgast ;ight branches should
‘be present to gehcrate two loops. Eight branches require at
least eight elements. Since VFOs with seven element; have
been found, eight element circuits are not canonic.

Therefore, the study of networks with seven or more nodes is

not required.

3.4 Design procedures - .

-

/~

Design procedures are ‘given here for Fig.3.1(1) only.

. .
Similar procedures ‘can be used tog all other VFO c¢ircuits.
The OC and OF are given by (3-23a) and (3:23b). Choosing

c10=c‘ =C and G.sG

1 3 9=cu=c. (3-23a) and (3-23b) can be written
as: -
. G G, 172
OF: e c.( a-:Ea) (3-24a)
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L]

: 2¢. g °
0C: 2G¢GC-G°C=0 or Gg= 3 (3-24b)

Let G-%. Then the design equations are

C1o = c11 = c, _R3= R9= Ru= R’R6= ZR

< L B2
Ys® RC° R+2R,

a
=0

(3-25)

Where Rz is the vg;iable resistor. The designs'for all the

VFOs are given in TaSle 3-I. N

3.5 Ciassification of VFOs

, The 16 VFO0s can be classified into four classes

according to the variation of their frequency as a

of the variable resistor.

3.5.1 Class A

\
Y 3

The circuits of this class are shown in Figs.3:1(a)~-(d).
The OF is

“’s = m.( R ) (3-26)

where k>1 is a constant and Rv is the variable resistor.

Sensitivity analysis shows that this class has high
4

sensitivity to R, at low frequencies. Figure 3.4(a) shous
SRs (sensitivity oru.s.s with respect to Rv). A plot of Wy ib
v .

Rv is also incliaded in Fig.3.4(a).

A

funetion |

m*i;mp P e
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Table 3-I : Design equations for circuits of Fig.3%.1
8 €y
C.,-C. Gs-ﬂ.-ﬂanﬂ. —; [ C,’-‘ . C‘O-C”lg. 69103-(“-6. 06-0/2
(a) G, (ka1)-G ' (” [
] AN I o ¢ 2_ 172
“r get "% oc: 0> woi O “ € e, !
G -
C‘lC. 0510310.30, 0‘ . E—;-K Cle.lC, G,IG,IG‘OIG, 0616/2
(b) )
G, (k=1)-@ ¢
K- P | 172 _o_ ¢ 11,172
w,r kc( —_— ) oci 0‘) T K> U.l E( 204-6” )
°6 <,
C,lc, G’-OZ-OQ-Q, 0_; s q.l . c‘-cg-c, Gzlcnlc‘zic. G.'IC/Z
(e) G, (k-1)-C (k) c
" !—g( __'_o__)ill‘ oc: o> FgT' K> “, g( ;E;'g—g 172
o, &
CS'C‘ GS-G'-Oa-G. os N E-:-l C‘-CS-C. 09-(}10-6.-0. G.,lG/Z
(4 g, (k=1) m
-1)-G G
, 6, O 12 G ¢ 1212
o, I(C( r ) 0C: GJ> w7 o, 5‘ _.20‘012 )
€ %C,uC, G,s0,sG,e¢G, OCt G, 220 Eg O
1% 2" s . le,ac, z2s =~2ek, G,,%G,36,8G, G,,.<G(k-1)
3 " g, ke GyanUyet, 13
(e) (w) 3 7
.g. Ge+20 Y R
o o f—t 12 “. 9 "(_—G‘TL" y V2 1
" € e -Gy
C,=C eC, G.u0,s0,4G, OC:t G,=20 Cyp O
17 [} ' 2 8
3 s 7 c‘.ﬁ, E‘—' 01.1(, G g0 20,0, 0‘3<G(k-|)
() G+28 (n}
o d—2)2 ¢ g, 172
[ S
* .t gl fTe-11-0,, ) K1
C,aC, 3C, G u0,sG_xG, OCt G, =20 €, G
2°Catc s g 2,1 =G = %
3 7 5 clz.c. c‘z. Gs-u, GJ c, cs-c. c‘ltc(k 1)
to! 0420, ,; (o) g
“ . —1)
] G 1 172
. “or 8 aTenie; oo
€,eC,sC, G,uG_uG,3G, OC: G20 € ¢
2%Cy°Cy G 00 u0,20, T ¢, e, c—i-g. aflk, Gy g0, *C5*G, Gyy¢Glka1)
h
”-.-.(2_(23-0—')"2 - (p) g Sv3 0/
G 1 /72
* “gr & FTe -0y, ) o1
i 2
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R .
v
R,= R(k-1)
(a)
1 - pm =& s - — ‘— - e - e - - h
.ﬁc. 2 —m RV .
1 / | : : °
."‘z- .n' . ‘
. .. , B
(b) S, " %) ' “

Fig. 3, h. Variation of sensitivity and frequency versus
J variable resistor, for classes A, B, C, and

<Py shown ¥ (a), (b), (c), and (&) :

respectively (Continued). ’ _

L

[N . .
! ; +
¢
. .
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(@)

o ¥

P R p \
S ,,/”"— 2 ()

-R-E *\‘
(c) 0 . e —— RV'

_%_.....- - - = =TTy

+ ms

R"g(Rv)

Rv-Rl(k-l)

Fig. 3.4: Variation of sensitivity and rrequency versus
variable resistor, for classes A, B, C, and ~

D, shown ‘in (a), (b), (¢), and (d) ‘
respectively (Continued).

o
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3.5.2 Class B . . N\ o A
a\\ , " N
Circuits of this class are shown ip Figs.3.1(e)=(h).
' ‘ - ~ ' ] 2R+R 172
- 4 - —— ° v N -
OF 1~30‘ . G}lms -'RC.( Rv ) (3 27)_
' These circuits have low sensitivity tO*Rv at low frequedcies
o " and even at high frequencies the senaitiviti never exceeds
o -1/%. Figure 3.u(b5 showvs sensifivity as well as ms vs Rv
N - / . ' o
-  cufves for this class. . ~
’ Y . t .
. o , '! .
ot : i * 3.5.3 Class C oo . {
. . The eifcuits are shown in Figs.3.1(1)-(1).. The OF is: °
: W ' Y S
: : oL : ' 1 R_ ) : -
SR ‘ . Wys RCT( i:fi;) (3-28) J)

N
.- .
. - L
- . .
o ' : 2 J »
¢ .
- N Ve ‘ . - A M J

< The sena&}ivity’ of  fhits ‘group appré&%hea zero at high

~. , L o

; R ' 'Figure 3. u(o) shows sensitivity and w;/ﬁs a function of n .
. " “ « . R
It ‘e ¥ ' 3-50“ CllsgD
S‘ ’ 7 N . ' - . »
° , "_»~ The ocircuits are shoun in Figs.3.1(m)-(p). And OF is:
- ° . _: " .. » . v |3
[ L} . - ,
oo I L “X k}? L2 :
b , - m = —. M -
i L s "Rl B (x-DI-® (3-29)
e S #These cincuita have high sensitivity “at high rrequenciea and
¢ N N ’ .
at low trequen@ies the senaitivity approaches 1/2. Figure
. ” . ‘.l"_ ' \, ‘- < - i" 3 i . . - l .
| . , x . ] . ) -
¢ ..\ . » . . -
PE ‘. ) ‘ - '

”frqufncies and fnever‘ ekceeds -1/2 at 1low. trequenciea.‘
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3.4(d) shows sensitivity and W, as functions or'Rv.

3.6 Experimental Results

L}

ALl the 16 VFO circuits have beeﬁ,built and tested in

the laboratory. They alllperformed as expected according to

3

the theoretical analysis. The power supply of +15 volts has

been used in all the cases. Th'e output signal is taken

’ . % 1 ¢ o
from the output of the OA‘(Faifchilq 741). The amplitude of

oscillation gas been relatively constant. However, |{it

varies from circuit to circuit. The experimental results of

one circuilt from each cfass are presented here,
T

Class A: Figure 3.1(a) is taken as the represent tive

¢

" eircuit for this  class. Design values for the circuit

elements are: . ) .
: ) o,

=1 WF, R 2100 k®, R,=Ry=1 K, Rg=10 k%, R, is

3 5
variable element.

The theoretical and experimental variation of frequency as a

function L of +variable resistor as well as: distoré;on
) - .
measurements are given in Fig.3.5(a). -

Class B: PFor this class, the experimental results of

circﬁit'or Fig.3.1(ﬁ) are givén as sample. Design valﬁ?b>

! v
for componen?p are: ° |

C,=C,=0.1UF, RgaR=Rg=1 K, 3710.5Ak0, R, 1s v?riable.
Ve

3
Figure 3.5(b) shows }he theoretical and experimental

¢ o=

. . LA . )
'variation of fredhency vs variable resiiior. » Distortioh

\

e measurements are also included 1in the 3ame Figure..
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’ ' + f ’ !
; 3.24kHz |
*3kHz |
\ . Dist.
‘ %
T1.5
: (a)
2kHz 4 $41.0
‘ 1.59kHz — 4.0.5
‘“WV Y
s 0 . .
: 0.6 3.14 - - 6,13 11, kG

¢ 1kHz

(b)

0.5kHz

1.5kHz .

Fig. 3.5: Theoretical and experimental variation of

~ f

frequency versus variable resistor for
classes A,B,C and D shown in (a), (b) (c¢) and

.¥(d) respectively (Continued)

—
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f
1.5kHz 4
t Dist.
" 1KHz + %
] ) 5 Y
T1.0
(e > “
0.5k | A% 4 /”rv
s N ,
!
o .
f
2.61(&{: +
2Kz T
(d) (
1Kz <+
-+
"!
0
. ' . Lo
Fig. 3.5: TheoretYcal and experizental variation of
‘ frequency versus varfable resistor rog )
classes,  A,B,C and D own in (a),(b),(qg) and
(d) respectively (Cog inued). RN
N * . “,- . Fl . \\\
o O Thepretical | < Experimental - ® Distortiom \3
P . * \
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Class C: The representative circult fo this class is

“that of Fig.3.1(i). 1In this circuit, the|design values fo

components are: ‘ //
- ¢
= - =R_=R. = Q - 1] s
C10_C11_0.1 UF,rR6-R3-Ru-1 Wi, R9-2 ki, R, is variab}g,
Theoratical and .experimental variation of frequency vs .

variable resistor {s given 1in Fié:3.5(c). Distortion
mesurments are als& included.

Class D: Figure 3.1(p) is taken as representative
circuit of this class. Figure.B.Sgd) shows the th;oretical .

~and experimental variation of frequency as a function of

4 . '

variatle element. The Figure 3.5(d) also shows the

i

distortion variations.. Deaign values for circuilt élements

are: - 0

LN

=1 k8, n5=10kﬁ, R is

=1 UF, ,36=R10=R 13

C,=0.14F, C

11 3

-

variable.
All the resistors are carbon film of tolerance 5%. All the

capacitors are polystyrene ofstolerance 5%.

e
\ ‘ Q\
\\ '

‘\

3.7 Summary | . .

“A unified appﬁoach " for design of  VFOs. has \bfen

. described. The ;p roach is general and complete. Furthe;:m L.
"#t . yields canondic circuits, that is, circuits comprising of
minimum numb?r of resistors, capacitors and OAs. It 1s
;hown thdt a minimum of two capacitors and five resistors
and one OA is required for variable frequency operation. A
set of 16 ecircuits ‘for variable frequency operation {is

’ : |

Ll

PRSI BRI 5 7
B

~
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derived. Eight of the circuits have been published before
[3&1 and the remaining elght ;f the VFOs are ?ompletely new.,
It has been ayateﬁatically"hown that the*séé is complete,
that is, no agditional canonic oscillator ocircuits can be
generated. In-\lil of the c¢ircuits, the frequency of
oscillation is controlled by a aingl§ variable resistor. In
three of them th; variable resistor |is groundéd whlph is

desirable for VCO operation. The VFOs are classified in

four groups, each a group of four circuits, according to the

nature of dependence of the VFO frequency on the variable
®

resistor. This should facilitate selection of a VFO. for a

particular application.
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, CHAPTER 1V

CANONIC GROUNDED CAPACITOR VARIABLE FREQUENCY
RC~-O0SCILLATORS USING OAs

4.1 Introduction

It is highly desirable to have all the capacitors

grounded ° in RC circuits [24-30]. Grounded . capacitor

circuits are attractive for several reasons. For & ganged'
variation of a pair of capacitors used in moat tunable

oscillators, it 18 desirable to have the _ capacitors

grounded. This grounded capacitor pair then allows the rotor
and the case of tuning unit to be kept at the same ground

potential, making it possible to have a reduction 1in

mechanical and electrical complexity of the system [24].

Grounded capacitor circuits are also suitable fdr monolithiec

IC technology [31—33“. Also for thin film fabrication, it

is desirable to have all the capacitors grounded [25], in

which case the eXimination of etching procesé, and the

‘reduction of number of contacts is achieved. Furthermore,
the parasitic capacitances surrounding the capacitors can be

¥

easily accounted {for or tuned out"ﬁm‘ they are novw in
parallel with the‘grounded capdci?ors [26]. It is also
desirable to have equal valued caﬁaoitora in a circuit from
fabriégtion point of view [27]. Consequently, there has

been , considerable ‘1nterest‘1n design and implementation of

r
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RC networks with grounded capacitors[Zﬁ-30]. However, in
almost all.of the studies the approach has been on an ad hoc
basia; rather than a systematic and unified approach that

yields a complete set of results.

’

This chapter presents the results of a systematic
approach for the generation of canonic OA based GCRCOs f}or
variable frequency operations. A set of 8 canonic circuits

is first derived rof GCVFOs. ., This set 1s proven to be

¥

complete. It is shown that GCVFOs need at least 8 elements

(2 capacitdrs and 6 resistors) in addition to the OA. ~ All

i

#
of these circuits are néw. However, either they have a poor
start dp property or they have a narrow range of frequency

variation. Consequently, another set of 12 easily tunable

‘o

GCVFOs are found from these 8 circuits. In the new set,
each circuit uses nine elements(2 capacitors and 7

resistors),.This set is alad complete and all the 12 circuits

a

are new. In a;l of the GCVFOs, the froqudnoy can be varied.

——

'by a single variable rasispor. Thag}all allow equal ‘valued
. Gapacitor deaign., Two of Ethgse oscillators have their
variable registorsf;youndeq. Hence, they can)be made VCOs
by a single grounded fEf. Three of GCVFQs have an
attractive prop;rty in  that t§ey all have equal valued
.elements (all the resistors are eqﬁal and all the capacitors

e s "

are esqual).
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4,2 Grounded Capacitor SFOs

In chapter 2 a complete set of canonic SFOs has been
derived. OQut of the 12 circuits in that set, only one of
them namely the circuit of Fig.2.5(a) has both of 1its
ﬁ:pacitors groundedk\ Since the set 1s complete, phat
circuit is, inhraot,uthe only canonic GCSFO possible. For
oonveniencp, the c¢ircuit of Fig.?.s(a) is also given in

Fig.4.1. This circuit is called the Base Ciﬁcuit and 1t 1is

referred to as BSFO circuit throughout this chapter.

4,3 Grounded Capacitor VFOs

4.3.1 Theory
&

Since it 1is already known that, there exists only~an@
canonic GCSFO, it is only logical to argue the following.
If there exists any ;anonic GCVFO circuit, that circuit must
always contain all the elements of this BSFO circuit. In
, other words, if %ne GCVF(0 is found; it is always po;aiple to
;reduoo it to the BSFO circuit by remo§1n3 one or more
olements from that circuit, Thus, 1€ should be possibile to

find all the canonic GCVFQs by suitably. introducing ' new

&

resistor(s) to the canonic BSFO circuit. Therefore, one can

adopt the following approach.

Determine -the number of all possible ways that one can
add a single resistor to the BSFO circuit. If no GCVFO is

i

found for any of theso'qays, then proceed to determine the

\"'[».
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number of all possible ways that one can add two resistors
’

to BSFO and so on. Therefore, to find ‘a complete set of

Gczggs, it 1is only n;cesaary to find all the possible

resistive'modifioatiopa of BSFO circuit. If it is required

to introduce more than one resistor to the BSFO eircuit, one

S~

can enter all the resistors at once or add one resistor at a
time. Since 1in practice even if one decide; to introduce
all the reaistoqslat once, ultimately, the resistors are
added one by one, it 15 much oa;ier and systematic to enter
a resistor into tﬁe circult and study the resulting circuits
to find whether or not they are GCVFOs. If no GCVFO 1is
found, then these circuits will be the b;ais for introducing

the second resistor to them and so on.

4,3.2 Resistive Modification of GCSFO

There are only three ways that a single'res}stbr can be
added to the BSFO circuit. They are as following.
(a) Introducing a resistor between any tﬁo nodes of the

circuit.

(b)  Entering 4 resistor in series with a resistor or a

cap?citqr‘ot the circuit.

Al

(6) Breaking a node into two nodes and connecting them

with the new resistor. “

[}
3

There are 5 nodes in the BSFO circuit.. Using procedure
(a), there are (g)=10 ways that a resistor can be added to

the circuit. Only four of which make the new circuits to

9



differ from its original configuration. These four circuits

1

are shown in Fig.4.2(a)-(d)., Further investigation of these
circuits show that none of them can be ayGCVFO.‘ Application
of procedure, (b) to the BSFO ecircuit gene;ates five
‘circuits. The circuits are shown in Fig.4.3(a)=-(e). In

four of these circuits, there are two resistors in series

u

and they may be regard?d as one resistor in which case the
circuits reduce to their original configuration. However,
these circuits should be kept for introduction of the~second
resistor to them, if no GCVFO 1s found from the seven

element networks. It is only the circuit of Fig.4.3(c) that

A3

differs rrpm the BSFO circuit. However, further Study'of

this circuit does not lead to any GCVFO circuit either.

Finaliy, using procedure (c) and the BSéO circuit, five
circuits are found, they are shown in Fig.4.4(a)-(e). None
of these circuits can be a GCVFO either. Since no GCVFO was
found from ﬁh; seven element networks, the next step i3 bto

introduce another resistor to all the above 14 circuits,

Using 'the 14 circuits obtained above and the procedure

v

(a), (b) -and (c) the following are found.
- Application of procedure (a) Yo Fig.h.2ib) leads only to one

GCVFO. It is shown in Fig.l.5(a).
4 ﬁ .
Application of procedure (a) to Fig.4.2(d) leads also to the

0

GCVFO circuit of Fig.u4.5(a).
s
Application of procedure (a) to Fig.U.2(c) generates four

a N
GCVFOs. They are shown in Fig.4.5(b)=(e).

]

.
PP
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(a) .

: - 1 ) i o
Fig. 4,27 Modiried grounded capacftor sinXle frequency
oscillators, using procedure (a). .
’ e
\ © .
-A ) ‘g ) N . ¢
[ °© y * 'F
." \

b e &% 7




r

—_ A

¢ —
———

»

Fig. h 3: Modified grounded capacitor aingle frequency
oscillatora, using procedure (b).
\

\




c .
Io ' T
q

Fig. 4.4: Modified grounded capacitor single frequency
oscillators, using procedure (c).
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Application of procedure (a) to Fig.4.3(b),.(d) and (e)

produces three GCVFOs that are shown in Figs.n.s(r)za,(g),

and (h) respectively. Application of procedure Ta)—to

Fig.4,4(a), (b) and (e¢) also lead; to three GCVFOs which are
the same as the ones shown in Fig.84.5(e), (f) and (b)
regpectively.

Overall a set of 8 caqonic GCVFOs  with ciifferent

codfigurations are derived. ~Each circuit conasists of one

0A, 2 capacitors and 6 resitors.

Application of procedures {(b) and (e) to some of the

seven element networks also leads to canonic GCVFO circuits, .

however, it 1is féund that thg resulting circuit(s) is

similar to one of the above 8 GCVFds. Since it is found

that a GCVFO requires at least 8 elements, it is not

necessary to ssarch for GCVFOs with higher number of

elements because the aim is to find canonic GCVFOs,

@

#.3.3 Design Procedures

Design procedure is given for 'only one of the circuits,
but siuilna’ procedures can be used to derive the design

equations for other circuits as well.

Let us take the circuit of Fig.4.5(a) as an example.

The CE of the circuit is given by (4-1), .

FE e il

g~
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082<+ BS + Y =2 0 . (4-1)
'where.: , ! ’ L~
- a=G"Cst J (u(-ZI)
B:GHCA(Gaﬂ}c )+qusz+ 6,6,C4=G, (G 4G ,)C (4-2b)
, 5?‘ . )
Y:GJQS(Gaﬁﬁc)%G!GOG’- GuGt(Ga+G°) (4-20)

Equation (R-be can be written as equation (3~5),where:

f

/ PG (U-3a)
‘
UyaCa(G,+6,) o (4:35) |
‘ "Uzsuucb E N ' {u;3ci‘
Ué'GuGacs+GwGpébi ) | (4-34d) ;
. Uy=G,G C, o i o (573e)

To satisty (é-ﬁ),let us assume \C;/Cbak, then (3-6a) and

(3-6b) ocan be written as (4-Ga) and (4-lUdb), rehpectivelf.

o S -
U,-U, k(G 4G )-G a0 g ~ {lU-%a)
Uy=UyskG,0,+G G =G G, 20 - (4-4b) - ?ﬁ« .

4

Another éonditfon imposed on the above two equations conmes

“r
v

from the fact that the OF should always be,poaitivc'or:._
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GwG'(Ga+Gc)+GaGcGa-GﬁGt(Ga+G°) 1/2

I . ) >0 (4-5)
, © 6,C,Cp
Substituting for G G, from (4-4b), then:
’ )
Gy0yG gk (GGG, +0,G,0y) >0 (u-67$
/
or 6,(0,-ka,)>ka G, (4-gby
/
or G, OkG . (ﬁqGQ)

\
. /
[}

, /
Equation (4-4) and (4-6c) guarantee that/the circuit

‘will always oscillate and the frequency 337/ be -changed

during the operation. To build the circuit 17&3
’ /

GO'1/RV’ Ca:Cb=C,lk=1, GwsGa=G=1/R //

for Gs>kG", let Gs=mG where m>1, froz (4-4) and (LU-6),
. / :

i

G, =26, Gtz(G+mG)/2. Therefore, //<

/

’ | 1 n(u-1)-nv 1/2 '
. wy = 35.( - ) . (4-7)

. (4
L ! v
4

/

- ./ )
Designs for all the circuits are ;iven in Table baT.

| /

bl Bxgerinontal Results. - // -
| / o

.. A1l of 8 ecirouits have bﬁen built" and iested in the °

. -
/

o

4

L

. laboratory. Only the //results ‘of the circuits of

e
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equations’ for circuits of Fig.4.5.

- v 3 T 1
™ - - o A o - - [y -
Cp=C,=C C =G % & G =352, G =G=x G |
(‘) L R-R '
v/ % R, < R
\ 1 2 1
C = C - - - e [y - W, o T —
bTCg "l GGyt St St Stw G R,
. /R o
(b) 1. v
“WTRe-/ TR Ry #.2K
) ‘1 2 4 1
cb cs C, Gd cU - i'. ct. ‘E. GU E’ Gr R—v-
(¢) ' ~“,..1__/.3__+i§‘.'.-\ R 3
- RC 7 R-R v<2
v
- - - - - - -l- : —l—- . " - -l'— - ..;1....
Ch=Cg=C Co=C =G S "W % "3 % R
(@) L /R R R
YT R /OIROSE, v<s3
1 4 .2 1
Cb CS c, Ge Cu T Gt Gu g (-;h 3 Gc i—;
: R+2 :
(e) | A /X2 R < X
RC ¥ R-4R_ . v 4
v
C =¢ G. =G =G =G =G = -}- G, = -1——
s " Cpr Gp Gy m G, "6, uw B ChR)
(£) L SR -
w®Re / R¥2R
v
C = = C G, = = (C mw(G =G = .];- C = }__ »
T R R U
w . R*R
8 W= *
RC/ R
, 1 ‘ 2 1 -1
c‘ = Cb = C, (?-r "r G" Ge c.» ' Gu 2R cg Rv
() 2 SRR )
- et/ R, > B
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Rig.u.é(r)and (h) are given\here as an example. The chosen

values for. the elements are: g

=Cs=0. TNF,

£~ w e b

Rh=v§riab1e

Fig.4.5(f): Ru: R,.2 RE; R = R = 1 ki, C

‘Fig.u.S(h)i Re=waRa=1kn,Ré=2kn, Ru=Ukﬂ,CbiCa=0.1UF

; R8=variable |
All - the capacitors 'ar; polystyrene of~ tolerance
1% (measured). All  the resistors are é;ﬂboﬁ film of
tolerance !1; Fig;.ﬂ.ﬁ(aj and (b)) sgow the variatiop of
frgﬁu;ncy versﬁa th;‘variable resiétor fof the circu;ta of
Figs.4.5(f) and 4.5(h) respectivel&. In  all . the
experiments, a 115§olta power supply has been. useq.‘ Thg_
output is-taken from the output of the 0OA (Fairchiid‘?éll/

4.5 Summary

.8ystematically, a lset of 8 citcuits for qanonic GCVFOs
have been derived. éhe set is shown to ‘be complete.’ 'The
frequency: of osciilation of all the GCVFOs is single
resistor conﬁrolled. One of the circuits (Fig.4.5(h)) has
;150 its variable ‘resistér grounded (desirable for VCOs).
Three-of tpidff}cuits (Fig.4.5(a),(t),(h)) have a range of
rrgcz:ncy variation of mo;e than one decade, The circuits
of Figs.4.5(f)and (g) have esqual valued elemenf; (EVE), that

. -
is, all the resistors are equal and all the capacitors are

equal. All of the canonic GCVFOs are new circuits.

"
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Unfortunately, it was also noted that in practice all but
one (F4g.4.5(d)) df the GCVFOs have difficulty in starting

the oscillations. The oscillator of Fig.4.5(d), however,

hai a very limited range of frequency variation.

4,6 Easily Tunable GCVFOs

4.6.1 General Considerations

From experamental tests, it was noted that all but one

i

of . the 8 ocanonic GCVFOs found (%1g.u.5(&)) have a rather
difficult prdblem in starting to oscillate. However, ~ the
eircuit br Fig.4.5(d) can be shown to have a limited
frequency range of variation, namely; the normalized range

of 1 to k. ;n what followys the proplpm is investigated in

detail.

3
-

Let 3% assume the condition of oscillation is:

Bz (W =H,)G +(Wyuk )20 o (4-8)

Q £-3

For a continuous variation of frequency we must have

‘ W1-H2=0 ' (4-9a)
."3-"7-!:0 . (u-9h)‘r
In general,
\,\7 - .
wi-rixa,C)- 1(&-?0)

v

P

|ZIPmapns
A -~

IR e

————
AN
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J‘j“\ .h| ' ’ ‘m

- i ' w

_ Thus when the values of the ciqcuit elements are slightly

different from their designed values (which 1is always the
. - - <
case due to component tolerances), we have,t
&
W W40 | . (4-118)
X wa-wufo . (4-11d) . .
o

To correct the problem, one should find a variable 1n(u-11h)
such ‘that 1£ has small or no 9tfccp on (3;11b). Also, there
should be a variable in (4—11b? such that it has small'or no
effect on (4-11a). By varying these variables back and

forth, one could eventually satisfy (4-9). However, it 1is

not always possible to find such variables to begin with.

Even if there are variables sucp“ as the ones described,e

, ¢
there is no way of knowing when both of (3-6a) and (3-6b)

are completely satisfied, For example if : *

W,-W,=+¢, and Wy-Wyz-€,, then (4-8) can be written as:
w ’
G,(e;)=-(e,)=0 . (4-12)

-~

g

This equation can be satisfied without €, =€, =

L)

0 and the
ceircuit will oscfilate, but Gv can not be varied .as deéired.
From the above considerations, it is necessary to ‘find a
method that allows ‘us to. set W,-W,=0 and W,
independently of eaqh‘other. There are two ways in which

the problem can be rectified. In these methods there are

three steps following which the circuit ‘is guaranteed to
1 4

[

Loy -~



ek

cn '

¢ H

’ 9 1 . . -

!

]
° “
' >

start oscillating and’ will remain oscillating - as the

t -

variable elsment is continuously adjusted. p
- R L t . .

4.6.2 Method I . * ,

. o - L

“

In (4-8), Gv is first set to zero and then.hy varying a
- i

resistive element of (4-11b) equation(4-8) is. satisfied.- At
[ . .

] -

this point, the clrcuit will start oscillating, indicating
* | 4

that w3-wu=o’. Now making Gv a nonzero quanfity causes the

«

oscillaton to stop. By varying another resistive eiément
. ¢ .
which 1is present in (4411a) but not in (4-11b) the circuit

B * [}
can restart oscillations, 1ndicating/’/€;;t W W =0,

Therefore, both. (4-11a) and "(4-11b) . are satisfied

¥

independently. From the aboye'procedure,' it 1s concluded

‘that first, it should be possible to set G =0, secgnd there

v
should exist an element Me"™ 4in (4-17a) whieh is not

%

contained in (4-11b), Then, the general form of OC for an

E]

easily tunablg circuit should be :

31(e)Gv+gé=0 ‘ P (5-13)
where . )
g1(e)=w1-w2 . (4=14)
i 52=w3-wu | : ' . .5u-15) ’
lm )

4.6.3 Method II

*

Writing (4-8) in terms of réaistgnces "rather than -

conductances and multiplying by Rv=1/Gv (4-8) becomes :

. " e-

]

[
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P1+(r2)3v=0 (4-16)
4 R '
L - 1 If there is an element in r, that r, ia’lﬁdependent of, then
' J{;16) can be written as:
w . 'Iﬂ 4
r1+Rv(r2(e))=0 ‘ (“-17?

Equation (Up17) is similar to.‘(u-13), and similar three

steps now can b& performed to start the oscillation.
- . .4

N

-

4.6.4 Identification of East™ Tunable GCVFOs

From the&"%bove two melhods it 1s concluded that there
are two conditioms ﬁ& be satisfied if the circuit is .to be
an easily tunable GCVFOJ Condition one: the  variable
‘ff:::nt shouid be able to take onma value of either zero or
infinity for finite frequencies. Conditién two: the

coefficient of the variabdle element(g1 in(4-13) and r, in

2

(4-17) . ) should contain an element which does not exist in .

the rest of the equation, for ‘example, v8, 1n (4=13) and

r, in (4-17) are independent of "e" while gy in (4-13) and

1

r, in (¥-17)<%re functions of "e",

~

2

4

Q*Out of the eight circuits of prevloua sections, only one
B L}

-~ (Figk#.S(d))o satisfies the above tuo[ponditions. However,

n

~

this circuit has a ‘rather limitod} frequency range of

4’ .
variation {normalized range of 1 to 4). ; \)

/‘“\

To convert the other 7 ‘circuits to easily tunable GCVFOs and

]

‘to improve the range of Fig.4.5(d) it is necessary to

-
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.

introduce another s resistor into the circuits such that, OC
1s allowed to be written in the form of ,either (4-13) or
(4-17). The following interpretation | of the mathematics

involved 1h (4-13) and (4-1%7) allows ) to find exactly

~
. A
where th/e new resistor is to be entered.

/‘When the variable resistor is set to zero or infigity,
tﬁe 0C _ becomes 1ndependent of the new resistor ne",
Physically, this means that when Rv is set to zero or
infinity, "e" should be positioned such that it has no
coﬁtrib&t&on to‘gthe CE. This means setting Rv to Zero or
intinit} should position "e" between the input and ground or
between the 1ppqta of OA. For e;ample in Fig.4.5(d) when
Rv=(1/Gh)=0 the.resisﬁor R.=1/G_ will be positioned between

the two 1np%ts of OA., Hence, it has no contribution to CE.

Taking ' the above consideration into account and using

the methods previously developed for introducing a new

resistor to the circuit, the rgilowing is found.

The three circuits of Figs.h,f(a),(g)and (h) are not
convertible. One circuit is derived from Fig.4.5(f). It is
s@own 1n’ Fig.4.7(h). One circuit (Fig.4.7(1)) is derived
from ﬁhe nghgosoillating 8 element cirguit:  previous1y
established. From the remaining four circuits of Fighl.5, a
total of 10 ecircuits are derived as shown in Fig.l.7. These
circuits construct a set of 12 easily tunable GCVFOs. All

: b
of the 12 oircuits are new. One of which (Fig.4.7(1))has

~
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also 1its variable  resistor grounded. Figure 4.7(h) is an

EVE circuit.

4.7 Design Procedures

The same design procedure as in section 4.3 can be used.

The design equations are shown in Table 4-11.1¢t should\37

noted that design equations are not unique.

4.8 Experimenta) Results

A1l the circuits have been tested and ﬁhey perform
according to tHe theory. As representitive,n anly the
results of circuits of Figs.U.7(h) and {4i) are given. The

quality and tolerance of all the resistors aﬁd ’a;l the

. capacitors are the same as in the preyvious sections. The

values chosen for the elements are:

’

Fig.4.7(h): Rf= er Rgv: R'w= Ru= Rc= 1 k4, Cb=Cs=0.1uF

Rh=var1abl?.

.
v

Fig.¥.T(1):_R_22.76kR, R_=3kQ, R_=14:T7k, R :0.6kd,’

B" ='2Jlkﬁ,vcg= Ca= 0.1 ufF Rgz yariable.‘

Fiéurea«u.e(a) and (b) show the experimental variation of

frequency versus the variable resistor for the circuits of
Figs.4.7(1) and 4.7(h),) respectively.  For all the
experiments, a +15volts 'power aépply has been used. The

output is taken from the output of OA (F‘irchild 7@1).

PN

L

- i, M £ AT S



Table 4-II Design equations for circﬁit_s of Fig.4.7.
: (Continued) ' : ‘

1 %)
cb CB ¢ cf. C, = ca - ,Cd Y Gu TR .
G = (1+/2)/R, GC - K, = 1+/2, K -3+ 2
h R 1 2 2
@ |- v ‘ /2
K RHC R
osig /A R, < =
SN R-/Z R /2
v
o 1 12 9
Cp=Cp=C 6 =G, =G =C=p C =35 G -p
R +R
G, = L 0=/ 3_(._"__.).
(b) RV . RC R'-l'SRv .

g 8 12 i -1
cb - Cg c, F;b R Gh E, Gt - R G’w 3cu' Gd
. 1 ' 1 '
TR <R g.n JIETR)
(c) v WETS “ = Re R-ISR
- - -’.;}_\ - '2__ - 4 = 1—--
=G "6 G 3C6 "% &y S ST W
1
d ‘W R < R ‘,,.}_./z(nﬂv)
(d) 20 ) RC ,7R-—20RV
: 1 2 5 L3
cb - cg - F' G“ = = R GH R Gh 'Ep GC R’
N 1 1 21R /126R+111R
(e) | G, * 55 6 =z R <7z 3 v
d 2R c R v~ 149 =
; v W*=Re/ ITR-149R
- - - = - -3- 3‘ ‘- 2”
C=C=C G "Gmr G =% S "p. 6, "%
1 S W) |
) cc: - 2R’ cd R Bv < 9 W 3 ARt2R
v.o o "7k Y/ R-R
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Table 4-II Design equations for circuits of Fig.4.7.

(Continued) '
-
M ( l n = 2— - 9_ - Z_.
, Cb ) Cg =G Cs Cu PO S U ¢ " v (id‘ R’
/ : ' e WL ) | T2R+8R
g) c R R < - w B e— ——————
v v 10 s” RC / 3R-I0R

(h) Qfﬁ\\\( S | ‘ /1'} R-R

— v
Ry <+K “sT RC / R¥RY

’ . . 1 3 5

) Cb Cs C, Gu Gf " Ge Gg: R’ cs R' Gu R’
-vl R+1ZR

(1) Gg R o = 1 v

‘v 5"k / B

' ' "2\.\

- 1
(e =g

y v
R' 2 7R_1‘2’R
Rv < %8 “" RC R-68Rv
N
1 1 ol
C = - - - - - | m—  —
\ 8 GG Gy G Ge Fq " %" w YT w
. \ . .
. 1 n
(k) Gh .ﬁ:
R < —2-LR- W= .1_... R+Rv
v 2 s RCY ZIR'ZS‘RV
1 1
C =C = G. =G =G =(C = }- C = o L =
b ’ x s R "¢ 4R’ 2R’
B . . , - "X
) |6, == - L s
p Rv . < _115 : . _1___ 10R+Rv
v 9 RC Y‘oR"“9RV
Y ‘\
! i

<
-
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Fig: 4.8: Variation of frequency versus variable resistor,
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4.9 Summary

o

A systematic approach for the realization of canonic
GCVFOs has been described. The’ approadh is geneéal and
complete. Using this aﬁbroach, a set of 8 canonic GCVFOs is
found. All of the circuits in this setp,are completely new.
The set is ﬁrovcn to be complete. The circuits in this set
" require six r;;iators, two capacitors anq one OA. Two of
these circuits have equal valued elements (all the reaisfora
a;e equal and all the capacitors are equal). However, all
but one of these circuits have difficulty 4in starting up
oascillations. *quther, the one that has no difficulty in
starting the osoiliations has a rather 1limited frequency
rang: of variation. Based on this set, another set of 12

easily tunable GCVFOs are touna. This set is shown to be
complete. Each requires 7 resistors, 2 capgoitors and one
OA. All the circults of this set are‘also completely new.
One .of the circuits 1; this set has equal valued elements.
In all of the GCVFOs, the frequency of operation is varied
by a single variable resistor. Each set has o;e circuit in
which the variable resistor is also grounded (a peg}rable
feature for voltage ocontrolled oscillators. ). All thg
circuits can be designed with equal capacitor values. All
of the oscillator oircuiés ave been built and tested. The

results show that the ocircuits perform closely to. their

theoretioally predicted behaviour.

—
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CHAPTER V : -

CANONIC RC-OSCILLATORS USING W
DIFFERENTIAL OUTPUT OAs

5.1 Introduction

In the previous chapters, attention has been restricted
, > ‘

to canonic RCOs usingr single ended OAs.

b

ol When a DOOA 1is used in place of an 0A, a reduction in

tﬁe number of passive ;omponenta in the‘Qecillator circuits
may be possible. In the recent pas; this devize: has
attracted significant attention. DOOA has also been pdt out
as an IC chip [35]. Even though there  has been many studies -

"

based on DOOAs for RC circuits,[36-38] none has been made

A

This chapter presents a systematic and general approach!

for RCOs.

to the realization of RCOs based on DOOAs. Using this

7

aéproach, a total of 10 canoniec RCO circuité are found. All
the circuits obtained use a single DOOA. Two of ‘the RCOs
,are single frequency oscillators consisting of 2 capacitors
and 3 resistors. Two VFOs are found, using the same number
of components. In both of these VFOs the variable resistor
is érounded. Three GCSFOs are derived, each consisting of 2
capacitors and i resistors. Fina{ly, three GCVF0Os are

l

found, each using 2 capacitors and 5 resistoras. In one of
. - .
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1

- the GCVFOs the variable resistor is also grounded.

+5.2 Theory »

« 5.2.1 Ganeral Considerations

B . - -

As shown in previous sections, 1t 1is convenigzt to
devide the RCQ circuit into tyo parts, active and passive,
The minimum number orEDOOAa that can be used in the circuiey
is one. .Therefore, it is assumed thet.only one DOOA 1s in
the circuit. Figure 5.1(;> shows the DOOA as the active part
of the system. It is assumedthatthelﬁmAinideal. Since Fpe
active part has two 1?puts and two outputs, the passive RC

~ network N must have two outputs and two inputs to match the
eerminals- of the active part. Figurés 5.1(b) and 5.1(c)
show the passive R&:network with the required ‘'terminals.
The ports of the RC network then cae'be connected to &he
. ports of active part as shown 15 Figs.5.2Ca), and 5.2(b).
There 1is unity feed-back in the fina% qircuits. FigureS.Z(a)

z\i: the most general contiguration of a DOOA baeed RCO. In

5

Appendix E, it is shown that Fig 5.2(b) 1is a stable system
and hence, - it cannot- generate oscillator cirquits.
Therefore, the investigation of Fig.5.2(a) is sufficiant for

completeness.

5.2.2 Characteristic Equation ‘ :

S Consider the Fig.5.2(a), the transfer functions of

interest are: '
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By superpoaition: gk
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similarly,
~ . Zﬁ ' i N1u(8)
W v = TD(s)
=0

N,,(8)
N ” 24 7, ! * 7D(8)

! . . Vi1f0

: Ny (S) Ny, (S)
e ory ~ VysVyq fd(§¥‘)*v12( 5(3)")

o e ‘Jam‘_ o,
TN\ . i} - % ,'

.

« A )

e

From unity feed-back, HD can write,

' ‘ . 5] vi1 a vo '

(5-2)

{5-3a)‘

L3

(5-3b)

L

A -
4w (5=4)

D(S) 1is the CE of the passive network and its roots are on

the negative\ real axis. The DOOA allows us to write,

(5-5)

(5-6a)

(5-6b)

T

N

R

o avme o

anbt alumes v
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%
Subastituting fr;m (5-2), (5-4) and (5-6) 1into (5-5) and
allowing Ad to go to 1nr1n1ty} the over all CE of the system

C . “

is o ‘ '

AN, () Ny (S)]-IN, (8)+ Nyg(8)] = 0 (5-17)

13
Equaiion (5-7) is similar to (2-7) in nature, therefore, we

can write the CE as .

A B (S)Ny(8) = 0 \ (5-8)

whers,
n1(5)=n13(s)+uzh(s) (5=9a)

N, (S)=N,y (S)+N,5(S) (5-9b)

Clearly, (5-8) shpﬁid have .all the properties of (2-7),
. v .
namely all the equations (2-8) to (2-%3) are also valid

here. Also rules I to III aﬁply to (5=-7).

5.3 Realization of DOOA Based RCOs

ot

“As in' section 2.6, for a systematic approach to

{dentify the canonic RCOs ng\proceed‘as follows.

First we 3ssume there are no independent nodes {nside
the'ﬁpgssiﬁe no%uork, in which case a five node network is
obtained, ‘Anaywsia of this network just obtained may or may

i

not lead to any RCO. Then we assume there kre two nodes

N
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S sy
(4]

inside the passive RC network and‘so on. This procedure 4is

continued until non-canonicity is reached.

9

5.3.1 Five-Node Network

Figure 5.3 shows the géneral configuration of an RCO

'with a five node network. The CE of the circuit can be

¢
f

derived as:

4

xuyt+Yc¥s+2(YcYu)-!bYt -Y"Ys-Z(Ywa) = 0 (5-10)

" From rule II,  one éapacitive branch should be common to

N1(S) and‘Nz(S). Then, the possible choices for bipacitive )

branches are: . v

s

(3). B Y’=SC’¢GS

(b) | YtsSC£+Gt roe .

For option (a), the choices for the second capacitive branch

are!
.(a71[' ' $f§"=scw»cw , o
(n=2) YO=SCQ+G°

Taking option (b), the choices for the second capacitive

LS

brﬁnoh are!

LR M .
e
(b-1) Y =SC+G " 7.
(b=2) Ty=5C,+G, ,
4 . "

PP S e
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; Fig. 5.3: General conricuraf.ion of an RCO with a rive
. . node network and DOOA.
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Over all the following four cases should be

codsideped.

Case I: T, and Y; aré'capabitivé.
Case. Irf "!s-and Y are éabaoitfve.
.Cgbe ITI: "Yt and. Y are capaeitiva.
nge\ iv:.‘ it and Y, are capacitive.

. "It can -be showp.:tpat'caaes II and IV are equal; that‘133
they-alqa&sigeneratg §U pair circu;ta. éimilarly cases I
and ‘ III are equal and ggnenaﬁe SU  pair circuits.
Fﬁrth;;mér;; cases II and IIT will lead  to the - same

" eircuits. Therefore,

 Let Yaascsts

. 42 - ~ : e
8 coc8+s[cag°+ccc8,zcucc-¢wcs] .G, +6 G,

+2G G -G Gty

For
_adqit;anoes as possible.
6

& : 5

- (1) G 3G 3G =0

b

(11) GsnGtszlp

only case IT is. investigated. .

G“G ZG G a

In (5-11) there are

13 that ocan be set to zero simultnheously:'

‘aqd Y°=§Cq+qc then the CE is:

0 {(5-11)

two sets

.. Setting the elements in (i) equal to zero we can write:

Y,OCS_ ZGUCO-GHCG'O.
- o GG
- oW u't 172
or - wptg oVt

A B

a canonic circuit, we ahould aot to zero as many bdbranch

of

(5-12a) .

(5-12b)
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Since OC 1is independent of G, and ctjis present in OF the

“eireuit is a, VFO and G, is the variable element. Figure

5.4(4) shows the final circuit.

Setting the elements in (ii) equal to zero we haief

W8

oC: 6,C,+2G C -G C 20 (5-13a)
' 2G G

OF 1 W ol == y1/2 . (5=13b)
. . 8 0

All the elaments in OF are aléo present in OC. Therefore,

the circuit 1is an SFO. The final ecircuit 4s_ shown

'V’
in Fig.5.5(a).

5.3.2 Six-Node Network

-

Therelia‘one 1qterha1 node in a six node network, as it
is Shogn in ng.5.6.- This Figure opresents a general
configuration of a DOOA based RCO with 6 nodes. All the
possible branch admittances aré present in the passive

network. It should be noted that, there are some branches

in the network whose presence does not contribute to the CE

of the circuit. Hence, they are. bemo#ed. These branches
originally were:
Between the two inputs of the RC network,
Between the two inputs of DOOA.
. ?etween the inp&ta of RC network and groun& node.

There are 11 branch admittances in Fig.5.6, and the CE is:

3

kil —
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Fig. 5.6: General configuration of an RC-oscillator with
: a aix/nade' network and DOOA. . :

.
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} YuYaYr+Y"YsYg+YHYsYh *YHYSYP*YHYSTa*YthYg*YfrrYS

-

'+thbyf*YthYg*YthYh +YthYPfYthYa+YbYrIs+YaYhYt

- +2(YHYbe+YHYbY5+YHYth +YwY5Yr¢YHYbYa+YthYa+YrYrYb)

-YuYtYr-YuYtYs-YhYtYh -YuYtYr-YuYtYa-Yuerg-YthYt

: 4
RRPEPSILI AP S JR FR SRS PR ARSI R 0 FIEY 70 10 SED #0 55 FA

-2(Yurcrf+tu!°!g+!urcr

-

h +YchYP+YchYa

+YuYrYa+YthYr)=O (5-14)
. - ‘
Since the DOOA is assumed to be ideal, the input impedances&
of the active part are infinity and no currents are flowing
into th; DOOA. This allows us to represent the circuit as
shown in Fis.5.7;. In this Figure the controlled sources

(CSs) are shown between the inputs of passive network and

ground node,.

It 1a clear that at least two loops aré in\ the ecircuit,
each containing one of the controlled sources. Therefore,

the number of loops in this network are: °

"1'=b-na4+1 32 (5-15a)

or b>n+ 1 (5~15b)

Let 122, since there are six nodes in N, therefore, there
must be .seven branches in the RCO circuit. It is known that
2 of the branches are controlled sources, therefore, only 5

admittance branches must be in the circuit.

0
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L
Given 7 branches and 6 nodes only U diffeieﬂf\ﬁraphs
with two loops can be generated. It should be pointed out
that no two branches must be in parallel. Figures 5.8(;) to
8(d) show the resuliing graphs.~ To identify the RCO

cirfuits each graph is examined in detail as follows.

(1) Graph (a)

There are ‘three grounded brancheés in Fig.5.7.
Therefore, only node 6 of grahp (a) can be chosen as ground
node. . In this case, the graph (a) béeomes g non-connected
graph and according to Appendix E no osillator circuit can

be generated from 1b..

‘/

(11) Graph (b)
¢ .
Only node 2 and 5 qualify for becoming the ground node.

Since graph (b) is symmetrical with respect to the axis
(-3 .
passing through nodes 1 and 6, it is sufficieht to study one

of ‘the cases.

Let node 2 be thé ground node. There are three grounded
branches in the graph. Both CSs correspondingto the +
outputs of the DOOA should be gr6unded. There are .(g)=3

ways that controlled sources can be assigned. Because of
.

Symmetry only two of them are examined. They are shown in

Figs.5.9(a) and Su%(b) . None of the node pairs of

Fig.5.9(a) can be chosen as inputs of DOOA. Therefore, this

graph 1is Yisregarded. In graph of Fig.5.9(b), only nodes §

¢

- -

[

. (.

A



]

rd

0 J“ N ' ‘
2 3 ' "2 B | ' "4
1 \ 6 .8
( . 1 .

(c) . . (d)

&

lgi'g. 5.8: All the distinct’ graphs o¥ a 6 node 7 pr'anoh
2 loop network. ‘
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and 6 can be taken as inputs to the "'DOOA. Therq are 5
brancfes in the . graph hat are to be assigned passive
é%mponenta, It is already known that .canonic RCOs‘ using
Doois require HS paSsive elements. Therefore, we can stﬁrt
with assigning one eleﬁ%nt per branch. Two of these 5
branches should be . capacitors, ¢ therefore total of (g)=10
poaaible'ways are to be exam{ned. Comparing the circuits
obtaihed’ with the general configuration of Fig.5.6, ;he
branch adﬁittanceg are named and the CEs are’ (ound from
(5-14). " Out of the 10 cases only one canonic RCO is foﬁnd,
it, is shown in Fis.5.9(c). The CE of the circuit 1is:

'

+
i3

<282 T
28 Gccfcth[GRGSCf «GaGch-GchCh]

o , -Gacccr = 0 (5-16)
and:
oC: Grc.r-lcqcf-scch =0 © (5=17a)
¥ . o GG
OF: w ={ ==L /2 (5-17b)

R s

) !
SiK;e 0OC is independent of Gs and OF is a function of Ga’

‘the circuit 1a a VFO. The final circuit is shown in

Fig.5.4(b) . ’

-

(111) Graph (c)

Only nodes 3 and 5 qualify to be ogonsidered as ground

nodes. Because of symmetry node 5 is f{aken asfgrognd node
8

L

9,

y
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Fig. 5.9: Distribution of active branches for
. Fig.5.8(b).
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only. Three branches are grounded and two should be CSs.

Hence, 3 total of bhrée cases are to be examined. They are

shown in Figs.5.10(a) to 5.10(c).

3

In graph of Fig.5.10(a), there 1s one branch between the

two ocoutputs of the CSs and therefore, it can be disregarded.

In graph af Fi§ﬁ5.10(b), no pair nodes can be found as

the inputs to the DOOA and it is disregarded.

5

In graph of Fig.5.10(c) either node airs (2,4) or-
graph of Fig ’ P ,
(1,4%) could be taken as inputs to the DOOA. 1In each case, 5

branches are to be filled with 2 capaclitors and 3 resistors.

/

A total of 2-(§)=20 cases are to be examined. Out of these 20
cases only lwo are found to be oscillator circpits. They
are 3shown 1in Figs.5.11(a) ang 5.11(b). These two circuits
boéh have a resistor in series with a cap%citor,and each can
be dérived from the other by interchanging the resistor‘a?g\
capacitor that are in series. Therefore, only one of these
circuits is taken as a distinct RCO. The final circuilt is
shown in Fi1g.5.5(b) and the CE of the circuit is:

) 2
. =28 GcCuCr+S[GstCr -Gchcu-GchCr

=G,65C 156 .G G, = 0 (5-18)
and:
0C:  GpG,C.-G,GpC -G G,Cp -G GpCy= 0 (5-19a)
G G ’
OF: w 3L ,1/2 (5-19b)

={ o
s Zgucr
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Fig. 5.10: b '
Distribution of active branches for

Fig.5.8(e). . -
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iy
As Gs and Gf_are common between OC and OF the circuit is an

SFO cirocuit. )

(1v) Graph (d)

In this graph: only nodes 3 and 6 canﬁe taken as ground
n;des. Because of symmetry, node 6 is chosen as ground node
only. The CS branches and input node pairs can be
identified in three ways as 12‘13 shown in Fig.5.12. There
;re a total of 30 combinations for the passive elements to
be distributed. Further examination of these combinations
shows that no oscillator circuit can be generated from these

graphs.

5.3.3 Seven-NQde Ne twork 4;

In a seven node network, the minimum number of branches
required to <construct a two loop graph is 8., Two of the
branchesa Seing CSs, minimum of 6 passive branches remain to
be filled with passive components. At least Gméomponents
are needed ror.diatribution over the 6 passive branches. It
has been established that a onic DOOA based RCO needs
only 5 pasaiveoqomponenta. TKZf::f:;, 7 node networks do
not generate canonic RCOs land hence do not need to be

eximined.
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5.4 Realization of GCRCOs Using DOOAs -

»

None of the circuits derived so far in this chapter has
been a GCRCO circuit. It is, therefore, logical to conclude
that a GCRCO using DOOA must have more than 2 ioops that
have been examined so far. This fact can be easily seen
from Fig.5.13, since there are 2 capacitors in the circuit,
they " are not parallel and they must both be grounded.
Figure 5.13 represents the most general GCRCO confighration
that uses a DOOA. It is not necessary to know the number of

a

internal nodes. The only way that the circuit of Fig.5.13

can have 2 loops,( is that there be no patg frqm the
non-grounded terminal of one capaéitor to the non-grohnded'
terminal of the other.’ In such a case, Fig.5.13 assumes the
configuration of Fig.5.2(b) which according to ‘Aﬁpendix E
can not éenerate an oscillator. From above diaouésions; the
number of loops in a GCRCO 1s:

l1=b-n+1D>33 (5-20)

or: — b>n +2 (5-21)

5.4°.1 Five-Node Network

The most generél configuration of a five node network
(no internal node) is given by Fig.5.3 and the Cﬁ fs given
by (5-10) The Qniy grounded branches in that network are Ys
and ‘Yt. Choosing thes§ two branches as capacitive branches
the CE from (5-10) is ohly a first degree polynomial and

therefore, no oscillator circuit can be generated,
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Resistive Network
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Fig. 5.13: Gene;nl configuration of a GCRéO with a D0OOA
model. ’ ‘
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5.4.2 Six-Node Ne twork

According to (5-20), the number of loops inAZhe system
should be 1>3. Let us start with 1=3. Hence, from, (5-21),
the number of branches in the network is b=6+2=8. Having
two CSs in the circuit; only 6 passive brancheg. are left.

Assuming minimum of éne element per branch, 6 passive

components are required (2 capacitors and 4 “reaistors) to

construct a circuit with the above requirments.

’

Given 6 nodes and 8 branches, a total of 9 distinet
graphs can be found with 3 loops. These graphs are shown in
Figs.5.14(a) to 5.14(1). Since two branches as CSs and two
?ranches as capacitive branches should be grounded, a total
‘of four grounded branches must be in the g;aph. Therefore
only those nodes that are the intersection of more thap 3
branches can be chos;n as the ground ﬁode. In which case,

1

graphs (a) and (b) of Fig.5.14 are disregarded because of
lack of qualifled ground node. Graph:l (¢) and (d) ire
non-connected graphs and can also be disregarded (;eg
Appendix E). Graphs, (e) to (1) are examined in detail in

the following.

~

(1) Graph (e)

Only node 6 can be taken as gréund node. There are four
grounded branches, two should be capacitive and two should
be CSs. In a tota} of six ways can the branches be

distributed, They are shown in Figs.5.15(a) to 5.15(¢).

|

A

N
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— Fig.-5.1¢s All the possible 3 loop, 6 node, and 8 branch
‘ graphs (Continued).
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Fig. 5.14: All the possidble 3 loop, 6 node, .and 8 branch
graphs (Continued). )
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(e) (£)

Fig. 5.15: Distribution of elements for Fig.5.14(e),
with grounded capacitors and controlled

sources.
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-

’;pe graSh of Fig.5.15(a) in which one branéh is between the
¢ outputs of CSs is disregarded. ' /
,’_/// : | ‘ .

,<€Kéosing proper nodes for the inputs omeOOA, a total of
7T cases are to be examined for the remaining five graphs of

Vo

v Fig.5.15. However, none of these graphs 1;ad to a GCRCO.
(11) Graph (f) .

PN
Only node 6 can be the ground node. There are 6 ways

that CSs and capacitive branches can be distributed.
However, five of the resulting graphs can be disr®garded for
different reasons. Only one (Fig.5.16) needs further study.
In the final analysis, this graph is also disregarded and no

oscillator circult is found. )
o ¥

(111) Graph (g)

Nodes 3 and 6 both qualify for being the grounded node.

Because of symmetry on%y node 6 is taken as grounded node.

Im six ways capacitive branches and CSs are distributed over

the graph. Reau{tiﬁ;‘ graphs are shown in Figs.5.17(a) to

3‘ ' 5.17(1). InvFig.5.17 the graphs (c¢), and (d) are the same.
as graphs (d), and (f)‘neapgctively. Grgﬁhs (a), (b) and
(¢) do not gene?ate RCO cireui?s. Further analysis shows
that only ngph (f) generates an oscillator circuit. The
final circuit is aho;n n Fié.5.18(g). 'The CE of the

circuit is:
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= (e) = (£)

Fig. 5.17: Distribution of elements for Fig.5.14(g),’
with grounded capacitors and controlled
sources.
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- <
-52 - -
Gccscs+s[GfGrcs GcGrca Gcths

-GcGrcs'GcGth]-ZGchGh = 0 (5-22)
andt ‘ h
oc: GG, Cg=0,0pCh=6,G, C =G, G.C,
-Gcchcg = 0 (5-23a)
2G,G f )
OF: W _af —2 0 31/2 (5-23b)
s csc8

'

Since Gr'and Gh are common.in both OC and OF, the circuit is

a GCSFO. -

(iv) Graph (h)

\

Either of 'nodes 3 or 6 can be taken as the ground node.
CSs and cdpacitive branches are distributed over the gr{ph
in si%k ways. H;wever, becausé of symmetry they are all the
same as Fig.5;19. Detailed analysis of_Fig.5.19 shows that

no oscillator circuit can be generated from the graph.

(v) Graph (i)

\.
Only node 6 is qualified to be the ground node.
Distributing CSs and capacitive branchea generates the 6
graphs of Figs.5.20(a) to "5.20(1’).~ Analyasis of these .6

graphs show that only 'p1gs.5.20(b) .and 5.20(c¢) lead to

- osclllator circuits., The final circuits correaponding to

these two graphs are shown in Figs.5.18(b) and 5.18(¢c),

respectively. The CE of the oircuit of Fig.5.18(b) is:
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Fig. 5.19: Distribﬁtion of elements for Fig.5.14(h),

with grounded capacitors and comlrolled
sources. ‘
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| ?(e)’s i .
Fig. 5.20: Distribution of elements for Fig.5.14(1),
' with grounded capacitors and conlrolled

sources.
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-82 - - -
S cocscs»,s[c;tcfc8 G, G,Cq =G,0,.C =G, GpCy

, | 2 -Gccrcs-cucccgl-zcucocf ‘?GuGoGr’° (5-24)

and:

oc: s-GuGccg-GuGrcg

» ’."\
Cy=GGnCy=GGCp = 0 ¥ (5-25a)
‘ ’ 26 (G +G )
oF W af —2 L T 4172 (5-25b)
s cgcs

Since G, G, and Gr are common _between OC and OF, the
circuit is a GCSFO.

The CE of the circuit of Fig.5.18(c) is:
; -s3g c c +s[a L\E‘ GG, s cucrcB
\ . '
~6,GoC4=6,G,C 1=6 GG = 0. (5-26)
0C: G pGp C -c G C Guccc8 -G.G.C -6 GC =30 (5-27a)

ur'g ;uceg

, 26,6

oF: B PR e R . (5-27b)
- 8 a N

This 4qircuit is alsoc a GCSFO.

N

5.4.3 Saven~-Node Network

If- the network contains 7 nodes, then 1:b-7+1>3 or b}9.

Since two branches are CSs, .minimum of ~seven passive
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ranche; remain. Even assuming a minimum of one eletient
per branch, seven passive components a;e required to
Apnstruct the eircuit. 1It'was already shown that a canonic
GCSFO contains s8six passive elements, consequently circuits
with seven eleygents are non-canonic. Therefor;, the study
of a seven node network is not warranted.
/ o

5.5 Realization of GCVFOs Using DOOAs

In previous sections, all the canoniec GCSFOs have .been
identified. Since the canonic GCSPOs require 6 passive,
elements, clearly a GCVFO must consist of at least 7 passive
elements. Starting with 7 passive elementsx and one DOOA,

!

all the 5,6,7.... node networks must be éxamined. o

5.5.1 Five-Node Network

It was shown in section 5.5.1 that a five node network

can not generate a GCSFO. Consequently, ip can not generate

. & GCVFO either. Therefore, this case 1s disregarded.

5.5.2 Six~-Node Network

.

It was established in section 5.4.2 that the graph of a
GCRCO with 6 nodes contains at least 6 passive branches.
Therefore, the ‘seven elements can be distributed over 6
b}anohea ;n two ways. A
(1) The seven passive elements can be diﬁtriﬁuted éver 6

branches, in which case one branch is of'the form Gi-o-sc1 and .

’

w;‘
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others have one element each. There are total of 8 branches
in- the c¢ircuit, of which two are CSs. From section 5.4.2,
Hitq 8 branches and 6 nodes, a total of 9 three loop graphs
can be gener;ted. Out of these 9 graphs U4 can be
disregarded. The remaining 5 graphs generate a total of 14

potential GCSFOs.

Taking these 14 configurations and adding one resistor
in parallel with one of the capacitors at a time, 28 cases
are to be examined. Analysis of these 28 cases leads to one

circuit. This c¢ircuit 1s the result of connecting one

resistor 1in parallel with the capacitor between nodes 1 and

+

6 of Fig.5.16. The final circuit is shown in Fig.5.21(b).

The CE of the circuit is: &

2 . -
=8%G,C C #5806 (GC =G C )46, GG, -G G Co

t

-GrGOCS] +GfGrGa+ZGfGer-GchGf-GchGs = 0 (5-28)

and, OC: Gr(GrCs-GcCB)+GbGrGg-GSGcC

g
-GrGOCs = 0 (5-29a)
' G,G.G_+2G,6.6,-G_G G,.~G G G 172 -
OF: © = f r a f'ryY sc¢cf recas } (5-29b)
s -G C.C
cg’'s

'Since the coefficient of Gr in 0C can be set to zero and OF

is function of Gt’ the circuit is a GCVFO and G, is the

variable elesment.

‘ ” //’\\\
- .

Hy,

N

oy - gt - {

A
3
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(11) The seven elementa <c¢an be distributed over seven
branches, that 1s, one element per branch. Taking the CSs

into 'account there are total of 9 branches in the network.

3

Given 6 nodes and 9 branches the .number of loops in the
graph 1s:
1=29-6+1=4
There are total of 14 dirrerentlgraphs ppat can be generated
with 4 loo:s, 6 nodes and 9 branches. These graphs are

shown in Figs.5.22(a) t6)5.22(n).Thegraph of Fig.5.22(a) 1is

a non=-connected graph and hence it is disregarded. Graphs

of Figs.5.22(b) and 5.22(e) do not have four branches’

connected to one node, and therefore, they are igﬁbred.

The remaining 11 graphs generate 60 potential cases that

need to be investigated. Out of these 60 cases, however,
two lead to &CVFO circu;ts. The first circuit is obtained
from graph of Fig.5.22(d) and the sscond circuit is obtained
from that of 5.22(e). They are shown in Figs.5.23(a) and
5.23(b) rspectively.. The final circuit for graph of

Fig.5.23(a) 1s shown in Fig.5.21(a). The CE of the circuit

is:
s.zc C_C_+sl c '
c g st GpGLCy=G,GpCy -G, 0,C =G,GrCy
-Gcthg]-GthGt-zathGo =0 (5=-30)
and:
0C: GrGrcs”GeGrca‘Gctha ’GcGrCa"Gcthg = 0 (5-31a)



() (d) ] (e)

(£) . (8)

.....

Fig. 5.22: All the poasible graphs of 6 node, U loop,
and 9 branch networks (Continued). '
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(1)

Flg. 5.221 All ‘the possible grapha of 6 node, U 1oop,

°

LY

- and 9 branch networks (Continued).
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Fig: 5.23: Distribution of e€leménts over a & ‘loop, 6
- node, 9 branch graph, leading an
oscillator. - L g
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: . . 646,0,42G,G,G 32 S .
- > OF: w, ={ fht }\(/ (5-31b) ,
‘ Gccgca 3 : ] . .
. > S3ince OC is independent of Gt,and OF 1is “dependent on Gt’
b therefore, Gt is the variable element and the circuit is a
! ’
GCVFO.

L

The\rinal circuit for graph of Fig.5.23(b) is shown in°

a Ny,
Fig.5.21(c). The CE of the circuit is: ‘ , .
‘ 1
\ , o
. .° 2'/—— ' . “ ‘
. -5 Gccgcs+s[0r(crcs-ccc?)+Gbcrc8 -GG .C,
o
=6,6,Cg=GG.Cy Gucocsl +26,6 G, -2G G cf‘ .
. o ka 'ZGuGFGc = 0 (5=32)
0C: Gp(6,.C -G C )+cbcrp ~0,0,Cy
| GuGng -G G, c -Guoccg=o ‘ (5-33a)
' ' L 26,6, 6,+26,G G _-26,0.G,  1/2 :
: . e R LT
R . . 6 CC {

P, . . ., C B 8o :
The coefficient of G, 1in OC can De set to tero and OF is i
: . o o
Co function of G,y therefore, the cireuit is a cévro and G, 1is SR
@ o : ;
! the variable element. k , '

* - . \ 4

. 4

W . "

; ) “ N
j ‘ - . J !
| ‘ N
N i Lt
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5:.5.3 Seven-Node Network

N

In a seven node network, in order to have 9 branches,
/

there must be 3 loops. There are a total of 16 three 1loop

o .

graphs with 7 nodes and 9 branches és tpey are ahogh in
Figs.5.24(a) to 5.24(p). Graphs of Figs.5.24(a) to 5.24(e)
d;nqﬁkmve a qualified ground node and are ignored. From the
remaining 11 graphs a “total of 36 potential GCRCOs are

generated. Howevyhr, {urtherf;nalysis of these 36 cases show

that no GCVFO circuit can be generated.

V4

. A

5.5.4 Elght-Node Network

In an eight node, three loop“netw6?f b=23+§-1210 and two

of the\ branches are C(Ss. Therefore, atj least 8 pasaive
branches are required. For 8 passive branchéﬁ a£ least 8
elemepts are necessary, .makin; it a non-canonic GCRCO.
Therefore, the study of 8 and A{gher node networks is not

reqﬁibed.

5.6 Design Procedures C e

-

Design procedures are given here for one of the SFO and

. ' o .

one of the VFO circuits only. Similar steps can - be taken
for deriving the . design equations for all the other

Fa

circuits.,
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(&) CLem W)

3

Fig. 5.24: A1l the po&sfﬁle graphs of a § node, 9:
. - braneh, 3 loop network (Continued).

o
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o - ) (p)

Fig. 5.24: All the possible graphs of a 6 node, 9
branch, 3 loop network (Continued).
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Take the circuit of Fig.5.4(b) for example. The CE of

this oircuit is given by (5-16). . Let Crsch, then from
(5-17a) the 0OC is:

G.226G, (5=34)

From (5-17b), then the OF is:

” (G.G )1/2 ‘
s’e o ’
ws= ___E__ (5-35)

-

Similarly, take the circuit of Fig.5.5(b). The CE of

this circuit 1is given by (5-18). Let C =C =C then the oc
trom (5-19a) 1£= : ”

'Grca-acccr-cccs = 0 (5-36)

By .

One solution of (5-36) is G_=G,=3G,=G. Then substituti¥n of

these results in (5-19b) gives OF as:

G ,=-1/2
a W = =
s C.Z

(5=-37)

Y

The design equations for all the circuits are given in Table

5"'1 .

a

5.7 Experimental Results

ALl the 10 circuits found in  this ohapter have been
built and tested. The experimental results show that the
circuits behave according to their th;ovetical expectatiohs.
As examples, only tﬁe results from circuits of Figs.5.4(b)

and 5.5(b) are preginigg here. The :deaign values for

. W,_,,M.m—m L



P

-2

Table 5-1I

\

153

t Design equations }or all the

. circuits of chapter V.

GuGt

Fig.5.4(a) chcsgc, Gw=26u' ws= S

JGch

Fig.5.4(b) {C,=C =C, G.=2G_, ©_= S
Fig.5.5(a) |C_=C =C, Gw=Gu+ZGc, w = s u

Fig.5.5(b)

Fig.5.18(a)

-1/2 G
€,=C.=C, G,=G_=3G =G, w_=2 S

. ZGth
C =Cs=c, G =2G ] Gf=2Gh+Gr, w== c

Fig.5.18(b)

G
C =C_=¢C, GuzGc=G, G‘=30, GP=SG’ w =u'E

Fig.5.18(¢)

‘5. G
} =C_=C, GrzGuzGc=G, szuG, ws=V§3E

Fig.5.21(a)

VGZGt+G;
CB=CS=C’ G=2G,22G,22G, =G /2, W = —F—

Fig.5.21(b)

ﬁG(G-HGer)

C =C_=C, GlGrchsGaaGb/2, wu= G

¢

Fig.5.21(c)

1

CgsCs:C, GsGrchsGusGb/u, G <

f
MG(ZG-GGr)

wa’, C

wl
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Components of the two circuits are:

Fig.5.4(b): Cp=Cp=1 MF, R.=1 Kk, R,=2 ki, Ry=variable.

Fig.5.5(b): Cr=Cu=0.1UF, er‘l kn, Rc=3 kﬂ, Rs:1 K.

All the capacitors are' polystyrene of tolerance 1%
(measured). All the resistors are carbon film of tolerance
1%.  Figure §¢§5 shows the variation of frequenecy and
distortion versus the variable resistor for the circuit of
Fig.5.4(b). Figure 5.26 shows the output signal of the
circuit of Fig.5.5(b) at f=T796Hz. The DOOA was not
availabl? during the time of experimental verifications and
it was simulated as it is shown 4in Fig.5.27. 1In all the
experiments a +15 volts power supply has been used. The
output is taken from between the output of the O0A

(Fairchiled 741) and the ground node.

5.8 Summary

A systematic approach for the realization of canonile
RCOs using DOOAs has been presénted. Using this appraoch
all the canonic DODA based RCOs have been identified. For
singi; frequency operations, a set of RCO circuits has been
found. This set consists 6f two canoniec circuits. Each
using 2 <capacitors and 3 resistors. Also for variable
érequency operations, a aeé of two canonic VFOs has been

derived. Each circuit in this set contains 2 capacitors an&
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« 4
f
150Hz L |
100Hz L
Dist.
b4
. 1T 0.6
50Hz 4-
4.0.4
+0.2
% — - — - t
0.7 2.4 7.0 . 21.0 70.0 k§

Fig. 5.25: Variation of frequency and distortion versus

variable resistor for the ecircuit of
. Pig.5.4(b). 7 :Frequency, O:Distortion.

(LR
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o

v Fig. 5.26: Output signal of the ‘circuilt of Fig.5.4(b) at

£2796Hz. ¢

R
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3 resistors. It is shown that both the ‘sets are complete.

For grounded capacitor circuits, two sets of RCOs are
obtained.‘ Tu" firast set belong; to the SFO class and the
second set is of the VFD type. There are three circuits in
gach set. The GCSFO circuits each use 2 capacitors and 4
resistors while the GCVFOs use 2,capacitors and 5 resistors
each. All the VFOs and GCVFOs aje singie resistor ??sguenoy
controlled. Both the sets are ganonic and complete. Both

o

the VFOs and one of the GCVFOs Jjhave their variable resistors

grounded. All phe circuits allow equal capacitor designs.

All the circuits are reported for the first time.

O -

-

iR
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CHAPTER VI

«

; . .
CONCLUSION ?

In this thesis, a systematic study has been undertaken
for generation, classificakion and deslign of OA Dbased
sinusoidal RC oscillators. Both single frequency and
variable frequency operations using single ended as well as

differential output OAs have beeh considered.

In chapter 2 the theory of generating canornic RCOs based
on QOAs is dqveloped. The theory is new, in that, the 0A is
not used for implementaﬁion of controlled socurces, 1t is
rather used directly as the active part of the system. In

this way 1t is possible to generate circuits thaq‘can not be

recognized otherwise. Using this theory a set of 12‘canon1c'

SFOs are generated. Each canoniec c¢ircuit requires 2
capacitors, 4 resistors and a singlegpA. Three of this SFds
are new circuits, one of them has ;11 of 1its capacitors
grounded (an attractive feature for IC fabriction).
Eventhough only 3 of these c¢ircuits are new, but two
important facts are established in the chapter.l First, it
is established for the first time that the minimum number of
pasasive compo;enta for a canonic OA based SFO is 6 (2
c;pacitors and 4 resistors). Second, it is shown for the

firast time that, there exist only 12 canonic SFOs of this

r

type. Comparing this set - with the set of SFO circuits

.
-
Ry Su——,
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reported in [8], it is clear that,even though the set in [8]
is a complete set; th; 3 new circuits are not identified in
[8]. This 1s because of the fact that in [8], contreolled
sources are used as active. elements; as a result, the above
three‘circuits are not recognized. Finally, in this chapter
the experimental results show that all tpe circuits perform
according to thelr expectéd behaviour.‘

% introduces the thoery of the VFOs. A
i

systematic approach for “the 4identification of VFOs 1is

Chapter

developed. The approach 1s unified, general and complete.

It 1s established for the first time that the m;nimum number
of passaive compoqﬁpts requirea for generating a VFO i3 7,
five resistors, two cpacitors. It is also shown for the
first time that the maximum number of canonic VFOs that c;n
be generated using the above components is 16. Out of the
16 VFOs, eight are completgly new. In all of the VFOs

found, the frequency 1is varied. by ‘a single variable

resistor. Three of them have- their variablg resistor

grounded (attractive feature for VCO operation). The VFOs(

are classified into four groups according to :'their nature of
dependence of the VFO frequency on the variable resistor.

‘ Each group conaiéts of four circuits.

In, chapter 4 a unique new approach is developed for
. ' ‘ 'ﬂ .
realization of GCVFOs. ‘The approach is systematic, wunified

and complete. It yilelds a set of eight canonic GCVFO
B "’\ '
“elrcuilts, each-us;ng one 04, P4 capacitors and 6 resistors.

I
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’

[,

It 4is shown that the Aet is complete. Al% the circuits in
this set are completely ﬂew. Two of these circuits have
equal valued elements (all the capacitors are equal and'all
the resistors are equal)f- Ig this chaptér a new problem is
identified for VFOs that have difficulty in starting the
operation., A proper solution)to thi: problem 1s developed
using .which, another set of 12 canonic easily tunable GCVF)s
is rouﬁh. This set is also shown’ to be complete. Each
consists of one OQA, 2 capacitors and 7 resitors. All the
circuits in this set are completely new. One of the
circults 1in this set has equal valued elements. IQ all of
the 20 GCVFOs the frequency of operation 1a varied by a
singla variable resistor. In each set, one circuit has 1its
variable resistor grounded. All the circuits 1in this
chapter can be designed with equal valued cpacitors. All
the circuits are built and tested. The results show that
the circuits perform closely to éheir theoretically expécted

behaviour.

In chapter 5 a new device, namely, differential output
OA 1is used as the active part of the network. Tgis is the
first time that such a device is used for generating RCOs.

In this chapter it 1is shown that by using.the DOOAs as

active part'of the RCOs, in.all but one ¢type of RCOs a

-

reduction of one or two resistors is possible. It is only

in the case of GCSFOs that no reduction in element count is

achieved. Systematicaliy, it is established that a eanonic

P



. reduction of one resistor 1s acheived.
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. ) . ‘
DMOA based RCO requires at 1least 2 capacitors and 3

A

: rq}§stora.‘

\t

L set of two SFO circuits is derived, each requiring 2

O

capacitors ,” 3 resistors and one DOOA. Comparing this set

with the SFOs in chapter 2, a reduction of one element is

.obtained, d

‘A set of two VFO circuits is found. It 4is shown that

the iqt is complete. Eacﬁ VEO\requires 2 capacitors, 3

. / &
resistors and one DOOA. The circuits of this set mnave two

.

‘res{stors less than those found in chaptér 3.

»

A set of 3 GCSFO circuits 13'40veloped. This -set 1is
/ * .

also complete. . The minimum number of pasaive'componepﬁs in

this set is 6 (2 capacitors and 4 resistors).

J

v - - . < N

. Finally, a setf of 3 GCVFO circuits is obtained. This

*

’ > . ‘ % ’
‘set is also. proven to be “jcomplete, each “consisting of 2
. . S~ - ' .

capacitors .,‘ 5 resistors nd.one'DOOA. Cémpariaon of this

‘

set yifb their qountsrpartS in chaptd} 4 shows that a

v\
ta
., &

4 -

- o N « /4 ‘
In all’ of the 'VFOs and GCVFOs derived im this chapter
v “ "

o

L ) P »
the frequency is varied by a 'single variable resistor. Both

"ﬁhefv203~and ope-of the GCV?QEXhave their variable resistors

- ¢
grounded. All the circuits "Yof this chapter allow. equal

capacitor ~designs. AlY the circuits have been built and

tested, ~the expﬁrimdntal results show ihgq they . perform as-.

3 - . v

v
Y . . . .
. ] . . <
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expected from the theory.:

6.1 Possible Direction of Future Research

!
i
- o
[

A possible.direction for.{uture research is to study in

detail all the different ' properties of all the

circgits

.reported in this thesis. '~ Such a study will lead to
identification of Sest circuit for‘each property. In ‘the
éheais, the operational émplifiera were assumed to be 1dqwl.'
It would be wortﬂ while to look 1into the effects of the
1n§erna1 pole/a of the amplifiers ‘on the -performance of

L]
these oscillators and possibly develop circuits with better

capabilities. o

. If one is interested in designing oscillators with less \

number of paagj&e cbmpopenta (of course, at,-the price . of

b . - v

‘active ‘elements), one could undertake the investigation of’

RCJoacillatoré with ttg,operationél amplifiers.
» . N vy . .

3
.

‘i1t is hdped that the methods. reported in this \theéia -

yi}l be useful in the development of other RC-circuits. ' ot

[

-
-
e
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APPENDIX A

?

y

Consider Fig.2.2(a) and assume that4 N contains, apart
from the '1nput and ground nodes, the set-of nodes A ={a1;
a,, a3,w... at}. 'The total numbgr‘of nodes in N |1is then
n=t+2. Ir allhthe possible branch admittances are present,
(n=1) branches will be incident with each node. The CE fof
the "n;twork is given by Eqn.(2-7). Clearly, any number of
branch admitt;hces can be set to zero and the CE of the

A ¥
resulting circuit can be derived from (2-7), provided that

no node haq been eliminated in the process.

.
Let the set of nodes A be divided into two subsets, B

1

and T, Suchﬁthat B={b1, byy bgy ... b,} and C=z{e,, c,, ¢qs
sen cj}. Also, lgiyg;dh group contain one and only one of
the input nodes of the 0OA. Then tzi+j. In general, we have
interconnecting branches between the two sets of no@es. Let
all the branch admit%ances cqnnedtiﬁg the two sets be set to
z;;o. Then each no&e in set B 1is inqident with n-l-j=i+i
branch adm}ttances and each node £§'set C is inciaent with
n&1-iz3+1 branches. Clearly, the reauiting ngtwork is of
the form shown in Fig.2.2(b). The CE o} this circuit can be

found from (2-7), since no node has been eliminated in the

- process.
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APPENDIX B

To show that every node in the network of Fig.2.2(a)
ahquld‘be incident with at least two branch admittances, we

proceed in the following way.
6«5‘ ‘.

Any internal node }o which at least two branches are not
connected will not contﬁibu£6 to the CE of the network.
Consequently, such a node <can be ignored. As far as the
nodes which correspond to the OA input terminals are
concernad, 1if only one branch is connected to each of them,
then that branch can be short-circuited in the network

iwifhoﬁt affecting the operation in any way. Hence, only the
input and ground nodes need to be ' examined. ' To, exa&ine
them, consider Fig.B.1, whore it 1is aaaumed that only one

branch is connected to input as well as the ground node." We

thgn have
v )
—l N1(S) . 23 ] NZ(S) (B-1)
Vi=7D(8) T, D(s)
)
and

. N,(8)=N_(8) v
1 2 0
“W(—5ET —) i, | (B-2)
" @

Letting 211 denote the input impedance at 1-1' with terminal -
2«2' open circuited, we have, D

)

“
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Vi'Zq, v
Z1+22+Z11 i

Nq:;'xhat'z11 is an RC impedance. Also

g T

, \\\\\;\ VotV Ty'= o'

Substituting from (B-3) and (B-4) into (B~2)

z N,(S)-K,(8) v‘-bvi
( 5"12112 ) - 6?3? )= %“( 1v ™)
1reatiy : a4 1

concerned, the CE becomes .

N,(8)- N,(8)= 0
This equation is the same as (2-7). Hence, Z,
Y
aontribute to the operation of the cirocuit and

N

ahort-qircuited.-

(B=3)

(B-4)

(B-5)

|

. Thus, as far as our,interest in the roots on the Jy axis is

(B-6)

and zé do- not

can be eaaily

ey
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APPENDIX C

The oircuits shown in Fig.C.1(a).and (S) are the same
except that the‘ input terminals of ¢the OA in one are
interchan?ed _with respect to the other. ﬁet us assume that
N is designed such that, it produces oscillation if Ad goes

to infinity. Analysis of Fig.C.1(a) yields
Ad[Ni(S)-Nz(S)]-D(S)= 0 (C=1)

where D(S) is a second order RC polynomial, for example,
=3

r

2
D(S)=d°(§ +(c1+02)8+o102], do)O, 0150, 02)0 (C=2)
Since N has been designed to produce ;scillation,

- 2 .2 '
N1- N S' 'ao(S 4‘“’!) . (C-3)

\

2

Subétituting (C-2) and (C-=3) in (C=1), we get the CE as
2

- 2 0 40 | . 00
( Adaofgo)s + do( 1+‘2)S + ‘f‘daoma+do 1 2)=0 (c-4)

'SimilaPly, for Fig.C.1(b), we get the CE as

« . .

-, =~

q2 O .0 ' we,4 0 O coomy
(Ada°+d°)s e do( J+ 2)3 + (Adao s*do 1 2):29\(0-5)

‘In practice, when the poﬁeq supply is turned on, the gain ‘;

o
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"of thw OA starts from zero and rises rapidly, td-a very large

valu;, Am>0, ideally 1nfinitg. As A, is changihg from zero
to A:, the roots of (£-U4) and\(C-S) change from ‘the negative
real* axis to close to their equilibrium positions for
example, ju . But for the circult of Fig.C.1(b) for which
the CE 1is gg-s) the Toots remain af§§the while in Fhe left

half of the s-plane as A, changes from zero to Am‘ Hence,

d
during the transition to equilibrium position, the circuit

reméins stable.

On the other haqg; for the circuit of Fig.C.1(a) for
which the CE is given by (C-4), the roots wiil migrate to
the rigPt-hal( of the s-plane as Ad changes rrom4zero to Am’
Hence, during the period 'of the transition ihg/oircuit
becomes unat;ble and latch-up will occur.f Such behaviour

has been reported in other 0OA c¢ircuits, alao.in'[B].
. ' %

The above ¢two aircuits are termed stable-unstable (SU)
&

‘ pgir circuits. Obviously then, if one of thenm whicha’is

‘ éﬁ&;gned to be an oadillator does not oscillate in practice,

interchanging the connection to
: Yy

the 0A input terminals will

rectify the problem.
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A~ v APPENDIX D

Figure’D.1(a) ghowa a one loop RC network with more than

F .
‘. five nodes. Only two of the branches are ocapacitive and the
“%

- .
“rest are resistive. It is shown in this Appendix’;hat such
a circuit with one 0A can not generate a canonjce SFO, nore

it can generate a VFO.

.

Choose any node as %rounditzie and connect the OA to qge

circuit such that there is no branch/es connected yetween

‘the inputs of the OCA. The resulting circuit can always be
represented as Fig.D.1(b). The CE of the systém is:

£

» 8
From (D-1), the follow;né cases are to be examined.

{

(a)-Only one of Y, to Y, is capacitive.

»

(b)-Capacitive branches .are multiplied together.

(c)-Capacitive branches are not multyplied together,
. ‘ \

:

Case (a): Let Y, contains the two capacitors of the

sircuit. Pig.p.Z(d) shows the most general form of Y1.‘*The

i

CE is: N &
v %

’ - @52,884Y=0 (D=2)

where . F Q=C Cb(G G “°3°u) ‘ (Q-B{

B2 (gi?;ﬁqgcu)(c cb+c Cy)= GyGyG,(C, 4Cy) ) (D-4)

Y=G;Gb(G G -G3Gu)-c3cuc (G +G, y (D-5)
L
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n . . . " - ‘9 .8 .7 6
e
[} . Ya Yf
Y, Y, Y, Y,
1 2 3 4 5
(a) >
g
; 4
1 1
St
o
‘ 3 .
Y
4 ™,
, (b)

Fig.‘D.1(l)x

(b):

Fig. D.2(a):

(b):

one loop RC network with more than five
nodes.

RC eircuit with a one loop RC network

General form of more than 2 RC branchea in
series containing 2 capacitors.

General form of more than one branch in
series containing one taopacitor.

‘A

]
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For none of the resistors (n-u) can be written in the form

- 4
o

of * . (
2 . ‘ \\
- Gv(ﬂ1-02)+(n3-U4)=0 (D-6)
" Hence, the cirouit.can_not’be a VFO. To generate a canonic

*8F0 two of the resistors should be set to zero to reduce the

number of elements to 6. Only elemination of Ga and Gd do

not brake the circuit. Putting G, and G, to zero makes Bgo

and no oscillation is possible. Therefore a canonic SFO can

~

not be generated.

$

Case (b):.Let Y, ¥ Yy

resistive. The most general form of Y1 or !a is as shown in

, be capacitive and Y, be

Fig.D.3(a). Let the branch admittances be:

6. Gb+SG C
Y'-——.——h-——

1 'SC ’Ga’cb

Y cGd-o-SG Cd
f
2* 78 d+0 +Gd ¥

Y.z G

3* Y3
!ul Gu

then the CE iss

2 N '

=030,Cy(0,40,) 030,04 (0 40,)] 40 4549
=G40, (G,4G,) (G +G4)=0  (D=T)
\
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and condition of 630111ation is: , .
&
‘°3“u°d(°a*°b)’°~ {p-8)

To generate an SFO, (D-8) must be satisffed. There are
minimum of 8 alom;nta'in‘the circuit, only G, and G, can be
set to zero, in which case (D;B) is not satisfied. Bringing
back any of the resistors makes the circujit a non canonle
SFO configuration. Equation.(D-B) éan not be written as

(D-6). Hence, this circuit is not a VFO.

Case (02: Let Y1, Y3 be capacitive and Yz, Yu'reaistivq.

Therefore the branch admittances are:

‘. GaGb+SG‘Cb
1 ?’cb*Ga*Gb
. .-chd+saccd
%
Tr G, ‘ )
!u. Gu

then the CE is: “
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2

S °2°;.°b°4*3[“z°;°b(°o*°d) +czaacbcd] ‘ .

+Gzﬂadb(G°+Gd)
C 2 ' N
=3 GuGOCde-S[GuGch(Ga+GP)-G“GchCb] .
' o
-Guccgd(ca«;b) = 0 (rD-9)
" and condition of oscillation 1is: : ’ -
MG G C -GuG GuGchcb : 0 (D=10)

Only Gb‘and Gd can be set to zero, 1in whicﬁ . cass from
(D-10), the frequency of oscillation is zero. Introduetion

of one element to reaultipg circuit generates a non-canonic

SFQ0 configuration.

Bqnltion (D=10) can nbt be of the form of‘(D-Q). Hence
the oircuit can not be a VFO aither. Therefore, a ‘single
loop RC network with morc "than five nodes, one.OA} 2
capacitors and any uunber of resiatora oaﬁ not gegerlte a

clnonic SFO, nor it can generats a canonic VFO.

R
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/ 'The:Fis.S.é(b) shows 'two passive networks connected to .a
DOOA with unity feed-back., Theye is no path from one input
| of the DOOA to the other. The paasive network?'haye only
. one node in commoh, namely, the ground node. The graphs of

this ¢type .of networks are called non-conneqtey graphs. To

show that this type of c¢ircuits are s;able /Eirauipa and

hence do hot generate any 6aoirlator, ue'prooded as fqlhowa.

/
i

. / :
Consider the Fig.5.2(b), the tran§r7b functions of

interest ares - S //

&

V

N,.(S) Vi .
1 _
Ty3e v * D 335 / (E-1)

or: o ' ~
(s /

B V. =v11( ———%—7- / | (E-2) = )

—

)
[ s

* N,/(8)

* i “ 2 i

: o Té’sTT' (E-3)

/(3

X ‘ ‘
/ )
ors uavfz( -§§T§T— ) ' (E-4)

K

similarly:

/
D (S) and D (S)arc the 073 of the passive networks and their  ,

roots are on the. nogat%ye real axis. ‘ _ ’

The DOOA“allowa us to 4r1to:

L3

TR <~
P

i, P e it I
N
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Vo= A (VgeVy) - " %2-5)
From the unity feed-back we can write: '
‘ ) v, =Yy “ K (E-6a)
Vo= Yo (5-60)

<

Substituting from (E-2), (B-4) and (E-6) into (E~5) and

: . ’ B
allowing Ad to go to infinity, the over all CE of the system

is

(D,(SIN5(S)+ D (SIN,,(8)) = 0 (E-T7)

Equation (E-7) is a complete second degree polynomial with
' .

positive coeffiolents, Thérefore, its roots are in the

negative half of s-plane and it is stable.

R



