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CHAPTER-I

INTRODUCTION

1.1 MOTIVATION

With the introduction of transistor as a basic active
device1 in the fifties, active circuits have shot into promi-
nence and found wide-scale application in various areas of
Instrumentation, Communication and Industrial Control. Previous
to this, vacuum triodes and pentodes have often been used but
they have certain obvious limitations. Transistor brought the
age of the solid state, the technology of which is growing in
a pace large enough to push today's marvels into tomorrow's
oblivion, However the basic transistor which had been in use as
a discrete active block alone till mid-sixties i1s now being used
in the integrated form2 in a very large scale side by side with
its older form. The growth of the.integration process for the
passive components like resistance and capacitance3 has extended
additional charm to the design of active circuits in miniature
and microminiature 'Chips'. Earlier to this, for reasons of cost,
size, powerloss and parasitic enhancement it was argued that
inductor do not conform to the requirement of an acceptably good
passive component particularly if the frequency range is quite
low, as required in Instrumentation and Industrial control areas.
Attention of the researchers, circuit theorists in particular,
turned towards the development of active RC circuits and a bulk
4-8

of literatures are now available to prove that real inductors

can be totally dispensed with when proper active insertion is

permitted in the design of signal processing networks, signal



generators, control circuits and a variety of others where high
selectivity or high Q was previously obtained through LC-tuning.
The pursuit on this track, for the development of (i).simulated
inductance for direct application as a component,(ii) filters of
all types or (iii) circuits of autonomous nature, that are econo-
mically viable, have superior performance and are amenable to
generalization in design procedure and integration more conveni-
ently, should, therefore be more worthwhile than apparently

appears.

1.2 ACTIVE NETWORKS

For the Instrumentation, Communication and Industrial
Control Systems, the system design is of very basic importance,
Particularly in the network front a design, with RC elements and
active blocks only, is attractive for its compactness and economy,
The characteristic function realized by passive RC network has
many restrictions compared to that of LCR networks. To overcome
these, active elements have been inserted in the passive structure

in a proper manner for the desired purposeg.

1.3 ACTIVE NETWORK ELEMENTS

Transistor, Transistor Differential Pair : Transistor is

the basic s0lid state active building element which can be used
singly or in conglOomeration coupled with an appropriate set of
connected resistors to form other blocks. Through continued
research towards achieving perfection in its performance, it has
now been possible to produce transistors of near ideal nature
represented by the model shown in figure 1.1. However the limita-

tion in the operating frequency and other imperfections call for
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a more complex model for circuit synthesis purpose, Transistor
being the basic active element, any kind of active circuit can

be generated by the use of 1it.

A very important active building block that is obtained
through a pair of transistorgis the Emitter Coupled Differential
pair'© (ECDP) shown in figure 1.2, It can be used with both e,
and e, effective or with e, effective and e, at a.c. ground poten-
tial or vice-versa. The common emitter coupling provides a degene-
rative feedback in the individual transistors due to which the
effect of the changes in the transistor parameter is minimized,
the current variation due to supply potential or temperature
change in individual transistor tends to cancel, distortion is
reduced, input impedance is increased, flow of base current 1s
restricted, bandwidth is increased and the overall stability
improves. This,thus provides an overall improvement in performance
in the realization of active building block., It has naturally been

accepted as the starting phase of what is known as the operational
amplifier,

Operational Amplifiers (OA) : The operational amplifier is

the most popular active network element now-a-days and is eiten—
sively used in active network synthesis, The OA is a direct coupled
high gain amplifier} and with applied feedback its performance
characteristic is controllable, It is capable of amplifying, con-
trolling or generating any waveform of frequencies from d.c. to
several megahertz, All the classical computation functions are
easily performed by this., The output of an OA is controlled by its

two inputs, inverting and non-inverting, An input to the inverting
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input terminal gives phase-reversed output whereas an input to

the non-inverting terminal gives in-phase output.

The OA can be represented by a voltage source which is
controlled by two floating terminals as shown in figure 1.3.
The OA has high voltage gain for differential signals effective
between two inputs and has very low gain for the same signal
applied to both the inputs simultaneously. These are called
differential mode and common-~-mode input signals respectively.
The synthesis techniques with OA already galore in literature out
of which a few are exemplary11'14. However its applicability
remains to be exploited fully as yet. Operational Amplifier can
be considered to be an idealized version of a transistor with
very high gain and is thus useful in obtaining many other active

elements such as

i) Generalized Immitance Converter (GIC)15.
16

ii) Controlled Sources
a) Voltage Controlled Voltage Source (VCVS).
- b) Current Controlled Current Source (CCCS).
c) Voltage Controlled Current Source (VCCS).
d) Current Controlled Voltage Source (CCVS).

i11) Gyrator17.
18

iv) Frequency Dependent Negative Resistance

1.4 INDUCTOR REALIZATION

Active RC networks have to be basically active because the
replacement of real inductor is to be done with a simulated one.

The simulation is in terms of R, C and one or more active blocks,



There has been a consideratle effort in recent years for an
appropriate simulation of an inductor. Depending on the types

of realization such as linear, bilinear, ideal etc., on the

port orientation such as grounded or floating or on the use

of type of the active blocks different categorization of‘the
realization technique is possible. The basic aim remains, however,
to realize an ideal grounded or floating inductor with (i) low
parameter sensitivity, (ii) the use of acceptable active blocks
and (iii) low count components, Further, grounded capacitor
realization adds to the convenience of micro-circuit adaptability19
of the design. Realized inductors have also been successfully

tried in the design of signal processing networkszo, oscillator321,

and various other areas of interest.

1.5 FILTERS

Although simulated inductor can be well adopted for circuit
realization of a desired system such as a filter, direct realiza-
tion of it appears to be more convenient and rather straightfor-
wardzz. This is commqnly known in the literature as inductorless
filter. The essence of such a scheme lies in the inherent elimina-
tion of any real inductor through active RC synthesis. Although
literature abounds in such realization techniqueszs-zg, the final
word about it is still to be told. Here again insertion of an
acceptable active block in low count with versatility in easy
cohvertibility of the filter for the desired response character-
istics receives major attention. Superior performance and high

selectivity are other features to consider.



For active blocks, one major aspect to look upon is the
dependence of the realization on the gain bandwidth product which
affects the operational frequency range as also the Q-factor.
Compensation techniques are lately being investigated to increase
the gain bandwidth to improve the performance, but very often
these increase the complexity in the realization3o’31. Thellimited
range with uncompensated schemes is, however, sufficient for
application in Instrumentation and Industrial Control systems. In any
case, this is an inherent limitation of the device and it creeps
in during the integration stage of the solid state block., Further
development towards its improvement is likely to compensate for

this deficiency in a simpler manner,

1.6 OSCILLATORS

Inductor simulation or inductorless filter realization are
realization of functions of nonautonomous nature., Often in the
application areas mentioned, conservative autonomous functions
are of great importance, All practical oscillators come under this
category. The autonomous conservative networks are basically
regenerative in nature. In quite a few such cases, multifrequency
oscillations are generated. It is however possible to design an
electrical network to obtain single frequency oscillation, The

analytical representation of such a system is quite'simple and

is given as
LR

X +w§xn0 (1.1)

The quantities characterising such oscillations are (1) amplitude,
(2) frequency and (3) phase. The frequency is determined by the

system parameters only, In classical mechanics, analyses of all



the nature of a linear system have been made and successfully
applied to mechanical, electrical and other types of oscillatory
systeﬁs. The energy relation in such a system determines its
period of oscillation. In electrical types evidently the systém
should have an inductance and capacitance in the ciruit. The
oscillation condition has been enunciated from the principle of

feedback and is given as

EE =1 (1.2)

where X = gain of the active block in the circuit

and B = amount of back coupling.

Analysis of the linear systems of oscillations can be made
with the help of conventional linear techniques. The added advan-
tage is that many nonlinear techniques can be applied with appro-
priate limiting conditions to derive the solutions,

1.6.1 THE SINEWAVE GENERATORS

Active devices coupled with passive networks are capable of
generating sinewave oscillations with the appropriate conditions

specified. The passive circuit parameters are generally the deter-

mining factors of the system frequency.

Low frequency sinewave generation is inconvenient with an
LC network because of their large values. RC networks are more
advantageous in that respect. An oscillator with a 3-section CR
phase shifting network and a vacuum tube was described by Ginzton
and Héllingsworth32. The transistorised version of this circuit is

due to Nichols>>, Continued efforts in this line have produced



different RC oscillators with special types of networks like
34-38

Wienbridge, Bridge~T, Twin-T etc,
The main consideration in sinewave generation is to obtain

oscillations of good frequency and amplitude stability and also

frequency variability. All the requirements are rarely met by any

individual circult suggested so far.

Active RC filter may be convenient in so far as the choice
of the frequency selective networks are considered. The basic
limitations are conceivable in terms of the drifts in the active
parts. But now it is known that the drifts with time and tempera-
ture in active devices which are ﬁmenable to compensation (compen-
sated active devices) are no worse than that of passive elements,
Variation of the function of an active element such as the gain
of a closed loop operational amplifier, may be used with advantage
in a variable frequency oscillator, With special active blocks
such as the differential transistor pair with.a high CMRR the drift

problem can be reduced as well.

Irrespective of the types of the circuits used, the deri-
vation of the equation, pertinent to the analysis of harmonic
oscillations is made, following a suitable technique dependent
on the system alone, Usually the frequency and the starting
conditions are determined from the conventional loop or nodal

analysis of the circuit.

1.6.2 NON-LINEAR SYSTEMS

Majority of the problems relating to real physical systems

are possibly investigated mathematically involving solution of



differention equations - ordinary linear, nonlinear and partial,

For the solution of the nonlinear problems the mathematics
involved is, in the present day state-of-the-art, referred to as
nonlinear mathematics, The analytical treatment of the nonlinear
problems are hindered due to insufficient mathematical development
in this area. The engineers however have the complementing tools
in computer for the'analysis of the dynamic behaviour of the
‘physical system. In fact, the highly nonlinear problems which
occur in practice, have been successfully solved when the analy-

tical approach 1is coupled with the aid of computers.

1.6.3 THE PERIODIC SOLUTION

Attempting to solve the autonomous and nonautonomous osci-
l1latory system, the primary interest grows around the steady state
oscillations i.e., existence of a periodic solution, ensuring the
stability. Ponicaré39 was the first to present a suitable analytical
approach for obtaining the periodic solution. The basic principle
is the parameter (/Z, say) dependence of certain term of the non-
autonomous differential equation. The major difficulty in Ponicgré
method is in finding the characteristic exponents required for the

solution., Minorsky's strobscopic methodho’h1

solves this difficulty
by replacing the original nonautonomous differential equation by
another autonomous one, such that the existence and the stability
of its singular points is a criterion of the existence and stabi-

lity of the periodic solution of the original problem,

The classical van der Pol42 equation describes many of the

operating features of the oscillator., The equation is quite simple
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but the small parameter approximation method is not applicable

fof a large value of the parameter (/aoré ) associated with the
first derivative term. A study of van der Pol equation for both
small and large value of€ has led to the appropriate undefstanding
of the operation of self—oscillations. Van der Pol's original
method of solution was graphical and was presented in the form of
an integral curve in the phase plane., The latter efforts for an

analytical solutiont“?’’M+

of the equation acquired little signifi-
cance although it was demonstrated that for larger and larger

values of € the system tends to oscillate in relaxation mode.

1.6.4 RELAXATION OSCILLATION

Relaxation oscillations differ considerably from sinusoidal
or quasi-sinusoidal oscillations, Relaxation oscillations are rich

in harmonics which can attain very high order,

In practical relaxation oscillations, pulse generation for
example, effectively there 1is a single reactive element capable
of storing energy. The energy can be stored only in one part of
the period. In the other part this energy is dissipated in a
resistance, Naturally the exciting device should supply an amount
of energy equal to that stored or dissipated in the period. In an
autonomous system, the exciting device is formed in the system
which is required to supply the energy and this often is 8 negative
resistance device or a generatorao'az. The presence of the negative
resistance in the circuit of the oscillatory system may be consi-

dered in two general ways. First an actual negative resistance is

used for circuit synthesis; secondly a feedback is applied in such
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a way as to produce an effective negative resistance in the system

during the part energy is supplied.

It was due to the study of van der PoILL‘5 that a method
obtaining a continuous transition from the sinusoidal to relaxa-
tion oscillation is known. Physically this is interpreted as in
an LRC circuit one of the reactive elements is gradually reduced
to zero and the system being beyond the 'limit' state, the osci-
llation that occurs may be considered as a kind of Jumping from
one state of equilibrium to another. The period of oscillation in
such circuits is generally controlled by the alteration of the
passive elements which simultaneously affect the performance of
the multivibrator or pulse generator. Synthesis of multivibrator
circuit whose time period can be linearly altered by varying a
single circuit parameter other than the formal frequency deter-
mining network element without affecting the operating character-

istics of the generator can be a welcome addition to the list of
the range of the multivibrators.

1.7 SCOPE OF THE WORK

Of late nonautonomous and autonomous function realization
have gained tremendous importance in the areas of Communication,
Instrumentation and Industrial Control, Active RC filters have
consequently been receiving attention in a generalized wayh6_h8
49

or in a discreet manner ~, The generalized studies have been

directed to evaluate the realizability criteria such that the
filters received adequate mathematical description. Individual
design has to have more of down to earth and practical approach.

Since the recent approach based on various counts of superior
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performance requirements; convenience in tuning, I.C. implemen~-
tation; sensitivity minimization and others is to develop second
order building blocks, at the most, for the system design, major
attention has been given to the design of such blocks with more
versatility. These blocks themselves may be developed through an
integrated approach or through the replacement of the inductors

in the existing models by these active RC simulations,

The present study begins with the simulation of inductors
of different types with RC and a very general active block i.,e.
the operational amplifier. The grounded inductor realization is
presented in Chapter-II, The method is a little deviated from the
now conventional approach of using a single capacitor. However
the method presented shows that in it a number of type of inductors
can be realized inclﬁding an ldeal one having very large inductance
values. The application of the inductor in obtaining a variable

frequency sinewave oscillator has also been demonstrated.

Not all filters are realizable with a grounded inductor,
In modern practice filters with floating inductors are modelled
with different types of simulated elements’C~ >, The direct
approach, however is to simulate floating inductors and use them
in such a realization, The scheme of a floating ideal inductor
with three operational amplifiers and a grounded capacitor has
been presented in Chapter-III and a filter realization scheme has

also been given with experimental results.

Chapter-1V presents a generalized approach of active RC

filter realization with a single operational amplifier. The

presentation has been motivated to obtain the important communication
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filter, the all pass filter, through a generalized approach,
Subsequently through various examples realizability of all other

types of filters has also been demonstrated.

Single resistive element control sinewave generators have
acquired importance in data telemetering and other industrial
control., Such types have been produced of late through individual
tria1352-56 and with some constraints, In Chapter-V a systematic
development of systems to provide the desired facility has been

presented., The waiver of some critical restrictions. has even

allowed the system to be adopted as a voltage controlled oscillator,

Single stage emitter coupled transistor differential pair
has been exploited here as a very convenient active block, As
mentioned,it is a highly stablé controlled source and can be made
effective in a wide variety of purpose. A very stable sinewave
generator has been produced through it which is minimally sensitive

to temperature and supply voltage as well. The system has been

presented in Chapter-VI.

Interestingly, the baéic scheme with the emitter coupled
transistor differential pair presented in Chapter-VI turns out to
be a van der Pol generator whose operation may be continuously
controlled from single frequency harmonic to relaxation mode by
simple parameter control, Chapter-VII presents this van der Pol
generator and shows that the long standing discrepancy between
the practically obtained waveform and the theoretical one, either
through graphical or approximated analytical approach57’58, exists

only because of inaccurate modelling of the active block. The
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antisymmetric transfer characteristics of the différential pair
has been suggested to be of hyperbolic tangent type and the
transcendental characteristic equation has been solved in the
computer for various timing ranges. The results have been compared
to show that the suggestion is apt., This system can be seen to be
a very convenient‘waveform generator., The system can be adapted
quite easily as a voltage controlled oscillator. This adaptation
has also been included in this chapter with sufficient details,

Specifically the relaxation mode oscillatlondeserves
special mention because of its versatile utility. It has further
been improved to suit wide scale practical applications. This has
been presented in Chapter-VIII by adapting the scheme as a single
resistive element controlled linear pulse generator which has been
simultaneously made minimally sensitive to variable operating
conditions. The emitter coupling helps to attain this 1n§ensiti-

vity to a great extent., The extent of coupling is important for
this purpose,

'Finally in Chapter-IX concluding remarks with necessary

critical discussions are made.
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CHAPTER=-11

ACTIVE RC REALIZATION OF GROUNDED INDUCTOR WITH
OPERATIONAL AMPLIFIERS

2.1 INTRODUCTION

Inductor simulation in active RC schemes has been of consi-
derable significance for designing analogue signal processing net-
work of special types and sinewave oscillators for use in the areas
of instrumentation, communication and control. Considerable number
of literatures are now available on realization of specific type
of inductors such as linear, bilinear, ideal etc1'h. These schemes
use different types of active blocks for the realization. A single
scheme realizing the different forms of inductors through minor
modification in passive or active parameters should however be a
welcome addition to the simulation method. Such a scheme becomes
not only very versatile, its usefulness is also widened to a large
extent. Such a scheme is presented here which uses two operational
amplifiers, one used as an integrating amplifier of low closed
loop’gain and the other as a negative immittance converter (n.i.c).
The proposed circuit has been analysed to yleld linear, bilinear
inductor and also ideal inductor of arbitrarily large inductance
value. The presence of an n.i.c. in an appropriate position allows
the circuit to behave as an oscillator with a suitable capacitor
at the input pdrt of the scheme thus demonstrating the usefulness
of the realized inductor scheme. The experimental results have fully
corroborated the theoretical calculations for the scheme as an

inductor or as an oscillator.

2.2  THE RL IMPEDANCE?¥

The basic circuit of the proposed scheme is shown in figure 2.1,
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Following equation are obtained from this circuit,

1= (Vg = V3)y, (2.1a)
SN
Ve = Vo)v, + (V, = Vo)y, = (Vg = V)= (2.1b)
(Vy = Vidy, + (V, = V), 3 = V¥,
1

(v, - vy)-r:2 = V3¥3 (2.1¢)
and

V, = AV, (2.2)

Since V& = Vy from equation (2.1c) one may write

VX = V3~(y3r2 + 1) 7 (2.3)

Substituting V, and V_ from equation (2.2) and (2.3) into equation
(2.1b) one obtains
Y, + Ay
2 Y
Ve * Yy = 5 |
1 2 " ry 73

Finally with this Vj, equation (2.,7a) changes to

r, 7
y1¥,(1-4) - 7,723

1 =V T,
Yqa + ¥y = ==Y
1 2 r, 3

L

-

Such that the input impedance Z is given by

r

2
v, Vi * Yo" 3

Z = T = = (2.5)
YZ{Y1 (1-4) - }‘:'2' Y}}

If the admittances Y1, Yo and y5 are of the form

y; = ais + bi

ai = C
. (2.6)
by = oy i=1,2and 3
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and (1-A) =,m2>1, equation (2.5) may be rewritten as

r

(a, + a - 24 )Js + (b, +b -Sg-b)
1 2 r, 3 1 2 r 3
1 1
Z = P2 r2 (207)
(azs + bz){(ma1 - }-1- a3)s + (mb,1 - -I-,-1- b3)
2.2.,17 THE BILINEAR RL IMPEDANCE
For a bilinear inductive impedance function Z can be
represented as
Bs + D
Z Bm (2.8)

a2

with a constraint g-(

Comparing equations (2.7) and (2.8) the following identi-

fications can be made

T2
(&1 - }-‘—1- 83) = B
r
2
(b1+b2'--f‘;-b3) = D
r (2.9)
2
T2
bz(mb1- F; b3) = G
and
a8, = 0

It may be noted here that for equation (2.7) to represent bilinear
r

impedance function, either a, may be made zero or (ma1 - ;g a3) may
1

be made zero. When 8, is made zero there is reduction in circuit
components and no rigid constraint is put on m, Tyy Ty 8, and a,.

3
This obviously is an advantage from the point of view of realization,
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‘ r
Where as for the other alternative (ma, - 2 a ) = 0 and a o,
1 ry 3 2 :
to make the denominator of equation (2.7) compatible, generally
leads to extra complexity and this may not always be advisable

for a stable driving point impedance function realization,

Combining equations (2.6) and (2,9) the impedance function

Z is obtained in terms of the circuit parameters. Thus

T Ts
R1R2R3(C1 - ?';‘ C3)s + RB(R,] + RZ) - }-1- R4R,
7 = = = (2.10)
2 2

Choosing now,

R = El = -E}g- = R
‘ B 4 3
and c, (2.11)

C = -S—- = C3

equation (2.10) may be rewritten as
o T2
?,,-/37- (ﬂ+7’) + sﬁ?’RC(F;- -5)

Z=R T > S
F{ﬁ-m+sﬂRC(?‘-1--m )

(2.12)

which may be factored into real and imaginary parts as
r r r r
287 ¢ ,}/} 2 2 220,222,502 2
<Ay +YVE (=B - m) +w RECS(=5 -8 ) (== -m§)
Z = R{r1/g P T £y ™ T

r r
Ff‘ﬁ - m)2+w2ﬁ2R2C2(?=12- - ms)‘2

rz r2 r f
P8GR0 iz )

+ Jw CR = =
2 2 2,2.2.2,72 2
(r1ﬂ )+w/a (I.1 mS )

=Ry + JWL, (2.13)
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From equation (2.13) the resistive and inductive components are

obtained as
{_ﬁy- (A+ y)} (-/8- m) +e yR2C2(—- -5)(—- -m3)
_z_ﬂ_m)Z /9222( -mS)Z’

(2.14a)

and

r r r r
2/31(;.-‘13 -2 )(-;-12-,9- m) -ﬁ(;—f— - ms){;fm’— </9+?’>}

r 2 2222 7T e\ 2
(P-f-/g-m) +6 /32RC(-F;2--m5) (2.14b)

L, = CR

Both Rb and Lb the resistance and induetance of the impedance Z
are frequency dependent. It can be shown that suitable sets of
m,/3 » Yo S and ;—% may be found for stable bilinear RL impedance
function Z., Figure 2.2 shows Ry - frequency and Lb - frequency
curver as obtained from equation (2.14a) and (2.14b) for an
identical set of the parameters m,ﬁ,‘)/, $ and two values of -:-,13 :
and R = 5K ohms and C = 0.0914/41?.

The Q factor of this impedance Z is given by
r, r, r, r
/3?'(-1-:;' -5 )(}7/3 ~ m) -/’(-f:; - mS){.E.,Z./B}’. (/$+7)}
T2 2 2 20 02:2,52 2
{?-;-/67- (ﬂ+'}’)}(-;1-/5-m) +oop yR CZ(}-;-S)(-F;--mS

(2.15)

Qy, =WCR

r
. 2
Q, may be increased by adjusting 'r'1" ’ m,/j,’}/ and & maintaining

the condition indicated by equation (2.8). For specific parameters
r,

= » M, /J and S, EQ is maximum at an angular frequency

. mM-(/H')}( - )
/b'y( s)(';_:j]'«mS)

(2.16)
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and the corresponding Qy, is given by
max

I‘Z I‘2 1"2 r2
-12 ’}/(;-1--5)(}.—1-/3- m) - (;.-1-- ms){;;—/?% (/5+7')}
r r r r
ﬁ(f-suf-msﬂ-ﬁf/s-){;f/ey- (/s+y)}

(2.17)

Q, =

max

2.2.,2 THE LINEAR RL IMPEDANCE

It is seen from equation (2.,12) that if the capacitance

C1 is adjusted such that
r

S - r (2.18)

the impedance Z is given by

r , r r
by B | L LTRED

+ sC (2.19)
(/98- 1) (/58- 1)
Equation (2.19) is linear in R and L and the resistance and
inductance values are then given respectively by \
r
Y- 5, (AT )
Ry = R& (2.20a)
(/98- 1)
and r r
BYSH (= -8)
2 /.0 Ty 'Tq
L, = CR (2.20b)
(ﬁs- 1)
The Q factor of the realized inductor is therefore
r r
1 2
o — (== -5)
_ /3‘7’"2 ok

Y- ()
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@ is a linear function of frequency and is therefore maximum at
o= oC, However both Ry and I, are independent of frequency and
the simulated inductor has the characteristics of real inductors,
Adjusting the parameters /3 and Y and maintaining /98>1 the resis-
tive part of the inductor can be made arbitrarily small and the

Q factor at any frequency may be made arbitrarily large. Condition
(2.18) can be realized by varying the phase inverter gain, keeping

C1 constant,

2.2.,3 THE IDEAL INDUCTOR

From equation (2.19) it may be observed that if,

(l+l)=f—2— (2.22)

pITCE

the simulated inductor is ideal with its inductance value
r r

PO (£ -8)
2 1

(p- 1) (B- )
/j 6'/3 >

L, = cr? (2.23)

The ‘ideal inductor has infinite Q-factor at all frequencies. However
its inductance value can be altered by suitable choice of parameters.
It is interesting to note that the inductance can have very large

value including infinity for reasonable values of the parameters.

Figure 2.3 shows the Li‘/g curves for three different values
r
of & and }-,-1% = 1, The parameters ﬁ ,‘y and & can be adjusted within

reasonable limits to realize a very large value of Li'
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2.2.,4 SENSITIVITY

The sensitivity study of the realized inductor becomes very’
important as the usefulness the inductor depends much on this sen-
sitivity. For brevity the sensitivity of the ideal inductor is
only considered, Instead of calculating the sensitivities to
different active and passive parameters, the parasitic concept is
introduced6 to obtain the rationalized deviation of the impedance
when ideal inductor realization constraints are tolerated. From

equations (2,12) and (2.22) the constraints are,

r
2.8
1
2. 1,1
I’,] /3 'y
for an ideal inductor of value
r
2
A8
Li = CR - (2.25)
2
=f-m
1
We now introduce the parasitics
r
2
€1= -r—1~ —ms
and . (2.26)
€ - 2_(1,1) X
2 T B g
r
so that €+SﬁyCR(F’%‘S)
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r
€, + Iy ( ;.-j— -8)
= R (2.27)

r
2
}-;- -m+jw0€1

where CO/QCR = C«%

Ideally €1 and €2 are nonexistent (i.e.zero), For their tolerance,
the inductor becomes bilinear, Following the definition of the
magnitude sensitivity function

(€) Jd£(€) €
MS - . 2.28
€ >€ “TTE) (2.28)
one gets
; w, €
Msi(eﬂ 5 = :.2 , (2.29)
! §E2=O “o 61 * .E.‘./Q- m)

which has a maximum value of unity with coo-» oC and

€,

€1 ﬁ 7 ("""S)

which has a maximum value of unity with COO-—> 0. This indicate

usZ(&
E

(2.30)

- -y > -

that the sensitivity of the scheme is only nominal, It is interesting
to note that the sensitivity of the inductance value Li is given by

2 2
L(e ) 2@061
MS €1 , = o > 02 62 (2.31)
(?‘?ﬁ-m) T T

2 2 r L
2 2
So that, with W €, <<( -1;—1-/3 - m)°, MS 1 is quite small., The
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L .
maximum value of MS . is 2 when QO =p < .

2¢3 FILTER REALIZATION

To demonstrate the application of the simulated inductor a

notch filter is realized as shown in figure 2.4,

The transfer function is easily calculated as

(2.32)

such that the notch fregﬁency and the selectivity Q are given
respectively by

2 1
o N
and
3 R /C
Q = (2.34)
Z R,JC,

It is interesting to note that the Q of such a filter is contro-
lable independent of cun by adjusting Ro .

2.4 THE OSCILLATOR

When the realized inductor is ideal (Q =e«C) and has a
/
sufficiently large value, a capacitor C connected across port
[ .
1«1 (figure 2.1) would lead to realization of low frequency

oscillator with a frequency of oscillation,

1
Al /Li d
- yp-
1 (B~ 5)p-7)

~. T r
2uﬁ;%-R (;f..S) od

=

(2.35)
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A separate active device is not necessary but it is necessary
that the passive parameters adapted in the circuit should lead to
the condition of oscillation in terms of the circuit stability.

This however is not difficult to realize in practice and in fact

is obtained by interchanging the input terminals of the operational
amplifier used as n.i.c.(cf. figure 2.4). The £-C curves for two
different values of/@ are shown in figure 2,5,

2.5 RESULTS
The measured values of Lb and Rb with varying f, for the
bilinear case are shown by triangles in figure 2,2 for different

parameter values along with the theoretical curves,

With the simulated ideal inductor an oscillator was set-up
by connecting capacitor é of different values across port 1-1'
(figure 2.1). The measured frequencies indicated by triangles
are plotted in the f—é coordinates along with the theoretical
curves in figure 2.5 for two different values of/6 « The results

plotted in the curves show good agreement with the calculated

values,

2.6 CONCLUSION

The proposed circuit is a very generalized scheme of inductor
realization as may be seen that with passive parameter adjustment
it is possible to realize bilinear, linear and ideal inductor. In
the case of ideal inductor it is seen that it is possible to
simulate inductance of any value including infinity. Besides,

realizing typical filters with the simulated inductor, a variable
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low frequency sine-wave oscillator very often required in instru-
mentation system can also be conveniently constructed with it,

The tolerance in adjustment and matching of components needed,
is also shown by the sensitivity analysis to be not very high,
The circuit is well adaptable for integrated circuit form, with

only a few external components required to adjust the operation

in the desired mode.

The grounded inductor, non-ideal or ideal is not suitable
to realize an arbitrary filter for signal processing purposes,
Floating inductor is much more versatile in this respect, A method

of realizing a low loss floating inductor is described in the

next chapter,
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CHAPTER=-ITI

A LOSSLESS FLOATING INDUCTOR REALIZATION :
TWO NEW _APPROACHES

3¢1 INTRODUCT ION

Although éctive RC grounded ideal inductors are now easily
realizable in practice in some applications, such as a type of
filters, they are unsuitable. Floating ideal inductor realization
with RC elements then started receiving attention, Lately, there
has been some efforts to realize a floating lossless inductor with
RC elements and operational amplifiers or other active devices,
which are in turn realizable by operational amplifiers., Rollett1
obtained a floating inductance from a floating capacitance via
an active 3-port circulator. Reddy2 developed an approach to
realize a floating inductance from a floating capacitance starting
from a type of two operational amplifier grounded-inductor-realiza-

tion scheme using the complementing properties of input and ground

3

in active filters~. Sewell4 developed Rollett's approach further

to produce ungrounded inductance from two grounded capacitances.
Holt and Taylor5 suggested a scheme with two ideai gyrators and

a grounded capacitance. A circuit with one grounded capacitance

was also proposed by Deboo6 in a somewhat arbitrary manner. In this
chapter two new systematic approaches to realize an ideal floating
inductor with a single grounded capacitance and three operational
amplifiers are presented. The operational amplifiers are connected
as Current type negative immittance converter (INIC). It has also
been shown that the non-unity gains may be allowed in the INIC's

which then are required to be compensated by controlling the

conductance parameter of the circuit,

34
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3,2 REALIZATION APPROACHES' "

One approach follows from the 3-port gyrator model proposed
by Sewella. The nodal equations are first written from his block
schematic and these equations are then expanded. The expanded
equations lead straight right to the implementation of the proposed

scheme,

The second approach is through a step by step process
starting from a five-element ladder section. From the admittance
matrix of such a ladder the elements that are to be negative for
the desired realization are first listed. The possibility of
obtaining these negative parameters through minimal actual passive
and active elements is then explored. Both the approaches are

discussed in brief in the following.

3.2+1 APPROACH FROM THE 3-PORT GYRATOR MODEL

The block schematic of the proposed scheme is shown in

figure 3.1. From this figure and the admittance matrix

[; Y :] = 0 0 g
0 0 -g (3.1)
-g g 0

o

of the 3-port gyrator (Sewella), the nodal equations are easily
written as
I, = gEg ’ (3.,2a)
I, = -gE; (3.20)
I = =gE, + gE, (3.2¢)



lo—

>
<

Fig.3-2 Circuit schematic of the gyrator with capacitive
termination
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wWithout affecting the gyrator admittance matrix, equations (3,2)

may be expanded as

I, = (=g) (E1 - EB) + gE, : (B;Ba)
I,= g (- EB) + (-g) E, (3.3b)
13 = (-g) (E1 - E}) + g(EZ - E3) (3.30)

For circuit implementation of equations (3.3), voltage differences
in the right hand side of the third one of equations (3.3) should
appear as (E3 - E1) and (E3 - EZ)‘ The changes made are however
taken care of, in the floating ideal inductor realization, by
terminating port 3 with a negative capacitance, Then from equations
(3.3) one easily obtains the circuit scheme as shown in figure 3.2,
The presence of the negative conductance at port 2 make this circuit
realizable by three INIC's as shown in figure 3.3. The operational
amplifier version of figure 3.3 is shown in figure 3.4,

3.2.2 APPROACH FROM THE LADDER NETWORK

The five element ladder section is shown in figure 3.5.

Analysis yields its admittance parameter matrix as

pr—

-
~ _1 2 — -
y2 "Y2YI+

I = -

1 Y9 ¥ Y2 Yo + ¥z + Y, Yo+ ¥z * ¥, Eq

I 2 E

2
L " Yol Yy | =

Yo * Y3+ Yy s T Y Yy Ty,
(3.4)

One notes that a lossless floating inductor with a grounded

capacitor is realizable in the ladder of figure 3.5 for



I, L
° > un II [l -
T Y, Ve ‘I
E| yl Y3 Ys Ez

Fig.3.5 The five element ladder section
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(@) ¥y + Vo, =¥y +V¥5 =Y +y, =0 (3.5a)

. ® y2 = ¥ = Voy, (3.5b)
an

() yz =38C5 yy=2gy @ #3) (3.5¢)

along with the further conditions that all gj's are identical and
either Yo V3 and Yg are negative or Yqs y3 and y, are negative,
With the above conditions the ladder network of figure 3,5 can be
easily seen to be transformed to that of figure 3.2, From figure-
2,2 similar steps lead to the final scheme of figure 3.4,

3.3 THE REALIZED INDUCTANCE

Either from the three port admittance matrix of equation
(3.1) coupled with capacitor termination and transforming it into
a two port form as discussed earlier or from the matrix of equa-
tion (3.4), the admittance parameter matrix of the ideal floating

inductance is obtained as

2
1 -1

_ |
such that the realized ideal floating inductor is given as

L = 9? (307)
g

3.4 NONIDEALITY OF INDUCTANCE DUE TO COMPONENT TOLERANCE

For nonunity gains of the INIC's and tolerance in the values
of the conductances, the admittance matrix tends to become complicatec
However, the transmission matrix can be more easily derived from

figure 3.3 in such a situation. If in figure 3.3, the INIC's from
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right to left (port 2 to port 1) are considered to have gains k,,
k2 and k3 respectively, with k's as the ratios of the resistances
r1's and rz's, and the conductances from_the left to right (port 1
to port 2) are marked as 81» Bps B3 and Bl then the transmission

matrix between ports 1 and 2 is easily obtained as

T ]
g k
C 4 1 1 sC 2
(1 + 32)(1 - k, =) + —(k, k&g, ) - (1 +2) - =
g 185" " 8y 172°4 83 g &

‘ A l L, = g g
12 sC 4 1
{%1(1 + EE) - kBSC) (1 - k, E;) + (Ez - k3) k1k28h

1 sC 8
g3(g1 + gy 7 k3SC) (g2 - k3) k2

(3.8)
The realizability condition from equation (3.8) is now obtained as

The inductance has a value

C
L EZES (3.10)

in such a situation.

Equation (3.9) shows that only two conductances need to be
equal in value, the other two can be adjusted to compensate for
the nonunity gains of the INIC's. This increases the design
flexibility to a certain extent,
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In an ideal realization the sensitivity has to be calculated
for L = C/g° only. This yields

L 1 L |

indicating sufficiently low sensitivity figures. However, with

equation (3.9) observed sensitivities from the parasitic consi-

9

deration” may also be obtained. The floating impedance is

sC 1 2
Z = 8253 * g3 Eo
sC :E
= amn—— . 2
€5 | Ejfs (3.12)

where € is the parasitic g, ~v k, 85+ The sensitivity of Z is given

by

MSi(E) S'&§§ ' (3.13)

where M stands for 'magnitude of', In obtaining equation (3.13)
second order’of € has been neglected., It appears from equation
(3.13) that at very low frequencies MSZ(G) may be quite large unless
E is of the order of ppm. As a parasitic however € is usually not

larger than that, hence the sensitivity always tends to be quite low,

3.6 CIRCUIT STABILITY

The circuit stability in this context means the stability
of the INIC's, It is simple to stabilize this circuit by properly
choosing the input terminals of the operational amplifiers1o. with
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ry >>r2, the connections in the operational amplifiers with the

indicated polarity as in figure 3.4 are proper for stability.

3.7 EXPERIMENTAL RESULTS

Experimental studies have confirmed the theoretical analysis,
The circuit of figure 3.4 was then actually used to design a low

11

pass filter ' using low tolerance (1%) passive components and

operational amplifiers with 1 MHz gain band width with an attempt
for proper stop band trimming, the filter function being

e 2
é-(')' = 3 1 +2h8 (3.114)
1 835 + a2s + a1s + ao

where
h = [IC

az = LR1(CC1 + CC, + c1c2)

a, = L (C + C2)
a,; = Rﬂ(c1+ c2)
a, = 1

The cut-off frequency obtained is at 10.8 kHz, Deviation of the
experimental result was less than 5% from the calculated values,
The experimental filter scheme 1is shown in figure 3.6, and the

theoretical response curve along with the experimental plot are

shown in figure 3,7.

3.8 CONCIUSION
Two systematic approaches for floating inductor realization

through a grounded capacitor three operational amplifier scheme
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are presented in this chapter., Although two different approaches
have been shown in Section 3.2, the basic structure obtained
through them come out to be the same, A grounded/capacitor scheme
has been considered because of conveniencevin integrability. Of

the many schemes, now known, the presented method has comparatively
less cancellation constraints. A low-pass filter has been designhed
using the developed prescribed method of realization and it has
been shown that the realization approaches the ideal values very

well with 1% tolerance components,

The realized inductors can be used to design filters of
desired response characteristics, The values of realized inductor
and their Q-factor may be called to determine the frequency range
and the filter selectivity and it is not difficult to have the
filter operating at low frequency as required in instrumentation
system, However inductorless filters may directly be designed with
active RC elements only. In such situations inductors are inherently
provided in the system., In the following chapter a generalized
approach is presented to obtain such a scheme in which all types
of response can be shown to be obtained by minor changes in the
passive RC networks. The basic realization approach however,remains

unchanged by these changes.
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CHAPTER-IV

INDUCTORLESS FILTER REALIZATION SCHEME
A GENERAL APPROACH

4,1 INTRODUCTION

In the preceding chapter a floating inductor realization
scheme and also its application in filter design has been demons-
trated. The ideal floating inductor requires quite a few resistors
and active blocks making the final filter topology sufficiently
elaborate. Instead integrated development of inductorless filters
through active RC form yields economic structures, In this direc-
tion individual schemes or particular forms have been px*oduced1'3
with success. This chapter presents a generalized appreach to
realize inductorless filter schemes with a stress on allpass
response characteristics,., Allpass filters have large scale appli-
cations in the areas of communication and control systems., A typical
example of its use is as a delay network in a communication channel
or in a controi loop where a time delay may be required to be
introduced without reduction in the signal strength, The presented
scheme uses 1nterconnection of one three terminal network with
another four terminal one, constrained by a single operational
amplifier (OA). The scheme is sufficiently general in the sense
that it can realize allpass, low, high and bandpass and also band
elimination filter functions,., It obtains these functions with
complex poles such that high~Q realization is implied. A8 pointed
out, the method starts with an approach to generalize the active

RC-allpass schemes with a single 0OA.

L4
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‘ *
4.2 THE GENERALJIZATION OF THIS ALL-PASS FILTERQ

For obtaining a complete generalization scheme of the

active RC allpass networkss“16

with a single differential input
operational amplifier, a 5-terminal RC network constrained by an
operational amplifier as shown in figure 4,1 would be required.

The terminal 4 and 5 are the output terminals and 1 is the input
terminal, Employing only the constraints (a) E, = EB’ (b) I, = 13= 0
and (c) I, being arbitrary, dictated by the ideal OA to the admi-
ttance matrix of this S5-terminal network, it is possible to realize

the voltage transmission matrix as

[:1;:] = ::§u1' t5£:] (4.1)

This generalization covers almost the entire class of single OA

allpass realization schemes, However, the constraints (a) to (c)
can reduce the admittance matrix order from 5x5 to 4x3 at the
most, but as such this reduction offers little advantage in
evaluating the matrix (:{] . Furthermore, if the OA has a finite
gain A, constraint (a) changes to (4) (E2 - E3)A = E,. Many of
the above schemesB'ﬁ’ 11-15 have, however, used a 4~terminal
constrained network to realize an all pass transmission function t41
In fact, the constraint provided by the 0OA, both for finite and
infinite gain configurations, in a 4-terminal network make the
evaluation of t,4 considerably easier. The other schemes7'1o have
also used a 4~terminal (including a grounded one) network, but
terminal 2 has been grounded in these, and the output has been

obtained at 5 realizing t51. The latter schemes were further

simplified by making Y13 = Y31 = 831 and the realization then
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Fig.4.1 The 5S- Terminal network scheme

8o! |

3—

€02

Fig.4.2 The proposed scheme of generalisation
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actually involves the synthesis of 3-terminal ladder or parallel
ladder network. Combining the above two schemes, therefore, a
generalized scheme can be attempted where the simplicity of
analysis and synthesis of both the schemes can be retained. In‘the
following, such a scheme, interconnecting a 3-terminal ﬁetwork
with a 4-terminal network constrained by a differential input OA
is presented., The evaluation of the overall transfer function in
this network is considerably simplified. The proposed generaliza-
tion scheme is shown in figure 4.2 where the voltages at the input
(terminal 1), first output terminal (terminal 4) and second output
terminal (terminal 5) are denoted by €5y €ny and g0 respectively,
The voltage transfer function t51 as defined earlier would now
have a changed significance as indicated in figure 4.2. So, for

brevity, t,, and tg, of equation (4.1) are replaced by t., and t

0 02
respectively, which are defined in equations (4.4) and (4.6) below,
Applying the constraints (d) and (b) to the admittance matrix of

the 4-terminal network one easily obtains

r-I - e _—
1 1
2% ! yoE 12 = Va3 + Avqy)
Y21 1 ™
0 —n (Yoo = Yoz + Ay, ) e
Voo Yook Va2 7 Y23 o4 1
— (4.2)
0 il ——7 (Y35 = V55 + Ayz,) co1
Y33 Y33 L 4
I y
4 41 1
Vi Vo Tk Guo = Yuz + Ayy,)
L L4 Yoy
L~ - - el



e
from which the voltage transfer function 391 is obtained as

i

y y
01 _ 33 22 (4.3)
e, y y y y
i a2y o Y3y (a3, Y32y
Yoo Y33 Yoo Y33
For the infinite gain OA realization, as is mostly the case,
equation (4.3) simplifies to
b ]
e y y
ty = 591 = y33 y22 (4,4)
i A = 24 34
Y22 33
For obtaining t02 y we define for the 3-terminal network
en, = €
02  -~01
t B eemcnnepm—— ([4.5)
and hence from figure 4,2
b = 292 =t tes (1 = toq) (4.6)
02 T & 01 * %51 01 .

The transmittance t51 can be written as the ratio of two second-

order cofactors of the admittance matrix of the 3-terminal network.

- —
Y11 Y14 Y15 |
[VB_.[ = | Y Y Yys (4.7)
Y51 Y54 Y55
- _
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following the usual definition17, and is given as
14
M
Y14

t02 can also be obtained from t54’ given as

11
€ny = € y
_ B2 T & Y5y
Psu = Eg ey T AT (4.9)
Yy
when
top = 1+t (g -1) (4.10)

to1 becomes identical with to2 if t51 = 0 or tSh = 1, which from
equation (4.5) or (4.9) implies €02 = €oq°

Following equation (4.6) or (4.10) almost all the allpass
networks are obtainable from figure 4,2 with the proper choice of
ki,g (which are, again, y

mn Pq
in equation (4.8) or (4.9). We choose equation (4.6) and show by

yij's in equation (4,4) and y 's only)

way of example how some of the important allpass realization

schemes are derived from it,

The circuit of Dutta Roy6 is easily obtained if

y§[+ = 0

Y1 1/” A

n——— =

Yoo TR, + T/R, = T—_‘“R

You = Yoo = Yo

tgy = 0O

and
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These give
Y511 + A) = Ya3 A

t = (4.11)
(DR) Y33 .
The Deliyannis11 circuit is obtained for
yBQ =0
Y39 __8a 1
y33 8a *+ &p T + K
/
Yoo = Y21 * Yoo
and
t51 = O
The transfer function 1s given as
/
Va2 = k¥py
YD) = TTTKIv,, (4.12)

The circuits of Schooneert and Kretzschmar7 and that of Patranabis1'

requires the component arrangement such that

g {
Yoo = oC H Y34 = g}h H y§1 = 831 ’ Y33 = g31 + g34 ;M= E%Z

and tg, = /ég (s, Ry, C) giving

t(P) or t(SK) = /Q,(1 -m) +m : (4.13)

/%)must be synthesised in the ladder or parallel ladder form10

In an earlier generalization scheme18, which required one 3-termina:
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network less than the lLiberatore generalization19, the Holt and
Gray circuit was not realizable. In the present scheme this also

is possible with the following identification

25

yaq =5 + 15 Ypq = Vo =¥ (s8Y)3 ¥y = 55T
=f‘f~1+25 + 2
Y5 = 5 + 1 3 + 1

<
N
N
i

This gives

1 S + 32 ( 4)
Ty T mm—— 4,1
(HG) 1 + 8 + 87

Most of the other circuits are only special cases of the
above schemes and cen similarly be shown to be realizable by this

scheme including a circuit17 with a finite gain OA.

The generalization has thus been shown to cover the allpass
realization scheme almost fully, except perhaps the cases where
the QA is used as a voltage-controlled current sourcezo. It would
further be noted that this structure with eppropriate choice of

the passive network could be adapted to realize any arbitrary

transfer functions besides the allpass ones already discussed,

4.3 HIGH, LOW, BAND-PASS AND NOTCH FILTKFR REALTZATION

Some examples from second order, high, low, band-pass and

notch filters are given below for confirming the generalization

of the second scheme,
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4.3,1 HIGH-PASS FILTER REALIZATION

From equation (4,4) and (4.10) for tSA =1, we get

Y51 Y21
Yy b4
t., = 22 22 (4.15)
“ Yo Y3y
Yoo Y33
Letting now,
Yoq = 8+ 1 3 Yo, = 8 + 33 Yoo = 3s + L
Yaq = S + 2 Yai = L(s+1); Y5 = 25 + 8
equation (4.15) yields
2
to, = 2s_ (4.16)
02 e *

s + 183 + 4O

This 1s the transfer function of a High-pass filter with real poles,

However for highpass filters with complex poles the following

selections are made

Yo =8+ 15 Yo =8 +3 3 Y, =35 +4

Y39 = S 2 3 Y3y =

b=

~<
o
W

it

A

%2}

+

89)

The transfer function is then obtained as

N

th, = — (4.17)
02 &s? + 255 + 44
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4,%,2 BAND-PASS FILTER REALIZATION

In equation (4.15) assuming

Yo =85+ 1 3 Yy =25 + 1 Yop = 38 + 2

-e

P\)

Yzq = 5 * Vg = S+ 1 3 Y33 = 3s + 4
the band-pass filter transfer function with real poles is

obtained as

= 2 (4.18)
o2 352v+ bs + 2

If however one identifies,

Yoq =Vpu =8+ 1§ Yy =38+ 2

Yzq =8 + 25 Yau =13 Y33 = 3s + 4

a band-pass filter with complex poles is obtained,

toz = ™ (4.19)

4,%3.,3 LOW-PASS FILTER REALTZATION

A real pole second order filter can be easily synthesised

with appropriate choice of Yy 's, An example of complex pole

J
second order filter is given below with

s + 5 ; You = 3s + 11

-e

Yoo = Ls + 16

-e

Y31=S+3;ly3[+=25+3 y33=143+8



These yield

top = (4.20)

4,%,4 NOTCH FILTER REALIZATION

If one makes t51 = % instead of O in the Holt and Gray

realization procedure given above, then from equation (4,6)

52 + 1

ty(s) =
N 52 + 38 + 1

(4.21)
indicating that a notch network function is realizable by the scheme,

4.4 CONSIDERATION OF THE FINITE GAIN=-BANDWIDTH PRODUCT OF THE
OPERATIONAL AMPLIFTER

Since the constraints of infinite gain was not used in the
beginning for obtaining the voltage transfer function from the
L-terminal network, equation (4.2) can be conveniently used to
evaluate the effect of the finite gain-bandwidth product of the OA
in the realization schemes., It may be shown that a simple-pole
model of the OA introduces an additional pole in &all these reali-

zations with t01 now given as

I3 Yo
" - Y33 Yp2

(b.22)

where CQB is the unity gain=bandwidth of the amplifier,
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4,5  CONCLUSION

The generalization scheme of active RC filters with a single
operational amplifier has been described in this chapter., The

scheme may be used as a single stock of active RC filter function

realization schemes,

In Chapter-ll a simulated inductor has been shown to generate
sinusoidal oscillations, High, low and band-pass filters realized
through integrated approach can be equally effective in producing
harmonic generation, Further through a suitable choice, single
element frequency controllability of such oscillators is easily
obtained. This is borne out in the next chapter with associated

details and applications.
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CHAPTER-V

SINGLE ELEMENT CONTROL SINEWAVE OSCILLATOR

541 INTRODUCTION

In chapters II and IIT simulation of inductor both grounded

and floating have been considered. Such a circuilt component has

been known to be useful in the synthesis of low

frequency analogue

siénal processing network (filters) and in the design of] sinewave

oscilllators, However fillter design is of more importance with such

.'.=;:Lmul,:-1tions',1"3 and since literature ébounds.is s

ch s*t:uciiie-st‘t-5 only

.a generalized approach of realizing inductorless filter 'scheme

with a single operational amplifier has been pre

preceeding chapter.

Another important active RC system (i.e.

sented in the

¢

the oscillator)

generated from the filters for application in instrumeﬁtﬁtion

and communication is considered in this chapter.
chapters other types of oscillators have been dil
oscillators are not identical in design, perform

Mode of oscillations varying from harmonic to re

In the EubseQuent
scussed.| -All these
ance and utility.

laxation have been

considered using two kinds of active devices. Co

ntinuing the use

of operational amplifier, the present chapter is devoted to discuss

a special type slnewave oscillator which is sing
controllables*. This control element should be r
convenience., Some types of this class of oscillsa

adopted to generate voltage controlled oscillatil

le element
esistive for
tor can jbe easily

on, which 1is very

much useful in signal processing in instrumentation and communi-

]

" cation areas. With sultable transducers these oscillators can

. also be used for measurement and control of ind

57

strial parameters,



In recent years studies on many different types of sinewave

7-10

oscillators whose frequency is controllable with a single

variable resistor have been reported, Of the various circuits or

9

class of circuits providing such oscillations, those of Sun” and
Holt and Lee1o have special merits, in so far as a few of these
circuits use minimum RC elements, and only two amplifiers of
appropriate gain conditions. Sun's approach in the design of these
oscillators is by combining the feedback in a low/high/bandpass
structure with that in a bandpass one, while Holt and lLee start
with a paraphase amplifier, Here an alternative new approach of
generating a class of such oscillators with direct feedback in an
active RC high/low/bandpass filter or biquad in cascade with an
amplifier is presented., A single such case was described earlier11
in a plecemeal fashion, The analysis of the oscillation stability
of the circuits presented, is also made and followed - through the
generalized open loop transfer function, and Loeb's criteria for
limit cycle stability are applied. Sensitivity of frequency to
temperature and effect of finite gain bandwidth product of the

operational amplifiers used have also been discussed, Results of

experimental studies of a typiczl circuit have been given in graphs,

5.2 BASIC THEORY

The transfer function of an active RC filter with a cascaded

amplifier of gain Ka may be written as

K.F(s)
(s) = —p——— (5.1)
S + 8 + O,
[ d
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where Qd = pole Q-factor, qu = pole resonance frequency and

K = a gain parameter, For generalized analysis, the function
e}

F(s) may be defined as

F(s) = as® + bs + ¢ (5.2)

such that when the feedback loop is completed, the condition of

oscillation is derived as

Kb = g (5.3)

A
W = =gz ) (5.4)
a
&y
Kab determines the condition of oscillation in relation to T and

d
for independent control of frequency it is necessary that a and/or

¢ should be a function of the controlling parameter which usually
is the gain parameter of the filter amplifier. It may be observed
further from equations (5.3) and (5.4) that for such an independent
single element frequency control both a and ¢ in F(s) should not be
simultaneously zero when b # O, meaning that a bandpass structure
with a single zero at the origin is not permitted., Further when

b = O and either a or c is zero i.e. for low and high pass filters
1/.Qd can and should be usually made zero making Qd a function of
the gain parameter of the filter amplifier when Ka can be adjusted
for frequency control only, Table-5,1 summarizes the constraints,

condition and tuning parameters,
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TABLE=5,1

OSCILLATOR CONSTRAINTS CONDITION AND TUNING PARAMETERS

p Zeros of F(s) Oscillation Frequency
~ases allowed at condition tuning by
1 _oc 1 = 0 K
ﬁg a
2 0o , 0 1 =0 K
+ ' - Qg a
()
3 - % K = 5%5 c
W
b d
2
-b 1‘/b - Lac oy
’ 73 a = %a; 8 ©

5.3 THE CIRCUITS

Four filter circuits with the cascaded amplifier are shown
in figures 5.1 and 5,2. Basically two circuit schemes are depicted
and each of these schemes has two variations with the interchance
of the RC elements. Figure 5.1(a), (b) show a low and a high pass
structure respectively and figufes 5.2(a), (b) are bandpass struc-
tures. Table 5.2 gives the condition of oscillation, frequency of
oscillation and the limits of the product of the amplifier gains

for the above four cases. It may be observed from Table 5,2 that
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Fig.5.1 (a) (b) An active RC filter with a
cascaded voltage amplifier stage

e

(b)

Fig.5-2 (a)(b) An active RC filter with o cascaded
voltage amplifier stage
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both negative and positive gains are permitted in the frequency

setting amplifier. The limits of the tuning gain, gain conditions

and normalized frequencies are tabulated In Table-5.3 for equal

C's and R's.

CONDITION, FREQUENCY AND GAIN LIMITS

TABLE=5,2

IN OSCILLATOR CIRCUITS

Figure Condition of ) Limits
Reference Oscillation o} of K1K2
| -1}
C C, R. 1 - KK
Lo Cut 1Ko .
T, T TR, C.C Ry 12
R, C.R 3
5.1(b) Ky =1 v 52+ m | | o —"°41K2<1
4 3% 4| 173020 172
- %
) c, R, 1 - K,]KJ
5.2(a K, =1+ = -océ K <1
~ TR, _C1Ct+“9_”3 12
CoRy . <
[ ] b = - e
TABLE=~5.3
GAIN AND FREQUENCY LIMITS
Circuit shown Limits of K; | Limits of K, N = ;’)’3
in figure (1 =1,2) (3 = 1,2) 9 d
- W
5.1(a) _oc’éxzé% Ky =3 062 N)o
5.1(b) -0k, £ 3 1= PSR
5.2(a) "-”04’{1,@% K, = 2 xsz;o
= ol
5.2(b) ..oc’gx1’é% Ky = 2 oéwNé
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It will be seen that the amplifier of gain K2 in figures 5.2(a)
and 5.2(b) is in fact the cascaded stage. Its position after the
passive differentiator or the integrator increases its required
value and the range of K |

10

5.4 STABILITY AND SENSITIVITY

It can be seen from the circuit configurations that all the
circuits should have good operational stability, However, amplitude
stabilization is controlled by the saturation characteristics of
the amplifiers and it can be analysed with the help of the descri-
bing function technique to obtain stable limit cycle applying
Loeb's criterion12. The analysis starts with the open loop transfer
function T(s) of the loop shown in figure 5.3 where N(¢) represents
the single valued stabilizing saturation chicracteristic of the
amplifier, For a stable sinusoidal oscillaticn v = VOCostwht
to exist in the closed loop system, the stability criterion, the
oscillation conditions with the equation for evaluating the

describing flmction13

o
D(Vo) = a;v—vij (V, cos x) cos x dx (5.5)
)
0

are given respectively by

d I, T(J wn) dp (Vo)
p— O .6
3 — < (5.6)
It (jcan> =0 (5.7)

and
1 + E(VO) Re T(chn) = 0 : (5.8)



V
®____. T(s) —

N{V)

N(e) re

Fig.5-3 The representative autonomous system
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where Im and He stand for imaginary and real parts respectively.

Expressing T(s) as )
T(s) = as” + bs + ¢C

(5.9)
p(s‘2 +/Qs +Y
one derives CQn and D(Vo) from equations (5.6), (5.7) and (5.8)
as
2 Yo -Bc
o = (5.10)
n x "/5a
and

D(Vo) = - -’.56; (5.11)

From equation (5.5), one derives

dD(VO) 1 + K+ ReT(jGDn)\ (5.12)

HCO VBT @y ) )
where oir

1 AN

K, = ;F— §Vp cos x dx
0
and from equations (5.9) and (5.10), one gets
d I T(3 &) 2(a B - b)‘"r?;

2
(Y=des) + pPa

Combining equations (5.5), (5.11) and (5.13), the criterion for
stability of a biquadratic filter feedback oscillator is given by

2 <
w
€=%;-(K++/é) (aﬂ-iz) - 2<o (5.14)
(Y-ele?) ‘P Al
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Thus the value of é. for the different circuit configurations

are given in Table-5.4,

TABI.;E"‘5.L¥
THE STABILITY CRITERION
Figure reference €
5.1(a) 0
5.1(b) 0
5.2(a) Sk, 1) B
2Ky =
5.2(b) (k, + 1222k 1)
Since 2
. 2w
n

A v, [(')/-c(wﬁ)2+ /gzwﬁj

is always positive and K+ is required to be positive always, the
limit cycle stability criterion is satisfied for all the above
four circuits, The suitability of this method for the generalized
stability analysis for oscillators using saturation characteris-
tics is further demonstrated by applying it into the circuit of
figure 5.4, which although theoretically is quite amenable for
use as single element-tuned sinewave oscillator, has in fact,

stability incompatibility,

Working out condition (5.14) for this circuit one obtains

€~ Fr e

which 1s neither zero nor negative,



Fig.5-4 An active RC filter for stability test
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The frequency stability is likely to be affected by
temperature variation. This can, however, be taken care of by
proper choice of temperature co-efficients of resistors and
capacitors used in the circuit, as is pointed out by Hribsek

and Newcomb1q 15

following Moschytz ' “., In fact it is shown that if
all cepacitors and all resistors hsve the same temperature

co-efficients, the relative change in frequency

wo = T + —-c— ) (5.15)
is zero, if we choose

AR AC
R == [ (5016)

which is quite possible to realize in practice,

545 THE VCO'S AND THE EXPERIMENTAL RESULTS

For generation of voltage controlled oscillations, the
frequency setting amplifiers are kept FET controlled where the FET
is used as a voltage variable resistor, If RF is the drain to
source resistance of the FET and the galn-setting amplifier is

used with a differential arrangement as shown in figure 5.,5(a),

gain Ky is given as

Rg = R (V. + V__)
Ki = 5 + ﬂo 6R7 + S) (5.173)
5 0756 p gs

where Vp = FET pinch-off voltage, Vgs = applied gate to source

voltage and /@3 = a constant of the FET, For the amplifier provi-

ding the oscillation condition the general arrangement of the circuit
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(a) (b)

Fig.5.5(a) Amplifier stage with a FET and an operational
amplifier. (b) Positive. gain amplifier with an operational

amplifier.
R = 75K -0.60
| C = 0.047uF
2B Vp’: 5.Vohs
ST VAVA R

O-30 £(KH)
—0.45
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—0.40
2
L ] L l 0.35
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Fig.5.6.Experimental results .
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is shown in figure 5.5(b) where the gain KJ is calculated as

Rg
Ky =1+ T, , (5.17b)

Results of the VCO's for Type-2 using amplifier circuits
of figures 5.5(a) and 5.5(b) are shown in curves in figure 5,6,

The triangles indicate the experimental values,

5.6 FREQUENCY LIMITING BY BANDWIDTH OF THE AMPLIFIERS

In the experimental set up operational amplifierl/“A7h1
has been used for designing the amplifiers, Its dominant pole

design 1s accounted for, by writing the gain relation as

1 S

1
16y + I; (5.18)

where COB represents the gain bandwidth,

The limitation this roll-off characteristic imposes on the
high frequency operation can be discussed considering the individual
amplifiers having finite gain K; and Kj. Using equations (5.17) and
(5.18) the effective gains for the circuits of figure 5.,5(a) and
5.5(b) respectively are given as

2 (5.19)
K = K 5.19
i effective R7 i
A > @
o s(1 + nf) +
B
and 5
K = 4o 4+ K 5,20
J effective AS-HC ZSB J ( )

The highest frequency is thus limited by Ki more than by Kj.
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5.7 CONCLUS ION

Single resistive element-control sine-wave RC oscillators
have been studied following a new approach of previding direct
feed back in low/high/band pass filters., The design of the filters
itself should be very carefully made so that the desired contro-
llability can be achieved, The stability of oscillation has also
been considered following Loeb's suggestions. This stability study
is quite general and applicable to systems having lumped 1dealized
active block like an operational amplifier., Often in practical
applications fixed frequency sine wave oscillators with stability
to temperature and supply voltage variation are necessary, Although
operational amplifiers are inexpensive and easily available now, a
cheaper and more readily available active device like a transistor
appears to be a better choice for the design of such oscillators,
A paired transistor block has in consequence been proposed to
generate sine, harmonic and relaxation osci.lations whose frequen-
- cies are however not necessarily fixed. For example a voltage
controlled oscillator could be obtained in this group for applica-
tion in measurement and telemetry systems, In the subsequent
chapters these oscillators have been considered in details. In
the next chapter emitter coupled differential pair is used to

produce a high stability sinewave oscillator.
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CHAPTER~VI

SINUSOIDAL OSCILLATION WITH AN EMITTER
COUPLED DIFFERENTIAL PAIR

6.1 INTRODUCTION

In the previous chapter methods to obtain sinusoidal osci-
llations with single element control facility using two operatio-
nal amplifiers (OA) have been described. OA's afe available as
chips making the commercial setting of the oscillators easy.
However since every active RC circuits can now be fabricated as
a whole in the chip form, a simpler oscillator circuit involving
less number of transistors and other components would be economic,
It is intended to present an RC oscillator circuit which is both
simple and economic. In addition, a type of emitter coupling
proposed here introduces an inherent tendency of self-compensation
against changes of active circuit parameters and the frequency

remains practically independent of temperature change even though

germanium transistors are used.

Attempts to generate sinusoidal oscillations in conven-
tional multivibrator circuit are thwarted to a large extend due
to its inherently low selectivity, because of the use of load and
interstage coupling elements as the frequency selecting part. This
limitation can be avoided by (1) increasing the gain margin
between the relaxation and the harmonic mode of operation by
determining the optimum relationship of the load and coupling
element and (2) eliminating the ppssibility of having real and
positive roots of the characteristic equation of this oscillator

using an amplitude defining mechanism with a differential cireuit

70
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arrangement, An emitter coupled differential stage proposed
1%

here is shown to accomplish these .

The proposed circuit is analysed using the hybrid equi-
valent model of the transistor and other associated parameters,
The rigour is followed till the stage it is necessary and based
on the analysis, circuit components are selected for optimum
operation, Condition and frequency of oscillation are also

obtained through this analysis,.

6.2 CIRCUIT DESCRIPTION

The emitter coupled differential amplifier with its output
fed back to the input through a RC network 1s shown in figure 6.1.
Circuits of this type are known to oscillate in relaxation mode,
because of large system gain2. It is shown here that, it is
possible to generate sinusoidal oscillation in such a system by

maintaining near unity system gain by adJustment of the load and

interstage coupling network.

The transistors Q1 and Q, in figure 6.1 form a composite
3

« Since such a
pair does not introduce any phase shift, positive feed back is

(CC~-CB) pair having a current gain of heo hey

very easily derived by coupling the output of trensistor Q2 to
the input of the transistor Q1 with a capacitor C. The symmetri-
cal limiting characteristic of the emitter coupled pair limits
the oscillation amplitude and no other external limiter is
necessary, The degenerative feed back introduced by the common
emitter resistor Rg stabilizes the opereting point and the gain
of the amplifier against supply voltage and ambient téﬁperature

variation, thereby reducing the frequency drift of the oscillator,



]

<Rs R, ==C Rs
[ s | \
S

Fig.6-1 Emitter coupled differential amplifier
with the RC feedback network




Fig.6.2. The modified hybrid equivalent circvit of Fig. 6.1
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The frequency determining elements are the collector load
resistance R1 of transistor Q2 3 R2 the parallel combination of
R3 and Rh the biasing resistors of the transistor Q1; the coupling
capacitor C and the two shunt capacitors C1 and C2 which may be
either lumped capacitors or the output and input capacitance of
the amplifier., A large by-pass cepacitor is connected between the
base of Q2 and ground in order to effectively ground the base of

Q2 particularly if the biaising resistors R5 and R6 are large,

6.3 CONDITION OF OSCILLATION AND FREQUENCY

The feed back loop 1is assumed to be opened at the point 'a!
in figure 6,1 and a modified hybrid equivalent circuit of figure
6.1 is shown in figure 6,2 where the collector load of Q, 1s

considered to be a complex load ZL comprising of R1,R2,C,C1 and CZ‘

Let Voo be the output voltage across the complex load ZL
at the collector of Q2 due to an applied input voltage vy at the
base of Q, as shown in figure 6.2,

From the loop equations i, is obtained see appendix 6.1,
equation (A-6, 2)] as

A hfb hfc
Yy = he Dic hb, «he e
{hib (A + WE—) + hic} + {A (A + %——) + hiC hOt}ZL

(6.1)
where [see appendix 6,1, equation (A-6.l+)]
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1 o Cz)

7. =
oy ¢4C, R, c, c, }
m-mnz(c +C2+—C——)+jw E-(1+C—)+(1+r)
(6.2a)
and
A = nh - hh (6.2b)

The current i flowing through Z3 [gee appendix 6,1, figure A-6,2;
and equation (A-6.5i} provides the feed back voltage e, at the base

of transistor Q1 when the loop is closed. Thus [?ee appendix 6.1,
equation (A-6.5ﬂ

jw (1 + JwC, Ry)

i, =1
6 = 14 1 2 . c1c2) " R2(1 cz) ‘4 019
TR, - @ RACy # G ) A IO )+ U e

| (6.3)
and hence
2 (6.4)
e =1 ————3————§f .
o 6 1 + coC2 5
C,
Combining equations (6.1) through (6.4) and writing n, =gz ;

Cy - Ry
n2 = and m = ﬁT one obtains

L]

J®hh RV,

e
° J [{m(1+n )+ (1+n )}{ ib( hc ;C) + hic} + R2(1+n2)
2
{Ahb(Ahc . ré_c) ‘ by h Ob}] {Ahb ;c) . hicho‘x} +
1 C c
{EE ~2Ry(Cy + Cy 4 2}.{ (Al :;C) . hic} (6.5)




74

Since for oscilletion e, must be equal to Vi the condition of

maintenance of oscillation is obtained from equation (6.5) as

h..h h h
b fﬁ + (1+n2) £b rbh - (1+n2)h°b
he ic ic
hyp(A™ + =) + 0y hyp + 7
E c Ahc + ic
”E
= %E m(1+n2) + (1+n1i} (6.6)

and corresponding frequency of oscillation as

. 1 b hsb hrb
=t [ EREmm) | 1 P e - - e
1o* he “ic
+
miS
E

(6.7)

Writing n = n,+n,+n,n, and R, = mR, = mR equation (6.7) simplifies
to

B hah 1 :
f=o—to_ | 1+R;J h, -~ —2IB (6.8)
2HWCR ,mn h + ic
ib n h
C C
AT R

6.4 CHOICE OF THE CIRCUIT ELEMENTS

6.4.1 CHOICE OF THE TRANSISTORS

The transistors should have high cut-off frequency and the

common collector current gain th(R:/B ) should be sufficiently
large to satisfy the gain requirement with low value of R1. The
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two transistors should be matchedu, have low leakage and pre-
ferably be in the same header so that temperature variation
affect both equally and full advantage of large common mode
rejection properties of emitter coupled differential pair (ECDP)
is easily realized, However to show the inherent stabilizing
property of ECDP configuration, two independent but matched pair

germanium transistors (OC 45) were used.

6.4,2 CHOICE OF FREQUENCY DETERMINING ELEMENTS

The choice of components for the oscillator circuit is
primarily guided by the condition of maintenance as given by
equation (6.6). The second and third term in the right hand side
of this equation may be shown to have negligible contribution for
almost all the present day smell signal transistor even though n,
may be quite large, such that equetion (6.6) simplifies to
- ]

hephee

T
he ic
hiy (A # Rg‘) + hyo

R, = m (1+n2) + (1+n1) (6.10)

The capacitors C1 and C2 act as harmonic filtering elements

and C is the coupling element, For large harmonic rejection the

capacitors C1 and 02 should be much larger than C i.e, n, and n,
R
should be much larger than unity. For convenience the ratio Hl =m
2

is chosen to be unity and n, = nzj> 1, the equation (6,10) further

reduces to

hfbhfc

mR, = n, +n (6.11
h (Ahc + hiC) +h 1 1 2 )
ib RE‘ ic
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Thus R, may be calculated from equation (6.,11) by assuming
reasonable values of n, and Nye The value R2 is then easily

obtained from the condition m = 1,

The value of the capacitor C may be obtained from the
desired frequency of oscilllation (equation 6,7). The values of

C, and C, are then calculated from the assumed values of n, and n,.

6.,4,3 CHOICE OF COMMON EMITTER RESISTOR

A high common mode rejection ratio in the differential

. L
pair is ascertained when Rg is chosen following’r

RE>>hib + Ry (1 + hpy) (6.12)

where Rg is the common-mode signal generator impedance, It must
be remembered that RF should also be made variable to obtain
proper biasing level as the biaising chain resistors cannot be

changed from the chosen value for a given m,

6.4.4 CHOICE OF OTHER CIRCUIT COMPONENTS

The bilaising resistors R5 and Rg for the transistor Q2 are
chosen to be equal ta R3 and Ry, for making the two stages elec-

trically almost 1dentical under quiescent operating condition,

A capacitor C3 is connected in order to effectively ground
the base of the transistor Q2 under oscillatory condition., The
value of C3 is chosen such that the reactance of C3 at the osci-
llation frequency is negliglbly small in comparison to the

effective resistance of the bidaging chain.
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6.5 THE EXPERIMENTAL CIRCUIT AND RESULTS

The frequency determining elements were chosen assuming
n, = 1 and m = 1. The capacitor C2 was omitted in order to avoid
the possibility of operating point shift due to d.c. voltage
build-up on C2 through a rectifying circuit formed by the base-
emitter diode of the transistor Q1, C2 and R2. However C2 cannot
be made zero due to the input and stray capacitance, Thus n, <§j
and may be assumed to be zero for low frequency oscillator circuits,
Thus the condition of maintenance of oscillation given by equation
(6.10) and frequency of oscillation given by equation (6.7)

reduces to

h.h

- £ gi Ry = 3 (6.13)
C C .
hip(A™ + Rt Pic
and 1&
h.h
_ 1 _ b 'rb
fmz’ﬁc& = 1+R; 4 hy — Roo (6.14)
ib hc “ic
AR

Based upon the above assumptions and analysis, an oscillator was
set-up with a matched pair of OC 45 transistors., The passive

parameter values chosen were

X
]

1 190 ohms; R3 = Ry = 680 ohms, R, = Rg = 250 ohms
= R3 “ R, = 184 ohms

1.0?/“F} Cy = 1.og/ap; C, is negligible

Q
N
] !
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Rp = 400 ohms; C3 = 1€/£F, and Voo = = 4,5 volts.,

The calculated and measured frequency are given in

TABLE-6,1
FREQUENCY OF OSCILLATION
Calculated Experimental Measured
Frequency Frequency Distortion
Hz Hz dB
820 802 - 35

6.6 CONCLUSION

A comprehensive linear analysis of an oscillator circuit
with an emitter coupled differential pair of transistorghas been
presented in this chapter., It has been demonstrated that by
optimising the load and coupling element and introducing an
amplitude defining mechanism of emitter coupling, generation of
temperature stable sinusoidal oscillation of good wave form purity
is possible, Due to the high common mode rejection characteristics
and inherent stabilizing property of an ECDP transistor amplifier,
the effect of ambient temperature variation on oscillation frequency
is minimised, Experimental study has shown about 0,1 percent
frequency variation for an ambient temperature change from 24°C to
55°C without the use of any thermal stabilizing element in the
circuit; indicating a very low dependance of oscillation frequency

on the active circuit parameters -~ a criteria not very common is

simple RC oscillator circuits.
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It is well known that the amplitude stabilizing mechanism
cannot be explained by linear analysis and for'this circuit the
oscillation amplitude stabilization is due to the antisymmetric
limiting characteristic of the emitter coupled pair. Moreover
since the circuit is basically like that of an emitter coupled
multivibrator but by optimised load and coupling element it is
used to generate sinusoidal oscillation, it would be of interest
to study the circuit taking into account the non-linear amplitude
defining mechanism and possibility of generation of harmonic to
relaxation mode of osclllation. This has been taken up in the
next chapter with the view to predict the behaviour and adjust

the mode of operation in the desired range and/or zone.
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APPENDTX=6,1

From the figure 6.2 the four loop equations may be written as

«
—
H

i1hic + 1ZREhrc - iBREhrc + ih‘o )

h
fc . 1
0 = i,] H—-—- + i? (hlb + Yl-‘;;) - iBRE + ib'.O

oc
0 =1,.0 - i5Ry + 13(h1b+ RE) + 1,Z¢h o (A-6.1)
h
. o 1
0 =1,.,.0 + 1,,0 + i, =+ 1 (z, + H——)

where ZL is the complex load seen by the transistor Q2.

From equation (A-6.1) the fourth loop current i, 1s easily

evaluated as

v1hfbhfc

i =
4 h h
{hib(Ahc N réﬁ) N hic} + {Ahb (A + 1.{-;E-‘Z) + hichob} z,

(A=6.2)

The complex load ZL comprises of the frequency determining

network as shown in figure A-6.1.

R

_ 1
where Z, = y— ja§E1R1 (A6,.3a)
. 1
7 = St (A-6.3b)
R
Zy = T
- IS
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Fig. A-6.1 The complex load Z;

g T

Z, 23 %o

Fig. A~6.2 Currents in the branches

of the complex load
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Z (Zq + Z )
, o hlZ 2
L 2} + 22 + 2

3

Therefore

L+ IR, (1 +g§)
- 1 2 c,C, R, C, C, (4=6.4)
Eﬁ; - W RQ(C1+C2+ = )+ Jjw H;(1 + E—) + (1+'C-)

The current i& feeds the complex load ss shown in figure A-6,2 and
divides into two parts 15 and i6 as shown, Thus current 16 is

. evaluated as

21
Yo =l v, vT
6 4 g Ly t Ly
Therefore

Jeo (1 + JWC,R,)
i6=i[+

C.C R C C
ok - oty + b sl s )

(A~-6.5)
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CHAPTER-VII

NON-LINEAR OSCILLATIONS USING ANTISYMMETRIC TRANSFER
CHARACTERISTICS OF A DIFFERENTIAL PAIR

71 INTRODUCT TON

Oscillations in a regenerative circuit may be either in
harmonic or relaxation mode, generating sinusoidal or non-sinu-
soidal waveforms respectively. The previous chapter has been
devoted on a practical temperature and supply voltage insensitive
sinewave oscillator using the self saturating characteristics of
a transistor differential pailr. The same circuit can be used to
generate quasilinear and relaxation oscillations. Van der Pol1
predicted that it is impracticable to obtain stable harmonic
oscillation as well as relexation oscillation from the same
system as relaxation mode of operation is characterised by high
degree of non~linearity and low order of selectivity and as such
has requirement contrary to harmonic mode operation. Accordingly
oscillators were partitioned into two distinct classes and treated
separately, This precluded the possibility of having an unified
analysis based on which the performance of a regenerative system
could be predicted over the entire range from harmonic to relaxa-
tion mode and the parameters identified for adjustment for a

particular mode of operation and wave form generation,

Adjustment from relaxation mode to stable harmonic mode of
oscillation is, however, possible with a low-gain margin if proper
modification is introduced with the optimized values of load and
coupling elements together with the non-linearity of the antisy-

mmetric trensfer characteristic of a differential pair whereby the

83



84

output approaches the limiting value asymptotically. The
non-linearity of the self-saturating characteristics 1is assumed
to be a transcendental function of hyperbolic tangent type. An
inverse tangent epproximation of the smplifier function2 was
earlier proposed with limited success in predicting the practical
osclllation waveform when operated at large amplitude, The anti-
symmetric transfer characteristics introduces an instantaneous
amplitude defining mechanism with reduced second harmonic distor-
tion and makes the system self~-compensating as regards parameter
variation due to the change in ambient temperature and supply

3

voltage variation”, and much less critical for continuous control

of operation from highly relaxed to harmonic mode, Realization
of such an oscillator is interesting as it has a wide scope of
control of its frequency and waveform making it useful as a test

slgnal generator in varlous areas.

In this Chapter a comprehensive analytical approach to
such a regenerative system with a particular type of non-linearity
'of the active circuit is presentedq*. Tﬁrough this approach its
performance can be predicted over the entire range of operation

and its operation can be controlled in a desired manner,

7.2 THE SYSTEM EQUATION

Instead of single parameter non-linear equation of van der
Pol a more generalised equation of a non-linear oscillator has
been derived here. This equation accounts more closely for the

sharp rise and fall of the output voltage having a semi-exponential

decay in between the relaxation, which cannot be obtained by the
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solution of the van der Pol equation in which the decay shows a
convex nature, For a wide range of operation the non=-linearity
no longer remains restricted to a cubic function and probably
this gives rise to the anomaly. It is now possible to suggest
how the relative values of the two parameters may be changed to
adjust the oscillation in a particular mode and generate a

specific type of‘wavefdrm.

Consider the oscillator shown in figure 7.1. The circuit

equation is

%1{6‘*%.[(.;'2"*(:2%%) d% +C1{%%+%(§5+C2-g%)}

+§'£+C2§%310 (701)
Since the non~linearity of the self-saturating characteristic of

the amplifier is utilized, the output current io will be a non-
linear function of the input voltage e. Writing

i, = a tanh (be) (7.2)

as assumed and substituting equation (7.2) in equation (7.1) and

differentiating equation (7.1) with respect to time and with the
following substitutions :

(a) R, = mR, = mR ‘g
(b) ¢4

(c) C, =n,

i} ]

= o
-

Q (@]
S L
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(d) n = N, + N, + NN,
(e) G = é% (1 +m+mn, + mn2) (7.3).
2 1
(f) ) = — 7
equation (7.1) reduces to
1 d% 2 1 de
a;?- a;g + (G - ab sech be)é;2~;E T +re=0 (7.4)

Using the normalized parameter T = @t equation (7.4) changes to

2
d“e m ab 2 de
w2 " @G R/E (1 - g teibe) g v e =0 (7.5)

The two parameters € and/3 are defined as

€= (eb-0)r/E (7.68)
/3= a-)i}_)—c- (7.6b)

Normalizing the parameter e = % , equation (7.5) now leads to the
generalized expression of the non-linear differential equation for

the regenerative system as

2

v _ ¢ 2,y dV

dV . €1 - BtannV V=0 7.7
at? ( /Ban ) Tt (7.7)

Since equation (7.7) is a trancendental equation, a closed

form solution is not possible, except for the sinusoidal case when
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€ = 0. The numerical solution of the equation for non-sinusoidal

~

wave is obtained with the help of a computer for different values

of € and/g\

Te3 LIMITS OF PARAMETER VALUES

The parameters involved in constituting €>and/3 are R, m,
n, G and ab, of which R, m, n and G are obtained from the passive
parameter values and the factor ab 1s the slope of the normalized
non-linear self-saturating transfer characteristics at the origin.
Any values of the above parameters are not permissible and there-
fore it 1s necessary to set the limits of € and/ﬂ‘values. It can
be seen from the following sections that € and/écannot take~up

any arbitrary value but must bear a relationship amongst themselves.

7.3¢17 RATIO OF THE RESISTANCE m

Ideally 0'<3)<;C, but for least component spread and brevity,

m is assumed unity. Hence from equation (7.3a)

Ry = R, =R (7.8)

7.3.2 RATIO OF THE CAPACITORS n, and n,

Parameters n, and n, may have any positive value. It is

evident from equation (7.3d) that n will have different values

for various choices of n1 and n2.

It can be easily shown that

Noax = 4 (2 + n1) when n,

J
=

5 (7.9a)



88

and

]

. = n when n.
Dhin 1 en n,

0 3 (7.9b)
o )

]
3
J

when n1

Rigorous analysis do not permit either n, or n, to take
up a zero value as C1 or C, can never be zero, because even if
lumped capacitors are absent the output, input and stray capa-
citances will contribute to C

1 and C,, even though n, and n, may

,] [
be very small,

For simplicity n, has been assumed zero whenever necessary
and a finite positive value has been assigned to N, . This could
also be reversed without affecting the results so long as m is

assumed unity cf, equations (7.3d) and (7.3@)] .

7.3.3 THE CIRCUIT CCONDUCTANC G

From equations (7.%e) and (7.8)
The parameter G is defined as

G = % (2 + ny o+ n.,) (7.10a)

[,

or

Thus for n, +n, = constant, G can have only one value larger

“

2 .
than X as n,‘ + n2 70.

For n, + n, = constant, m = 1, conductance parameter G is

“

also held constant. Accordingly the limits for /and € are evalua-

ted holding this constant.
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7.3.4 THE PARAMETER ﬂ

From equation (7.6a)
A= ~ s (7.11)

where ab is the slope of the antisymmetric self-saturating charac-~
teristics at the origin, this is constent for a particular opera-

ting condition,

Under the assumed conditions it has been shown that G can

have only one value, hence /Bwill also have only one value,

7.3.5 THE PARAMETER €

From equations (7.6a)and (7.8)

€= (ab -~ ) QJ/% (7.12)

Under the assumed conditions the value of‘E will only vary

with n and lie within a rang and €
d lie within range Emax 1d nin dependent upon Nin

and n . respectively. Combining equations (7.11) and (7.12) the

maximum and minimum values of 6 are given by

abR 1
ax = (7.13a)
max /g Noin
abR 1
émin = n (7.13b)
/6 max

From the expressionlgfit is seen that there is another
constraint on the value of ¢, The value of G cannot be more than

ab, in which case € would be negative.
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The parameters G'andlﬂ are quite interlinked. However, the
effect of increasing € is to increase distortion or harmonic
contents of the wave and the effect of increase in/Bluusa more
pronounced effect on amplitude. This is well corroborated by

computer solution,

7.3.6 EFFECT OF CONTROL OF € and/or B

Since a two-parameter equation has been derived for the

oscillator system, it may be of interest to note the effect of

(a) Changing € keeping/a constant,

(b) Changing/é keeping € constant,

and the conditions that are required to be met for such cases,

The first case has already been covered in subsection 7.3.5.

For the second case, from equation (7.13) one may write
/Q/n.z-g- = constant, where K = abR (7.14)

Since both /gand n are dependent on n, and n, the range
of wvalues of these two quantities are to be found for which the
product éﬁbﬂrvdll remain constant and equal to K. From equations
(7.10) and (7.11)
ahit

/A:@mR- 2) (ny + n,)

[N

(7.15)

The maximum and minimum values of/H are therefore obtained by

varying n, and n, as
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i

abR
/gmax = R - 27 - T, when n, = 0 (7.16)

and

§

B

abR N
/3min = TEBR - 2y = mm, MM T M2 (7.7

Obviously n, in equations (7.16) and (7.17) is not the same. Its
values for the two cases can be evaluated from equations (7.14)
and (7.15) involving € besides a, b and R. Correspondingly /gmax
and /Bmin are then obtained as
/g AbR

Mt X - :
(abR = 2) - {2@%—2) + G*}-}ﬂ(abf{-z)e“ +eh

1

(7.18)

= abR -
ﬁminm 2} + > b L2, >
(abR - 2) - 2[{2(dbﬂ-2)+6 }-—A/h(agR-z)e +€ +€°(abR=2) ]

(7.19)

7.4 THE SOLUTION OF THE DIFFERENTTAL EQUATTON

The computerized solution of the differential equation
/Tequation (7.7)_7 is bused upon the modified Runge-Kutta method

of numerical solution and its flow chart is given in figure 7.2,

75 COMPUTERIZED SOLUTION AND EXPERIMENTAL RESULTS

Three sets of computerized solutions and experimental results

for verification were obtained for

(a) near sinusoidal oscillation
(b) near relaxation oscillation

(c) hard relaxation oscillation.
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Fig.7.3. The experimental circuit .
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Fig.7.4. The antisymmetric self-saturating
transfer characteristics of the
differential pair.




The experimental circuit, as shown in figure 7.3 wus
initially adjusted for obtaining the slope ab, of the antisy-
mmetric self-saturating characteristic of the differcntial pair
shovn in figure 7.4.

The different types of oscillation were obtained by
chenpging the ratios of the capacitors i.e. n, and n, only, and
the following parameters were kept constant at the denoted values
for all the three cases,

-
fty = 1.35k ohms; m = 13 C = 0.013/%F and ab = 27.02 x 10 “mhos.

TABI E=~7,1

CONTROLLED PARAMETER AND DERTVED PARAMETER VALUES

Nature of Controlled Derived Parameters
Oscillation Parameters
y n, n G A €
. . -3
Near Sinusoidal 10 10 120 16,30x10 | 2,520; 1,327
z
-3
Near Relaxation 10 0,0% 10 8.,90x101{ 1,490 7.740
-3
Haord Relaxation 0.1 0.118 0,23 1.63x10] 1.069{ 74 .600

Table=7.1 gives the controlled parameter and derived parameter
values and Table~7,2 compares the calculated and experimental
values of the frequency and amplitude of oscillation for the

thiree cases,
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Fig.7.5. Waveforms for near sinusoidal oscillation.
{a) Theoretical: (b)experimental: amplitude

scale 100 mV per division.
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Fig. 7.6. Woveforms for near relaxotion oscillation.
(o) Theoretical: (b) experimental: amplitude
scale 200 mV per division.
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CALCULATED AND EXPERIMENTAL VALUES OF FREQUENCY AND

AMPLITUDE OF OSCILLATIONS

Amplitude of Oscillation

Frequency of Oscillation

Neture of Volts (Peck) kHz

Oscilletion ¥
Calculated | ExperimentaljCalculated | Experimental

Nezr Sinusoidal 0,087 0,935 0.980

Net.r Relaxation 0,197 2,050 2.150

Hord Relaxostion 1.340 5,850 5.850

* Trequencies were measured with a counter

Though the assumed non-linearity gives a transcendental

equation and a closed=form solution of equation (7.7) is not

possible, from the results of Table~7.2, 1t is evident that the

experimental results and theoretical numerical solution agree very

well in all modes of oscillation, which is not so if the non-

linearity is assumed to be of lesser complexity.,

Figures 7.5(a), 7.5(b), 7.6(a), 7.6(b) and 7.7(a), 7.7(b)

show the theoretical and experimental wave shapes for the three

CAsSCE .

7.6

EFFECTS OF € AND Zg ON DISTORTTION AND AMPL1TUDE

It has been stated that the effect of the parameter/é has a

predominant effect on amplitude and € on distortion and this has

been demonstruted in the curve of figures 7.8 and 7.9, Figures

7.8(a), 7.8(b) and 7.8(c) are plotted for constant /B (/9= 8.,14)
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Fig.7.8. Waveforms obtained for constant

A (L=8.14) and varying: (a)€ =0.818,
(b)€ =0.485; (c)€=0.28).
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and varying € whose possible limits of variation are O.81é>é>0.281.
From the curves it is observed that the amplitude remains constant

but the distortion increases slightly with increasing values of €.

The next set of curves are plotted for constant € (€= 1)
and varying/g over the possible limits 6.7é>/3;> 3.007. Compu=-
terized solutions were obtained for € = 1 and /ﬂ = 3,2 and /6 = 4,8
and have been plotted in figures 7.9(a) and 7.9(b). It is observed

that the amplitude decreases with increase in the value of/é-

5%
7.7 0 THLE VOLTAGE CONTROLI WD OSCTLLATORS

It has been shown so far, that oscillations in the system
described may be controlled over harmonic to relaxation mode by
controlling a passive parameter G obtained from the load and
coupling elements. If G is held constant the mode of operation
can still be controlled by varying the slope ab (at the origin)
of the transfer characteristics. This slope can be varied ouite
cimply by changing the operating blas voltage of one of the
transistors of the differential pair and keeping that of the
other constant. This in effect change the symmetric operation of
the pair to asymmetric operation and the change in the average
slope vories the parcmeter € in equation (7.6a), This is effec-
tively a voltare controlled oscillator (VCO) whose operation is
gradually changed from harmonic mode to quasiharmonic mode,
thereby changing the oscillation frequency due to harmonic
depression ., However for a large frequency deviation, the
distortion level still remains quite low and realization of a

practical VCO is therefore envisaged.
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The relation between the slope and the differential change
in the bias voltage has been derived from the transfer character-
istics /Tequation (7.2)_7 where e now represents the differential
change in voltage and is replaced by u in subsequent discussion
for clarity. Using this, a computerised solution of ecuation (7.7)
is performed to obtain the frequency of VCO, The frequencies are
also measured, The results are prescnted in Table-7.3 along with
the results obtained by using the method of small parameters6.

TABLE=7.%
1050pF, R = 2K, Ry = 3.78K, R,= 2K, n = 9.476, m = 0,654,
8.509x10 uho, R, = 2500, hy = 500, 1,,=0.77mA; Ref.Fig.7.10(a)}

o fe)
U

]

¥
Normulized frequency f/f
milli milli 0 Measured
Volts Siemen Computer| Method of} Experi- distor-
Solutliont small mentol tion
parameter dB
1.78 10,240 0.,9683% 0.,948% 00,9691 20
7480 10,353 0.9579 0,9417 0.9527 28
1%.90 104591 0.9435 0,9252 0.93%0 25
19.97 10,980 0.9241 | 0,8947 0,9034 22
26,06 11.527 0.9029 0.8428 0.8870 20

* f, = Sinusoidnl mode frequency ut balanced
operation /[ cf. emuation (7.22) 7.

7.7.1 THE CIRCUIT AND THE ANALYSIS

The circult using a matched pair of transistors (TD 101)
and its partial eqguivalent for deriving the expression for the

differential voltage in relation to the constant emitter current



Fig.7.10 {(a) VCO circuit

(b) Partial equivalent circuit

of 7.10 (a)
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and quiescent condition are shown in figures 7.10(a) and (b)

respectively., The voltage source V1 and resistance mR are the
Thevenin generator and resistance as seen by the base of the

transistor Q1. The differential voltage is easily derived as

(see appendix 7.1).

o=V Vot Icﬁ he. Igg 777 hfe (7.20)

where hfe is the common emitter current gain of the transistor.

From the lofical development laid out above and from the

transfer characteristics the desired relation is easily obtained
as

2
£ = ab = g  cosh™bu (7.21)

where Eq is the slope at the origin for balanced operation with
rciven operating conditions, Combining equation (7.20) and (7.21),
g can be obtained for different u, the correspondines € and /Qare
evaluated by using equation (7.6a) and (7.6b) and equation (7.7)
is solved to obtain the frequencies. Tt should be remembered that
every differential change in u produces a new asymmetric operating
point with the changed value of g, Parameter g is obtained by

considering average fixed value of b obtained from the balanced

operating condition,

The asymmetric points may be obtained from the intersections
of the graphs of equations (7.2) and (7.21). Presumably this shift
in the operating points leads to distortion in waveform; however

when the shift is kept small, sufficiently wide frequency variation
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with low distortion is obtainable, With asymmetry thus limited
the assumption of balanced operation shows good correlation

between theoretical and experimental results as shown in Table-=7.3,

Since operation is limited to the near harmonic mode, one
is tempted to approximate equation (7.7) to classical van der Pol
equation. In such cases one can have an approximate solution for

frequency by using the method of small parameters6, the frequency

relation in which case is given by

)
fi

£ [ A €% Nes T (7.22)

where

| 1
© 2 7RC [mn

The frequencies are calculated by using equation (7.7) for
different values of u., Table~7.3 shows the results along with the
measured distortion figures, For the variation of frequencies with
respect to u given in Table=7.3 the distortion level is seen to be
quite low. Further, it may be noted that the results are same,

irrespective of the direction of change of u.

7.7.2 PRACTICAL SCHEME

As a practical utilization scheme to telemeter process data
the variable voltage V, is replaced by a data-to-voltage source,
The partial scheme is shown in figure 7.11. Test results have shown

the same accuracy as obtained in Table=7.3,



Fig.711. Scheme of o VCO using Resistance

Thermometer for temperature telemetering
2 . ) i st t
RA RB' RC RTn is the resis ance of the

thermometer at reference temperature
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7.7.3 DISCU3SIONS

Transistor base leakage currents have not been considered
in deriving equation (7.20); this is quite justified for the
silicon planar transistor used (TD 101). Results obtained with
a pair of germanium transistors (2N483%) show that, when leakage
current is not necligible and the transistors have a low value of
hfe’ a wider and a more linear frequency variation is obtainable
for the same level of distortion with a larper variation of u,
However, the analysis in this case becomes quite involved and
as the leakage currents have to be accurately known, no attempt

has been made to accommodate these in equation (7.20).

7.8 CONCLUSION

A nonlinear oscillatory system using the self-saturating
antisymmetric transfer characteristic (ASTC) of an emitter coupled
differential pair has been presented with a comprehensive analysis
showing adjustability from sinuscidal to hard relaxation mode by
two=parameter control, unlike the existing types of van der Pol
oszcillators where 4 sinpgle-parameter control is.used. This approach
completely explains the mode, frequency and waveform, and furnishes

information as to selection ronges of the parameter values,

It should however be noticed that the two-parameter control
can be effected by the varistion of n, and n, the capacitor ratios,
or ab the slope of the ASTC or by m the ratio of the resistors
alone, Table~7.1 shows that even N, alone could change the mode
from near sinusoidal to near relaxation oscillation, This implies

the adaptability of such an oscillator to instrumentation system
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with C2 replaced by a capacitive transducer7 to monitor a process

7

variable. Differential capacitive transducer’ could as well be

used in place of C1 and C and/or C2 and C as each of the pair has
a common terminal, The change in both frequency or amplitude
could be a measurc of the variable, The utility of this type of

a renerator is more as a waveform generator, as the change in
waveformmay not be quite acceptable for the signal processing
purpose . TInterestingly however if the operating slope ab is
changed by changing the bias vnltage of one of the transistors a
wide frequency variation is obtained with very little waveform
distortion and giveg rire to a VCO with this differential pair,
Such a VCO has also been studied and the results are given in
Table=~T7¢%« A portial preoctical scheme to replace the control bilas
source by a data-to-voltage source has also been shown indicaeting
boprocticel vtdlication schoeme of the VOO 1o telemetlor process
data and test results heve shown the same accuracy as obtained

in Table~7.%.

It is interesting to note that the hord relaxation mode
only, can be analysed with an approximation that derives the
frequency analyticelly within % to 10% tolerance @nd such an

approximate analysis is discusced in the next chepter,
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APPENDTX=~7,1

From figure 7.10(b) the loop equations for loop 1 and

loop 2 are

Vipg ¥ TppBp = Vy + TIgq mR = 0 (4=7.1)
Vgpo * Tpefe - Vo * g2 fis = O (£=7.2)

Subtracting equation (A-7.2) from equation (A-7.1) the differential

bace veltage u is obtalned as

wo= Vpgy = Vpgp = Vy = Vo + Igply = TgymR (4-7.3)

The two transistors Q1 and Qy being matched the common emitter

current gain /91 = /99 =/6 , hence equation (A-7.3) is written as

1 . _
uo= Vo= Vs /Z (1C2R5 - Tpoq mi) (A=7.7)

For en emitter coupled differential transistor pair

IEE = IE1 + IEQ (A=7.4)
or
Tng =&Tp = Teo (A=7.5)

where o( is the common base current gain,

From equotion (A-7.5) and equation (A-7.3)

1
u=v,o- v, +/3 L Too (Rg + mR) = o I mR_7

R5 + mR R
"Nt Vot oo TR 7 ke TR (A=7.6)

/3
where A = Z—T—T_ and /@ = hpg -
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CHAPTER-VIII

AN INSENSITIVE LINEAR STNGLE-ELEMENT-CONTROL
PULSE GENERATOR

8.1 INTRODUCTION

Generation of harmonic to relaxation oscillation using the
non~-linearity of the antisymmetric self saturating transfer
characteristics (ASTC) of an emitter coupled differential pair
(ECDP) has béen presented1 in Chapter-VII. The ASTC had been
approximated by a transcendental function of hyperbelic tangent
type resulting in a two parameter non-linear differential equatiom
and the mode of e¢scillation could be adjusted by the control of
these two parameters, The two parameter control could be effected
by changing the capacitor ratios or the resistance ratios in the
frequency determining network or by changing the operating slope
ab of the ASTC, Interestingly, the operating slope ab can be
changed by bias voltage change of the ECDP and this was utilised
to obtain a VCO2 giving sinusoidal output. This has also been
presented in Chapter-VII., However, the frequency range obtaimed
was not very large., In practice, however, wide frequency-deviation
ratio oscillators, basically, are of multivibrator type, providing
pulse or square wave Qutput, Using the ASTC of the proposed ECDP
a linear wide range, variable frequency pulse generator cam be
designed. This pulse generator can be conveniently adapted to
instrumentation system with the control element replaced by a

suitable transducer to provide a precess parameter to pulse period

conversion facility.
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Since no closed form solution of the two-parameter non-
linear differential equation with a transcendental functien is
possible, an approximate amalytical approach, to enumerate the
design criteria and predict the behaviour ef such a system in
relaxation mode, to obtaining symmetric pulse waveform, has been
presented in this chapterB*. The repetitien rate of the generated
pulse wave form 13 obtained through Jjump behaviourh, while hyber-
bolic tangemnt non-linear characteristic1 is used to obtain the
shift in the operating point thereby correcting the repetition
rate of the generator. The number of frequency determining para=-

meters in such a system is reduced to a minimum with the provision

for linearly varying the time period with a single resistive

element,

The validity of the analytical approach has been tested
experimentally and the repetition rate and the region of linearity
-of the controlled generator have been found to agree closely with
the theoretical analysis, Conditions have also been derived under
which the frequency sensitivity of the circuit camn be mimimized,
The effects of temperature on both the active and passive parameters
have been considered and it has been indicated how the effect of
temperature on the frequency determining parameters may be utilized
for compensation, offering a scope of improvement which may be best

expleited in integrated circuit implementation of such generators.

Experimental results, covering several aspects of the
proposed circuit with discrete components, for substantiating the
theoretical analysis, are shown in tables and a graph.
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Fig.8.2 The normalized transfer characteristic of the ECDP




Fig.8.3 Equivalent scheme of Fig. 8.1 .




8.2  THE SCHEME AND FREQUENCY OF OSCILLATION

The scheme of the proposed circuit is shown in figure 8.1,
While the capacitor is open R3, Rys R5 and R6 are adjusted for
balanced biasing and the differential pair acts as a transconduc~
tance element between the points '‘p' and 'q' whose saturation
transfer characteristic is shown in figure 8.2 and is assumed to

be represented by the transcendental Iorn1

i = a tanh be (8.1)

when the feedback path i1z closed through the capacitor, the
positive feedback provided sets relaxation oscillation in the
circuit which can be easily deduced from the equivalent circuit

of figure 8,1 drawn in figure 8,3 where R2 is R3 “ Rh‘ The system

differentiel equation1

CRRza-_E (&1-»,,}5)-3% +em0 (8.2)

represents the dynamic model of the oscillator., Comaidering the
linearized saturation characteristic as shown by the dotted lines
in figure 8.2 whose slope at the operating point is g and the
fact that a Jump would occur in the system voltage to double its
value on Jjust reaching the saturation level (because the coupling

is by capacitor C only), one can obtain the repetition rate by
integration ef equation (8.2)“ as

T = C(Ry + Ry) In (2gRy = 1) (8.3)

If R, 1s controlled for governing the repetition rate, while the
operating point remains fixed, both the product terms vary
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simultaneously giving a large variation in the repetition rate.

The normalized rate of this is in fact given by

2 )
‘0-1% ;—(-;1-——:—2—+1n(231-!{‘-1) (8.“)

which is much larger than that in conventional design,

For linearity of the T-R; relationship, 1ln (ZgR1 - 1) should
not vary substantially with R,. However, from equation (8.4), a
range of values for R1 can be obtained for which this is approxi-
mately true and an almost linear variation of T with respect to R1

over this range is obtainable,

Differentiating equation (8.4) with respect to R,

- hg - - j]
x; (2aR, < 2 g (Ry = Ry)) =1 (8.5)

one observes that a near linear T-R1 relationship is obtained for
g(Ry - Ry) = 1 (8.6a)
From equation (3) one finds that the oscillation condition requires
RS (8.6b)
i> -r3 .
Showing compatibility of equation (8,6),
For a given value of RZ’ therefore, a range of values for

Ry is to be chosen following equatioms (8.6a) and (8.6b) such that

19 18 nearly constant over that range. Deviation from linearity at
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any value of T can be obtalned from equations (8.,4) and (8.6a)

for the corresponding value R, = Ry (say)

< _(’x-fo_ 1 2‘~"(l‘2"“‘1x)+2+
L (oo 2+ In(2gR, + 1) TR -
2 -1
In ( -zér?;-x——n ) (8.7)

where /Do is obtained by substituting equation (8.6a) in equation
(8.4), For allowable SL , the limiting values of Ry, can now be

evaluated from equation (8,7).

8.3 THE OPERATING POINT AND VALUE OF g

The value of g 1s obtained from the actual plot1 for balanced
bias conditions with compatible values of Rj's, J =1,3,4,5,6 as
dictated by equation (8.6b) and for better linearity in T-R4y als0
by equation (8.6a). However, as oscillation sets in, the operating
point of the transistor Q, (figure 8.1) shifts, thereby changing
the value of g. This shift im the point is only grephically obtai-
nable through complex analysis5 for an arbitrary mode of oscillation,
As only relaxation oscillation is considered here, this shift is
maximum and is calculable from the non-linear saturation transfer
characteristic, When shift occurs, the approximeted linearized
characteristic changes such that the slope g is also different,

In fact this increases the value of g, as the constant current
source (CCS) at the emitters decreases the sgaturation voltage in
the ASTC of the differential pair, when the idealized and linearized
model of this is considered. At hard relaxation the input e
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(figure 8,1) via the base-emitter Junction reduces the effective
saturation voltage to half its balenced bias condition, Therefore,

from equation (8.1) the effective value of g is calculated
e = & coshzbe -g coshz(O.S) = 1,27g (8.8)

This value of Eo i1s used in equetion (8.3) for calculating the
repetition rate as R, is controlled., As relaxation through Jump
phenomenon occurs, the waveform at the output point q is not a
square-wave, The waveform undergeoes a certain change, retaining
however the pulse nature, because of the difference in voltage
across Q2 and Ry The output waveform becomes nearly square when
these voltages are very close., A square-~wave can, however, easily

be extracted by standard clipping techniques.,

8.4 EFFECT OF NON-IDEAL CURRENT SOURCE

When the current source at the emitters is replaced by a
simple resister REE of correct value, the basic operation of the
generator remains unaltered, but there is a marginal shift in
the controlled frequency range, This occurs because the 'men~ideal’
current source tends to shift the eperating point in a different
manner, producing a different linearized slope Eoo however close
its value may be to g,. In the balanced biased condition in this.
case, let IEQ denote the balanced emitter operating currents on
each side., ITm hard relaxation oscillation let this value be IES‘
Let Eyp be the amplitude of base drive at p (figure 8,1) due to
this osecillation, then one can write the approximate equation

during oscillation for transister Q as,
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Lo eI s Egp = 2Rgg (Igg - Igg) n
Es = Igaq g

FE (8.9)

where hIE and hFE have the usual significances, Equation (8.9) is
simplified to

'—-— T e
E
OB
Igg = Igq | 1 + E, (8.10)
Ipq ( . 2Rgp )
- e

showing an increase in the saturation current, In fact when
relaxation oscillation occurs, the amplitude at the base is

fixed by the non-linearity of the slope of the characteristio

and actual saturation occurs at a higher value of e, say EBSS'
but this apparently does not change the saturation current,
Iggo(say). The oscillation amplitude would, however, cause a
change in the actual emitter current for the changed slope that
occurs because of the shift in the operating point, This is
calculated in equation (8.,10) where EOB is to be replaced by
Egggs which in turn is calculated from equation (8.1) by assuming
a linearized and idealized model of the enhanced-~slope saturation

characteristic with tanh be = 1, as saturation current is assumed

constant, This gives

1 -1 -1
Egp = Epgg = § tamh™' 1 = Ejo, tamh™' 1 (8.11)

The parameter b is obtained from the standard saturation model,

From equations (8,10) and (8.,11) Igg is calculated and used to
obtain T

& = Frso (8.12)
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which is the new value of g with the non-ideal constant current

generator,

8.5  SENSITIVITY TO SUPPLY, TEMPERATURE AND PASSIVE PARAMETERS

It would be observed from equation (8.3) that in the proposed
oscillator, the frequency changes when g is affected., As g is
basically dependent on the emitter current, whem an ideal constant
current source supplies the emitters of the differential pair, g
is not affected. Even when the supply voltage changes within
prescribed lipits, the current remains unaltered, and once relaxa-
tion oscillation sets in, e would not change its value from the

one calculated from equation (8.8).

If however the 'approximate current seurce' obtained with a
resistor between common emitters and ground i1s considered, IEE would
change as the supply voltage is varied. This can easily be seen
from equations (8.9) and (8.10), In fact, if one assumes hyp and
hFE do not change to the extent to warrant any comnsideration, IES
changes directly with IEQ as the supply changes, From equation
(8.10) it can further be shown that if the supply varies by :ﬂékEs,
+ LXIEQ is given by

KAE,

+ Algg = iﬁ"EE‘ (8.13)

where K 18 a constant determined by the biasing chain. Frequency
variation due to supply change is therefore dependent on K and Rep-
For CCS, REE") oC giving no variation in frequency due to supply
fluctuation., Table-8,1 gives these results both with ideal and
non-ideal CCS for a + 10% supply variation.


file:///dien

110

TABLE~8,1

EXPERIMENTAL SENSITIVITY FIGURES TO SUPPLY VAR;ATION

AEs —?—-?-xmo -?-lx‘]oo
?%) (%), with CCS | (%), with Rgp
- 10,0 - 0,440 - 5,60
- 7.5 - 0,300 - 4,20
- 5.0 - 0,200 - 2,80
- 2,5 - 0,100 - 1,40
0 0 0
2.5 0,095 1,50
5.0 0,180 2.70
75 0,280 4,20
10,0 0,390 5,50

Frequency shift due to temperature variation is more serious,
particularly with the CCS design when the CCS is mot individually
compensated, The differential pair is self-compensated as regards
temperature6 but this degree of compensation 1s also important, A
shift in the value of g occurs because of the bias unbalance
resulting due to inequality in the temperature coefficient of VEE
of the pair. As the differential temperature coefficient is likely
to be small for a matched pair mounted in the same header g varies
almost linearly with it, From equation (8.,3) neglecting higher
order products of the differential quantities, one can easily
derive the change in the repetition rate with changes in resistances,

capacitances and the transconductance with temperature as
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Ar _Ac AR, ln[‘l + (Ag/g) + (AR/R)] (8.14)
I SR A W 1n(2g R, - 1)

Where it has been assumed that

;C;R1 zﬁRz AR
_F;—"F;—'T

As can be seen from equation (8.,14) AT/T can be made zero, if

either

%"%5"%&'0 (8¢153)

or

é\ﬁﬂ._%ﬁ_,-%& | (8.15b)

While equation (7.15a) is a little hypothetical, equation (8.15b)
is more easily satisfied in practice particularly in imtegratead
circuit forms, Actual values of AT/T would depend on the magni-

tudes and signs of & C/C, AR/R and A g/g, and thus a third
probable altermative for AT/T = 0 is

AC . AR _ In (1 + (Ag/g) + (AR/Rﬂ
TR 1n (ZgR1 - 1)

(8.15¢)

The wrost-case ghift in T with the change im temperature is
studied for the propesed circuit and it is shown that even when

adequate compensation is not provided the change in repetition
rate is within telerable limits.
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The circuit of the CCS used is shown in figure 8,4, The
temperature coefficienf of the base-emitter Jjunction diode of
transistor Q3 being equal to the temperature coefficient of the
biasing diodes, With the rise in temperature, the base driving
potential would decrease as the biasing chain contains two dieédes,
thus decreasing the transistor current and naking‘ZXg/g negative,
Since the change in the transistor current is linearly related
to its base potential and the temperature coefficient of the

dicde is large, as shown subsequently, one derives

7

such that the last term in equation (8.14) is actually negative,

A A
—1 - S

&

The approximate value of Ag/g can be calculated from the diode
temperature coefficient (AkEd/°C) and the temperature coefficient
of the input offset voltage of the differential pair (A&Ep/°C).

The approximate relation is

Ag | AE) |AE|
T R T)AY T TR (6-16)

Typical values of lAkEp\ and lzlEd‘ are 6/1(V/°C and 2,5 mV/°C
respectively and for the proposed circuit EBB = 2,117V,

Igq = 0.77 x 10774, and R, = 390 ohms, from which one can easily
show that

‘ZXEP‘ /(Egp :_lz&Ep\) <gizﬁEd /IgqRe Such that, ome can always
write
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Ag . . \I_TAEd\
g EQ e

Further (AR/R)/°C = 50 p.p.m. and (AC/C)/°C = - 150 p.p.m. and
using the above data A T/T can be calculated from iquation (8.14),

If however, a non~ideal current source is comsidered the

last term on the right-hand side of equation (8.16) is replaced
by A R/R such that

é_a ‘AEE\ - AR

g ¥ : Egpi|AR . (8.17)
Evidently

AR AEq :

- << TR (8.18)

so that, in general it is true that

A \
e - 4r (8.19)
CCS REE
Experimental results confirming the above are shown in
Table-8,2, Equations (8.14) - (8.17) also confirm that it is
possible to reduce the temperature sensitivity of T to a minimum

by correct component choice and appropriate design of the CCS, and

as such, temperature sensitivity should not pese any problem for

the generator,
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TABLIE-SQZ

TEMPERATURE SEHSITIVITY; NOMINAL TEMPERATURE 30e°C

z(s.tc) é}! with cCs, x 103 4\!.1 with Rop, x 1073

' Theoretical Experimental Theoretical Experimenta)
- 10 21,22 19.20 0.993 1.071
- 5 10.79 9.00 0.496 0.583

0 0 0 0 0

5 -11.36 - 9,20 ~0.504 -0.620

10 -22,96 -19.90 ~1.007 =-1.980

15 -35.20 -28,70 -1.511 -2.,330

20 ~47,98 -39.80 -2,015 -2.850

25 ~-61,40 ~47,70 ~2.517 -3.420

2g
sT -Z sgi-sg-2+ Y (8.20)

8 - -

Since 25R1>> 1, ST hever tends to be very largc‘,

8.6 RESULTS AND DISCUSSTON
\

The Circuit wag tested with beth a constant current source
@nd a fixed emitter resistor REE = 1k ohm and witp C = 0,06 4F,

Rz = 1,308k ohmg, The eéxperimenta] results with CCS are shown along

with the theoretica] curves, in figure 8.5, Resultg gpe Seen to he


http://oh.Bg

Pulse repetition rate (T)in m sec

1.4

A
02 06 1.0 1.4 1.8 2.2 2.6 3.0

Fig.8.5. Ry~ T plot of the generator; R2'l-308K.n.,
C=0.06 MF
Curve A'Calculated with CCS(g,*13.06 mv)
CurveB: Calculated with REE(gf'ld-4m v)
Curve C: Experimental with CCS
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quite in agreement with the amalysis. The results with a simple
resistor have not been shown in figure 8,5 as they are almost
coincident with those using the CCS. In both theoretical and
experimental results, except for a small region of low Rﬂ the
T—R1 relationship is found to be almost linear, Using equation
(8.7) it can be shown that the linearity of repetition rate is
within + 5% for a range of 0,36 ms to 1.12 ms, when R is varied
from 750 ohms to 3k ohms, From figure 8,5, the practical figure
for linearity 1s seen to be nearly the same in this range of 81.
However, if larger non-linearity is tolerable the range can be

extended further,

Fer varying supply voltage the shifts in the repetition
rate from a nominal value of 0,833 ms are shown in Table-8.1 for
both cases, While the percentage variation obtained with the CCS
is less tham 0.,45%, that with a simple resistor is as high as
5.6% whem the supply is varied within + 10%.

The theoretical and practical data for temperature sensiti-
vity of the repetition rate at its nominal value of Tb = 0,833 ms
are given in Table-8,2 with the CCS and Rgge As predicted, this
sensitivity is larger with the CCS. For a 25°C increase in tempe-
rature, ‘1‘0 is shown to shift by about 6.14% with the CCS, while
with Rpp the change is only about 0.3%. It is interesting to note
that practical AT/Ts with the, CCS are less than the calculated
values, while with REE the mature of the variation is the opposite.
However, in both cases results are quite confirmatory. The

discrepancy may be attributed to the fixed idealized data assumed
in the calculations.
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The temperature sensitivity is comsiderably improved with
the CCS feeding the differential pair, if the CCS is individually
compensated, A scheme of such a compensated CCS is shown figure
8.6, The Zener diode D, should have a zero temperature coefficient,
The base drive potentlal here does not chénge with temperature as
the variation in VEB of the transistor Q3 would tend to be compen=-
sated by an opposite change in diode D1 voltage drep. Table-8,3
shows the theoretical and experimental sensitivity of time period

with temperature,

TABLE-8,

TEMPERATURE SENSITIVITY OF TIME PERIOD WITH A COMPENSATED
CCS FEEDING THE DIFFERENTIAL PAIR; NOMINAL TEMPERATURE 30°C

At ‘%2 x 1077
(ec)
. Theoretical Experimental
- 10 0,993 1.00
- 5 0.496 0.46
0 0 0
5 ~0,504 «0,57
10 -1.007 -1.37
15 : =1.511 ~1.80
20 -2,015 ~2,37
25 =2.517 -2.93

The above results have been obtained using discrete

components and a matched pair of transistors.
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It may be shown that the contribution of the last term of
equation (8.14) is negligible for the case when the coupled emi-
tter is fed from a compensated CCS and the temperature sensitivity
of the time period is predominantly dependent on the temperature
coefficients of the passive parameters. Hence the temperature
sensitivity of & fixed~frequency pulse generator can be made to
approach zero by adopting hybrid integration techniques, where
the passive components should be of the thin-film type7

However for a variable time period symmetric pulse gene-
rator, two of the frequency~determining elements R1 and C
[ equation (8.3) 7 are externally controlled and the rest of the
circuit may be integratéd. In such a case the expression for the
temperature sensitivity of T is obtained from equation (8.3),

neglecting the higher order products of the differential quanti-

ties, as

oy, Ac AR, In(1+(Ag/g)+( AR, /Ry )
T ‘E “ E E * 1n(2gR, - 1)

(8.21)

In equation (8.,21) the contribution due to the last term is still
negligible such that equation (8.21) reduces to

Ar  Ac AR ARy
XTTOETE YRR (8.22)

1f, now, the frequency-determining passive elements are appropri-
ately chesen (ASR1/R1 = + 100 p.p.m,/°C, e.g. Nichrome potentio-
meter; A R,/R, = -~ 100 p.p.m,/°C, thin-film integrated), AT/T is
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easily showr to be essentially dependent on the thermal drift of
the capacitor aleme., If a high quality ceramic chip capaciter
with a temperature coefficient of NPO + 30 P.p.m./°C is used7,
the temperature sensitivity of the time period would tend to be
of the same order, which is about one order lower than that

obtained with discrete component design,

8.7 CONCLUSION

A pulse generator scheme with a single emitter-coupled
differential transistor pair was studied and by means of an
analytical approach it has been shown that by using a temperature-
compensated constant current source feeding the coupled emitters,
the generator can produce very stable oscillation. Experimental
stability figures of + 0.44% for + 10% supply voltage change and
less then 150 p.p.m./°C with temperature variation are easily
obtained in the ascheme. Conditions for further improving these
figures, particularly the temperature sensitivity, have been
obtained when this configuration is adopted in an integrated
circuit, as can be seen from equation (8.22). Besides, the
repetition rate has been shown to be linearly varying with a
single resistive element and the experimental figures actually

show a lineer variation of + 55% around 0,65 ms for a resistance

variatien of + 62% eround 1,6k ohms,
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CHAPTER=IX

CONCLUS ION

9.1 INTRODUCTION

The investigation was intended to realize certain
active RC network for applicetion in Instrumentation, Commu-

nication and Industrial Control Systems.

9.2 BRIEF OUTLINE OF THE WORK

In Process Instrumentation and Control,signal frequency
makes excursion down to very low/small values such that filter-
ing shaping and computation network can hardly use real inductors,
whenever necessary. Replacement of real inductors with active RC
simulated inductors started as early as sixties but newer
schemes of simulation are still being added to the bulk of
literatures already existing, on various counts of superiority.
After a little relevant review of the state of the art, the

present treatise opens with some new schemes1’2

of such simula-
tion of both grounded and floeting inductors with RC parameters
and standard Operational Amplifiers (OA). Most of these techni-
ques have been aptly supported with application examples or
suggestions thereof, The first one1 of the series uses two
capacitors and two OA's. The scheme however is versatile enough
to produce linear, bilinear and ideal inductors by minor
trimming. But the realized inductor is of grounded type., A
sinewave generator has also been develbped from this scheme,

To have low component and high selectivity, analogue filters

often require a floating lossless inductor. The second scheme2

120
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provides this simulation through an altogether different but
logical approach, A practical filter realization scheme has
been appended to show the application of such a simulated

inductor.

While the conventional filter can be synthesized using
resistors, capacitors and simulated inductors, inductorless
filters can also be obtained through a different synthetié
approach using less components, particularly the active ones,
The investigation towards such synthesis has been made3 with
emphasis on all-pass filters where the filter gain with
frequency remains constant but the delay follows a specific
law., The method has then been extended to other types of filters

such as high-pass, band-pass, low-pass and bandérejection. The

method uses a single OA and the approach is very general,

A very major function active RC networks are called
upon to perform is to generate waveforms, Basically these
systems are regenerative autonomous systems, From equipment
testing to data telemetering, a variety of purpose is served
by such systems, Investigations have been made to develop a
number of such regenerative systems. Sinewave generation is a
major area that has been receiving attention since long.
However generation of very low frequency sinewave through a
direct approach without using large RC parameters is of
consequence in Process Instrumentation and Control Systems
and is of late being investigated with considerable emphasis

on practical footing. Investigation on generation of sinewave
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using feedback in active RC filters have first been madeh. A
difference term co~efficient in the expression for frequency,
either in the numerator or denominator makes generation of very
low or very high frequency oscillations possible in such systems,
All the proposed schemes are single resistive element tunable.
For application in telemetering of process data the system has

been converted to VCO's as well,

Operational amplifiers have been used in the investi-
gations mentioned so far, The basic differential input stage
of OA can itself form a kind of active block with certain
special properties retaining the essential characteristics of
the OA. This block can be called the Emitter Coupled Differen-

tial (Transistor) Pair (ECDP). Very stable sinewave has been

5

generated” using this block, Such a system has been shown to

be almost insensitive to temperature and supply varilation,

Such a block has other uses also. Following the van der Pol
oscillator, waveforms starting from quasisinusoidal to hard
relaxation mode have been generated in the proposed system6.
Further the discrepancy in the earlier analysis to establish
the point-to~-point corroboration of the derived waveform has
been explained by assuming a hyperbolic tangent type transfer
characteristic of the differential pair. The system has been
further extended to obtain a VCO by controlling the differential

bias which effectively controls the slope of the transfer cha-

7

racteristic’, Finally the same scheme has been shown to obtain

pulse train whose repetition rate is linearly related to a
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single resistive elements. This linear pulse generator is also
shown to be almost insensitive to temperature and supply varia-
tion and an approximate analysis corroborates the results remar-

kably well,

9.3  FINAL COMMENTS

The investigations carried out here provide a systematic
approach to develop additional superior schemes of active RC
circuits. Although this is not the only approach, it may be
considered powerful in the sense that the proposed schemes use
either Operational Amplifier as the active block or a part of
the operational amplifier in its place making the schemes more
simple and economic, A few of the circuits that have been
developed are for low frequency applications,that are more
relevant to Process Instrumentation and Control, In the reali-
zations it has been attempted to use an unified sctive block,
to derive low sensitivity and high performation as well as low
count passive components with small spread in values, to make
the system IC~compatible, to obtain independent single element
controllability of the relevant response function and to extend

the range in time or frequency in an efficient manner,

To a large extent these have been achieved in the
investigations, These results in turn show some positive
features and marked improvement in the design and synthesis
of active RC circuits for applications in Instrumentation,
Communication and Industrial Control. It is expected that these

would be accepted without reservations.
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