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| ABSTRACT _4

~4f A sinusoidal RC-oscillator built around a: current—controlled

. current amplifier is presented Thgeéiha { ﬂﬁmblems associated with

- \ﬁk'ﬂgfp,Jja;y
RC-oscillators namely poor freqw@ngg : '

«,,.( T
- a large temperature coefficient Rof f{? ue cy, are addressed .and ways of

solving these problems are discuSSed¢ Ehe large temperature sensitivitiié

T

typical of active RC networks were reduced by eliminating the active

..s_*m'

portion of the drift.A This was aCComplished through the use of. thermally

¢

-

balanced amplifiers whose operation is independent of. transistor

parameters. It is sbown that the frequency performance of a typical

Wien~oscillator is’ significantly improved when fast current amplifiers

are used to replace commercial voltage operational amplifiers. The
‘"generation of a sinusoidal signal directly from the oscillator gave a loweraf

L3 Tl

toaal harmonic distortion (THD) than in the more popular approaches using

multivibrators and shaping networks

;

,Y} l ‘ A new method for stabilizing the amplitude of osciﬂlation has
Tbeen developed It employs a high frequency rectifier and a comparator
in a. feedback 1oop which is connected to the RC network.of.the oscillator
",,through an active current divider. The feedback loop regulates thev
.current in the RC network and thereby stabilizes the amplitude._ A
ijlinear automatic gain control (AGC) mpdel was developed and the stability‘;s
;requirements for the amplitude control loop were studied _
| Frequency stabilization for oscillators is a very difficult task.v
’.Most communication syg;ems requiring tight frequency stability incorporate -?*ih

\{

ich have a large ICrcount and are expensive.

'-frequency synthesizers



.feedback'loop in which a fre

as a émali”scéle IC.

In\thig/presentation a low-cost frequency stabilization schqme is -
/
described A variable gain current—controlled current source (CCCS)

s

‘was combined with a modified Wieh—bridge oscillator ‘to realize a

current controlled oscillator

b

I
ency to c/urrent convert:er and a current

.‘comparator are the main control elements. The'feedback controlled cco

thermal drift of frequency for a general~purpo$e RC-oscrllator‘bz more -

~ than an order of’magnitude with‘a'circuit'which is completely,reeilzable

PR
3 P

vi,

kXCO)., The frequency was stabilized by f
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. The’ maximum value of inductance available_in microelectronic form is

~ CHAPTER I \

INTRODUCTION

As‘monolithic and hybrid microelectroniC'circuit technology

continues to bring 'great changes to the art'and techniques of

1inear circuit'design, new circuit configurations are heing developed

‘to improve the high frequency performance, linearity, temperature

stability and reliability of integrated circuits, Savings in cost

-~ and dpace are considerable_and the design of electronic systems becomes

‘much easier ﬁhen integrated circuits (ICs) are used as building blocks.

‘The  present state—of the—art is still faced with extreme 1imitations

in the integration of‘certainvcomponents. While capacitors are 1im1ted

.:Eovvalues too low to be of any practical use_aslcoupling orvbypass

components at medium and 1ow frequencies, inductors of any practical

" use. for frequencies below the microwave range are hardly available. A

]
typical diffused capacitor takes a relatively large d1e area of aéout

16 mils square for 30 pF compared to 56 mlls square for the entire. 741

' oP AMP chip, and 1. 23 mils square for a typical transistor [1]

about 7 microhenry [2].

‘1.1 Background to the Problem ' e

In conventional Rcvoscillators the frequency determining.componentsi

'are,resistive:or capacitive, and'thisqimplies that if‘a variable ) e

frequency 05cillator isfto;be designed there should be some means of

'arying these components ‘Since IC resistors amd“capacitors are -

‘o

ture dependent, the frequency of an RC oscillator realized in
monolithic form is very temperature sensitive [3] [4] There are

three main contributions to this'sensitivity,namely‘the amplifier,gain;



the passive frequency determining components, and the amplifier non—

AN
N,

linearity all of which chan e with temperature. Recent studies [4]

‘have shOWn,that the sensitivi

qh’, .
is dominant, and a compensation

contribution due to the passive elements
cheme,based on temperature—controlled\
Miller multipliers has been used to\make'the RC products in the

oscillator feedback path tempe}ature invariant.’

S
. N

‘In addition’ to frequency stability, other properties required
.for the Output of a sinusoidal RC oscillator are good amplitude stability
‘and low harmonic distortion, These properties are’ interrelated and
they depend on the type of amplifier and frequency selective network x:
used in the oscillator Is]. For a high degree of frequency stability,.
nonlinear operation must be av01ded since it limits the amplitude and
produces undesirable harmonic components in the oscillator output
waveform [6] [7. ch. 5]. 1In order to minimize the effects of non-
linearity, operation at low amplitade and the use of. automatic gain.
.control (AGC) .circuitry to achieve amplitude stabilization are essential
: Thislensures that the amplifier operates in the linear region of its
’transfer characteristic | |

The present trend in RC oscillator design "has been in the direction
| of voltage—controlled oscillators (VCO), and very little is known
' about their current duals, that is current controlled oscillators (CCO)
This is mainly due to- the fact that operational amplifiers, the most
widely‘uSed building blocks in the market today, have‘high input‘impedancen[
~and low outputvimpedance; These terminarfproperties make these : o
lamplifiers ideal for the design of voltage—driven networks. In this

e

' presentation, however, it will be shown that current—controlled networks
. . . ° )
have a number of attractive features which may 1ead to better RC

{oscillators, As well current amplification and current—sensitive AGC



RC oscillators have been used for a long time in medium and low
frequency applications where bulky inductors would be inconvenient For
high- frequencies, however, LC oscillators in discrete form with suitable
wide—band amplifiers are preferable.

| Moving from‘discrete COmponent cirehit realizations to IC
uoscillators is not straightforward as the latter has many fabrication

‘limitations. The main problem arises from the fact that integrated ‘
chip inductors are still impracticable and undesirable .due to capacitive
coupling between the substrate and the-metallized spirals of the

f inductive coil and between adjacent spiral lines. " This lim;ts thev
value of the_inductance that can be fabricated'onja,chip and lowers the

yQ—factor of the coil. for the purposes of this project‘and other’ *\r‘
related designsvwhere'the frequencies of interest are far'below'the

Lmicrowave“range the'Pse‘ofvinductors as integrated:components is not
considered practical, at 1east for the present time. |

Integrated osc111ators are therefore inductorless, and they have

deirect—coupled stages and very low total capacitance - As such, .the .
' resulting circuits are different in nature and capabllity from their

discrete counterparts. In fact they have‘poorer frequency performance

' with bandwidths typically <1 MHz. Thus in order to extend the upper
frequency limit of integrated oscillators the design philosophy has
to be re-examined and new circuit configurations mustvbe used.

‘l.é- Goals of the Project 'b |

The purpose of this project was to design an RC oscillator for -

high frequency applications using integrated circuit techniques. This

R

\

oscillator was to have a frequency performance and thermal properties



'bettet than those reported in the literature. Three main goals

o were set:-

\ - 1. to extend the upper frequency l\mit by'about an
k\i | order of magnitude; | |
\ . : ,
\\\ ‘;“ 2. to regulate the amplitude of osci ation to within
k\\\\; C _ lzbusing ACC technidues; and' / 'w?:\'
3; to achieve frequency stability bette than 1000 ppm/°C.

\\
.

It is clear‘from these goals that all the main problems of integrated
scil\ators are dealt with in a single project, thus making this .

gwork more-complete than what has:been reported elsewhere on this topic.

AN
~'1.3 Main Features

¢

In additiohtto the completenesshof the problem, the results'were
“encouraging in that“all the goals'were metr This was the result of
l carzfully designed.circuit blocks_which have a numberlofVinteresting
features.b A few.of these may bevmentioned here. The‘amplifier which
\~;maintains the . oscillations is built using circuit blocks which have
‘Va wide bandw1dth comparable to the f of the: transistors. Also it is
1a near—ideal current amplifier with current—controlled gain

A very efficient scheme for amplitude control has been developed

using a high—precision rectifier circuit which continuously monitors

pthe amplitude and gives a proportional de output." This" output was then
converted into a current which was used to control the positive feedback
.current in the RC frequency selective network without disturbing the
’gain condition for oscillation.‘ The effectiveness of this approach is
;;enhanced by negative feedback from the output of the oscillator to the -
\ amplitude control input which works as a current divider. It,has been
ound - that very excellent amplitude regulation is possible using the

circuit designed’ in this project, and indeed future,studies_will be



\

devoted .to identifying the pd?ameters which characterize the performnnce

of this circuit. This project waS‘partly.an effort to describe an

accurate model for automatic gain control for oscillators, a topic which
pa

is not covered well in existing publications.

Frequency-CQntrol has been achieved using a method which breaks .
‘the tradition of thermal compensation for individualfelements as in
[4] or external trimmingkwith variable components. It hs demonstratedi‘
in this work that it is possible to regulate frequency Lsing.gain— .
controlled circuit blocks and feedback techniques.* The idea of shifting
the designeris attention frou individual components to_system blocks
is very importantzsincehthis is one of the attractive features of
‘integrated circuit design. | | |
| The output frequency of the oscillator 1s accurately monitored
vby abfrequency to current converter which produces a current proportional

. | .

to the frequency This signal is then compared with a reference

fcurrent which is fixed at ‘some desired value A current comparator is

5, . . .

‘used for this purpose and 1t isydesigned to give an error signal which
increases when thetoutput frequency of the oscillator exceeds'the,-
desired’value and vicewyersa, The frequency control fee?back loop is
completed by/COnnecting the output of the comparator to #he control

!

Pof oscillation decreases when the magnitude of the control signal

v

input of the CCO whbse'thning characteristics are Such‘that the frequendy '

_increaSes.‘ Thus the feedback action opposes frequency drifts and a

very stable CCO results. L ' R i

I

Many applications in digital design, communication and signal

: processing require more than just a fixed frequency sinu501dal oscillator

L

with low temperature sensitivities. Ihe oscillatorpwhich has. been
developed may be tuned using an externalvanalog'input.signal. One

)
”
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important feature of the circuitry used {s that the frequency stability,
amplitude and distortion level of the sine wave output ave falrly
insensitive to the tuning process.

Other convenient features of the coﬁpletc oscillator include the
FSK (frequency shift keying) capability which 18 very useful in data
t}ansmission, AM (amplitude modulation) and FM_(frequency modulation)
which are important in telecommunications, and frequency aweép which
: "

has a variety of applications. In addition to the sine wave output,

~the oscillator also produces a synchronous square wave and an in-

dependent triangle wave output. All three waveforms (sine, square and

" triangle) are produced simultaneously, and this adds considerable

flexibility in usiné this oscillator in a design.
1;4 Presentation of the Material

This reporﬁvstarts off with a brief review of the theory of
oscillation. A convenient circuit éonfiguratién is chosen from a
ngmber‘of possibilities, the main criter;on being compatigility with

integrated circuit requirements. In Chapter II, it is concluded that

the Wien circuit has the desired characteristics. In. Chapter III,

simple circuits are used to study the functioning of a sinusoidal r

oscillator with a subsequent identification of parameters which limit
bandwidth‘and thermal stability of amplitude and frequency.

After settingvthe objéétives,and direction for this ybrk using

the considerations of the intfoductory-chapters, the basic circuit

L]

‘blocks ‘are designed. These include an oscillator built around a
curfént amplifiér'and a fast wide-band operational amplifier. A full
account of the design and tesfing of these circuits is given in Chapter-



The control part of the design is discussed in two chapters.:p': ,",,5\?9
An AGC model is developed for ,oscillators and practical circuits are
: I

'v'designed as outlined in Chapter V Frequency control is dealt with’l i ff‘ s =

|¢..

in Chapter VI ' s .. Sl ) ’. o \

It is evident from the results of Chapters IV—VI and the overall .$~""

‘f:wcharacteristics of the complete oscillator circuit given in Chapter

:'H4ffVII that this work has proved to be quite successful._ This attempt

--.ﬁ}to use new’ ideas and circuits has not only led to good reSults, but 4

"fthfit'has_also,created opportunities;forefuture;study, .
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'!2 l Classification

i CHAPTER 1

RC oscillator circuits differ in . topology and complexity-

Some can be realized using only one amplifier block w1th two RC sections f_d,-

while others may require either nmre RC sections, more amplifiers or

both With each of these circuits there is a minium value of amplifier

gain which is required to start the osc111ation, and this gain condition

may differ from one circuit type to another. This means that for a

given amplifier, or- amplifiers with similar characteristics,'osc111ators

o

w;th different maXimum frequency 1imits may be realized since the

B e
.c.‘__: .

maXimum frequenCy of oscillation is related in some way to amplifier

# bandwidth and bandWidth varies with gain

4

"»} to claSSify them according to their common properties.f It is from "

this kind of classification that one may eaSily choose ar circuit to

‘_suit a. certain application given the Aesign and fabrication constraints./;f“’""

A convenient claSs of oscillators was. chosen, and this chapter outlines

o~
*. PO
-

the basic theory of . oscillation as applied ‘to a specific circuit h‘ S

Wien-type osc111ator.f‘-

o

One simple way of classifying RC oscillators is by examining

r.—

the effect of the frequency determining RC sections together with the Lv~5

gain elements on the feedback signal Thus simple oscillator ciEc its’._b: B

fall into two groups._the group of zero phase shift or Wien—type 2

oscillators, and that of 180 degrees phase shift orv/}ngle loop

’uoscillators; The zero phase shift class of oscillators normally has a

In order to simplify the study of oscillators it is convenient Al



‘Hshunt RG network and a series RC network which provide phase:}l‘
dgcancellation.l Other types of RC networks may be used to obtain the

»necessary zero phase shift, but these networks ‘are more complex and

;unecopomic to fabricate in integrated form since they have more than

. E . ’ ¥ .
’-two tuning capacitors Ll

-,_;__/J‘

A basic oscillator circuit using a: single amplifier is shown in

J‘Fig 2 l(a) in whlch K represents the gain and phase shift (zero or’

J*ﬁi180 degrees) of the maintaining amplifier, and F(s) is the frequency

_fselective p3551ve network From this generalized c1rcu1t two types of.
vlroscillators may be designed The first type has the F(s) and automatic
wtigain control (AGC&\blocks connected in parallel as shown in F1g 2 l(b)

;hwhich is the Wien—type oscillator.: The second type consists of a

'vff“fsingle loop in which the F(s) and AGC blocks are connected in series

'fas shown in Fig 2; l(c) The AGC block stabilizes-the amplitude of

, -

~Lgoscillation and it is ‘an essential part of any practical oscillator. L S

From a- circuit theory point of view oscillators and actlve ""“

'“sfilters are quite related _ In fact oscdllators may be defined as 'f'

.»;conditionally stable active filters whose poles are adJuSted to lie on:t:,ng“ o

m

Tfthe Ju axis‘at s": jwf and whose inputs are: grounded It is therefore o
’ common prac 1ce to derive the properties of an. oscillator from a study--g‘
”5dof the correSponding filter..‘ty,ﬂéjf’;; :I.;f:,:‘fiﬂ‘ ?_Q‘ |
vv.piii One ofvthe‘most effective ways of studying the dependence of
':7;pactive filter poles on the topology and components of circults is thegh:‘
u;use of the root locus analysis From this analysis it is possible to-y:
bkrelate the gain and sensitivity properties of filters to the type of idclfd:
vjdecomposition of their characteristic polynomials.'ih g

b ' '
The characteristic equation (the denominator of a transfer functiOn

4



. (a) BasicOscillator

MF,(:S) |

L Ea © (o) Single-loopOscillator
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. Fig.2.1. QSciiI‘}a‘t‘o‘rC‘o_ﬂnvfig‘t'J}r'a'ti"onvs"' |

. Fig.2.2. Wien-type RC oscillators - :

~ Oscillator <



jof an active filter equated to zero) may be divided into™ “two parts,
the’ active portion .which is dependent on’ the amplifier gains and

the passive portion which does not contain gain terms. Whereas;the
1passive portion of the characteristic equation determines the type of
:filter in terms of the order (first or second) of the decomposition,‘_
‘athe.active portion determines the class of the filter. -Complete inform*
'ation on active filter c13851fication is‘given in Appendix A,

The classification of oscillators follows closely that of active

St

“V"gfiltbrs. As pointed out in Appendix B not all RC filters give rise

, to’RC osc111ators. A quick test for this is to examine the root 1ocus

ﬂand see whether it crosses the jw axis while gain is finite.. If it

v

'-does then the filter may be used to realize an oscillator.. Gainrand‘ :f'

vsenSitivity limitations for filters may be used to derive gain and S

»;sensitivity limitations for the corresponding oscillators by 1ett1ng

| Q- n Table A. 1 of Appendix A : ‘ N |

v ‘ It is: evident from Appendix A and Appendix B that‘second order‘
;oscillators of\class B. (in which the active portion of the characteristi
.equation is a function of.sl only) aresattractive foriintegrated circuit

w[;yThey have 1ow gains,»simple topologies.and zero active mo senSitivity.m

fThe Wien-type oscillator belongs to- this class.‘f ‘ |

Using the results of root 1ocus analysis, it is easy to decide

won the oscillator type most suited for a given task The choice of

"&tradeoffs involved For integrated oscillators however¢ the design

iﬁconstraints limit the number of convenient circuits to only _,;

c o

S,

tJI‘.r."the practical circuit is influenced by the design conétraints, the gain}~

':_:_requirements of: all possible circuits, parameter sensitivities and the"‘*



a,few and‘the choice‘is relatively'easy.“
2.2 Choice of Convenient Circuit
To decide on an appropriate circuit configuration, a’number of )
,points must be examined These include the minimum number of charge :
> : :
'lcontrol devices and the gain requirements of the maintaining amplifier(s)
T'Whereas the zero phase shlft class of oscillators requires a minimum e ?‘
of. two reactive elements, the single loop class must have at least"
f_cthree reactive elements This implies also that more- charge control_
~deviees may be needed‘in’tﬁé latter case due to the need for 1solation
'xof the passive networks at some point to ensure‘proper operation.
A study of the’minimum sum of the circuit time constants for a:
:'given frequency of oscillation shows [8] that the time constants in X
teach circuit configuration should be equal, that . 1s R1Cl 2 @ ‘
'dimportance of minimum time constant of a circuit is viewed here as’ a
hisaving An the‘die area required for the fabrication of the.passive
"components.l Since the critical loop gain for oscillation is related to
’iithe time constants variable frequency operation w1ll be achieved by
..simultaneously changing the time constants in all RC branches., As it‘;"

"is not easy to obtain perfectly tracking RC products in monolithic

37circuits the fewer the time constants the better. o

Lastly»vthe Wien-type configuration is the simplest known arrange—"f:

hdlment with the lowest minimum gain requirement of 3 as’ compared to’ 8 for -

-fthe single 1oop oscillators._ This implies that for a given type of f*

'vfamplifier, the Wien-type configuration may reach higher maximum oscillation v[4

‘filfrequencies than the single loop configuration.

‘7” All the above con51derations favour the Wien—type oscillator \,a

v_and thus it was chosen as the building block of the oscillator to be L

VO.
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| 'designedi 'The-basic oscillator'may”be built'on four'types'of amplifiers ‘@,_”
i as shown in Fig 2 2, where Fig 2 2(a) uses a current—controlledcurrent
‘source (CCCS) with a, current gain K’, Fig, 2. 2(b) uses a very well
‘\tknown voltageecontrolled voltage source (VCVS) with voltage gain K
,Fig 2. 2(c) uses a current—controlled\voltage source (CCVS) with gain ZT
ooa transfer impedance,'and Fig 2. 2(d) uses a voltag;-controlled current
'fsource whose gain YT is a transfer conductance. Whereas the 1ast two
are completely new oscillators [9] [10] and eiperimentation with them _'V
»;b_has not yet been reported work on the circuit configuration in Fig 2 2(a)f
”is still in the beginning stage..ffv |
A Although the frequency of oscillation and the oscillation condition o
,!f vfb o -are the same for all the four circuits of Fig 2 2, the influence of ;

,the terminal properties of the amplifiers to these parameters are quite )

. 'different This is discussed further in the sections which follow
J : . “::

':.:2L3-1 The Oscillation Condition'“c
Since the current amplifierJtyp of the Wien oscillator is to .
'ffbe used in the final circuit, the analysis which follows is based on .

‘ Fig 2 2(a) in which the loop gain L(s) may be expressed as

-

KZ o
12 RO

»ﬁ_where Z is the impedance of the series RC network and Z2 is the

- - 1
L . “ -- . ‘, ! L
’ S impedance of the parallel RC netw0rk The return difference T(s) is IR
.bj‘given by g O LTI i |

T(s) 1= L(s) L i e



— and the ﬁreQuency ofxoscillation‘mé'is:giVen-hy )

! 14

It will he assumed in (2. 2) that the amplifier is- ideal meaning that

N

‘it has zero input impedance and infinite output impedance plus the

N

‘absence of charge storage effects. The last assumption means that

" ‘the frequency of oscillation is much less than the beta cut-off frequency

o

‘of the transistors [8] [11] " The frequency of oscillation 1s

:
B
l

determined by the zeros of T(s) which are the roots of the polynom1al

P(s)vexpressed as
a

, P(s) = l_+ (RlC_1 f*; RZC2 . jﬁ Y”RZCl KiRZCl)S B o U

+ R.ER.C.8> LT (2.3)

1°1°272
Harmonic oscillation occurs if the zeros of P(s) are on the jm ax1s,
a requirement which is met if the coefficlent of s in (2 3) is zero
This yields the malntenance or oscillation condition given by

@.4)

fde
R
SN

In- practice K should ‘be greater than the value indicated in (2 4)

in order to ensure oscillation. n. -
When (2.4) is satisfied,_the zeros of (2.3) become
‘21,2 j/(RlclRZCZ) SRR | - ,(2;5)

-l

'-V,

;wo‘ 1/(R1C1R202) o ER sy o f(?fG)'



2.4 Limitations on Oscillation Frequency

.’>

‘Fig. 2.2(a) then the 1oopvgain condition

15,

‘It is interesting to note here that for equal time constants

-,(Rl =R =Rand C, = C =‘C) we obtain wo = 1/RC, and (2 4) gives the

2" 1T
critical value of Ki = 3. Also Z, /(Z + 2 ) 1/3, L(s) =1, T(s) = 0,

and the phase shift. of (2 1) is zero.
In order to understand the performance of a practical osc1llator

it is useful to start from the fundamentals. As described in the'

prev1ous sectlon, the loop gain L(s) has to maintain a value of 1 if

harmonic oscillatfon is to be achieved If the amplifier’ of Fig 2 2(a)

' is removed' the resulting circuit shown in Fig 2.3 will have a transfer

function

o . s

and it may easily be shown that this transfer functlon has poles at
'\B !

the natural response consists of exponentially decreasing time functions.

If an amplifier of.gain Ki is 1ntroduced-to obtain the arrangement in

CLey=1- Ryt ()1, ()

| - ) - : . B

being satisfied means that the network losses will Just be made up by

the‘amplifier.. The_above,condition mayvbeqexpressed/ip/fﬁljf(for equal '

A

time constants)_ash , L ol

gl = -2 62/RC and‘s = -0 38/RC. As the poles are real and negative o T
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which gives

s%cR? + sCRB-K) +1=0 @D

The locus of poles of.the Wien bridge (or zeros of (2;7)) is shown

i
depends on'the'zero location [12 ‘ch. 4] as shown in Tig. 2.5. ThlS

in Fig. 2.4. For 0 < K, < 3 we get an amplifier or filter whose type

~ gives a clear indication that the theory of RC oscillators and RC
filters are qulte related If Ki > 3 the oscillation wlll grow unt11
11mited by the output capabillties of the amplifler.
" The only time the outpuf is purely sinusoidal is when K 3?
This is equivalent to saylng that the amplitude of osc111at10n will
be constant if the poles are, kept exactly on the jm-ax1s The need
for some form of automatic galn control is- therefore obv1ous, since it
“lis practically impossible to keep the ga;n exactly at the.value of 3c_v‘
| . Usually one starts‘with}a.gain slightly gteatet than 3 so that
the poles'ate’in the rfght#half s—plane, hut as cloee as poesible’to
the jw-ax1s In the practical oscillator c1rcuit‘shOWn in Fig. 2. 6, a
' current C)P AAAP with dual out-of= phase outputs is used. The negatlve

-

feedback factor, or’ simply negatlve feedback may be written as

“

By = Ry/RyT+ R 8.

while thatifor the positive feedback via the‘RC-frequeneY selective
hetwotk, call it B2,1is given as.

'BZ =422/(Zl'f ZZ) R : | A | ﬂl' f« '(2.9)
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Now the-current gain with ‘feedback equalsbI/Bllwhich.is slightly less

than %-byva small number b (as'the current gain is,slightly greater

than 3), and negative feedback provided by Bl is less than the positive

- 'feedback B2 This information is now to be used to describe the

Vo

performance of a Wien bridge oscillator.

Using (2.9)'and Fig. 2.6, the feedback factor B may‘be expressed -

, 2
!
\
4
4

.as

By "G+ Ile, - afa) - ' @10

-

. .

2 ; at o = w,. ‘Althoughkthe‘selectivity of the»Wien

[

- which gives B

network itself is poor and would provide unsatisfactory frequency
\

stability and harmonic rejection [12 ch. 5] [13 PP. 671 689], the

_ complete bridge circuit combining both .positive and negative feedback
. . / .
and. operating near. null has a considerably improved selectivity.
. N
Sin_ce_Bl = %-— b where 0 < b < %-the overall feedback factor call

it B,'becomes SR : ' S ' SR .

o . : o ‘ : o
so that at o = w s B =51, If Kiovis the open 1oop current gain of the
1'amplifier then, for the oscillation condition KioB =1, b mavvbe .

%

‘expressed as - ‘p o S e
=i e 2D,

~ So the deviation.ofvthebnegative feedback from its ideal value isJIimigegcff

Cd L S o

NN
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by the amplifier open loop gain, and the bridge would exactly balance

if the amplifier gain K were infinite. In practice this is not the

io

case and some imbalance must therefore remain. Thus a large current

\

gain in the signal path is of great importance, and this can be achleved
by, s;y,';sing high beta transistors for the maintaining amplifier.

A close examination of the expression for Ki given by the
reciprocal of (2.8) indicates that temperature changes will not have
serious effects on the operation of the oscillator as far as the gain
and the oscillationvcondition in (2.4) are concerned, since ratios of
similar components are involved and equal time consténts‘are assumed. The
frequency‘of 05cillation,‘however, is temperature sensitive[as mentioned

earlier. If a certain change in temperature causes R and C to change

by AR ‘and AC respectively, the new frequency of oscillation, w, becomes

(approximately) B _ o |
vé
| MR _AC |
W= W (1 —"R—" = 'C—“ - o : (2.12)
where w v=7%6 . This equation is useful if temperature compensation‘is

"~ to be achieved by, say, making the temperature coefficients of R and C
equal and opposite in sign [4], [14] [15], [16]. |
Other causes of frequency limitations include nonlinearities 1n
,the amplifier, a SubJect which has been widely studied- (4], [5] [17], o
[18], bandwidth [19 Pp- ' 519], and amplifier non-idealities [10], [20],
:vand a comparison of the network stability factors’ shows [5] that Wien
;wtype oscillators are the best choice.
| .The effect of'a non-zero input impedance and a finite'output

impedance of a practical, current amplifier may be determined u51ng the

'circuit of Fig. 2.7 in ‘which R is the input resistance, C is ‘the input

i



(a) Curcu1t

—R1+R/(1+w2R2C2 *-‘f'-'Rf:— RQR /(R2+R )

: 1 1+w2 R2C2 S
=1/ _._',+_ ’ .C..»__C2+C

C1 L e?G R

Flg 2 7 Practlcal Wuen brldge oscnllator

(b) Equuvalent of (a)



iivcapacitance R is the output resistance and C is the output capacitance. 9

B Through some tedious but straightforward algebra the new osc1llation ;

",

condition'becomes

2
H
+
wi‘
+

o

.;where R22A= R; //R 22 = C2 + Co» and K i1 is the current=ga1n‘with*

i feedback Comparing (2 13) with (2 4) it is qlear that the gain needed

ito start the oscillation in a practical osc1llator is larger than that

e PR

~ofgan_ideal_circuit. The corresponding frequency offosclllation is{f?‘
given'by

.

W= 1/R1C1R22C22(l + R, /R ))

L — e (2.18)
1+R/R +C/C +RC/RC2'_=- B T S D P IS

“Thus at high fréquencies:lf L
1+R/R

B inf T R, /R + C /c + R, c /R c2 o

@)

o and'at:lod frequeneiesffl

2 1 + R /R

1 + R, /R L A2:16)

;QSNJE

ke e
L S e i , o BTNk
For low deviations of m from w the amplifier should have low input o

\lresistance, low output capacitance, and high output resistance.'hIhe .



Ca

-ujregion the current amplifier Wien—bridge oscillator has the- smallest

*of a current amplifier both at the input and output amely low input'

- impedance and high output impedance.’kjf','f'b“ ,:lvf°'f5i,\

”;bfrequency osc111ators. It 1S important to look into the pOSSibilities

v'input capac1tance, however,vhas second order effects which are negligible

v'compared to those of other amplifier parameters

A 81milar analySis for networks based on Fig 2 2(b) - 2 2(d)

v}may~be‘done‘w1th nonidealitieS» included in the equivalent circuits of
'._the amplifiers as shown in Fig. 2. 8 - A comparisongof the reSults

agrees well with those by Filanovsky [10] that.in-the'low frequencyl.

- jideViation-of'frequency.' This may be partly due to the fact that a -f,[i

-.ftransistor in a common—base configuration meets well the requirements, ’

ln the experimental circuits which will be discussed later, common [s

w base stages are used at the input and output to prov1de near ideal
' 1nput—output characteristics while current amplification is obtained 'vl
{from an intermediate common—emitter stage

.ﬁuZQSl Variable Frequency OSCillators s i;;7

The discussion in the previous sections has been focussed ‘on: fixed

-.I.

Lo

'of deSigning variable frequency oscillators for use in a. variety of

:,design problems in modern communication systems. They are often used as”

~

—lf'sweep osc111ators, synchronized local oscillators in signal comparatqrs L

"v;vand phase locked demodulators [8] [21] and other general applications

vwabranging from music to digital clocks lﬁ”is clear that the class of

'ffapplications is broad and thus a good controlled oscillator should have

5:a wide tuning range.~ The output signal should have small amplitude

o

”alvariations thrOughout the tuning range, and good linearity between the

ncontrol signal and the output frequency should be. maintained ‘

- As. noted earlier the frequency determining elements in the Wien ;h



’:h:Holt and Lee [24] who demonstrated that the frequency ol

v'v") - . . : ' : ’ ’

bridge oscillator in its simplest form (Fig 2. 2) are. the resistances
l’ 2, and the capacitances Cl and C2 To change the frequency, either

\

the resistances or . the capac1tances are to be variable,hand this poses
some problems.~ Firstly, if equal time constants are assumed it is

not easy to obtain variable components which track each other exactly

: and this results in. undesired changes in the properties of the p051tive

'.feedback loop causing deviations in the frequency and amplitude. Secondly,

@

'it will be dlffiCult to maintain the oscillations,‘and readJustment of

the current gain may be necessary To solve these and other problems, w0

P

»fit is necessary to use more than one. charge control dev1ce. Thls
;increases the design freedom and frequency may be controlled without
vl;iaffecting the OScillating condition [22] [23] [48] |
| ' A class of RC oscillators incorporating two voltage amplifiers; an s

‘ .

inverting amplifier and a non—inverting amplifier was reported by g

; illation

*:;could be varied by changing the gain of the inverting anp kfier} The-'

B

Jresults showed that frequency scaling was psssible, and whereas some o

hcircuits provide up~ scaling or down—5ca11ng, others have the smne :_i‘*
oscillating frequency as conventional Wien bridge oscillators Of great
‘linterest are: the two circuits shown in Fig 2 9 1n which the oscillation

A

n,condition is independent of the gain of the controlling amplifier .Th?..

:'frequency of oscillation is down-scaled in Fig 2 9(a) and up scaled in'i'ffj"' '

7,‘Fig 2 9(b)

"i;and a powerful method of generating sinusoidal controlled oscillators

'. A general discu551on of the properties required of both active,‘f*

: and passive sections of a wide range of RC oscillators is given in [25], R

'. 'suitable for integrated circuits .is presented in [9] where tw0 fixed

vgresistances and two fixed capacitances are used together with one or more L

Wy ' .
G
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,amplifiers.v It was. shown that one amplifier can be used to take care

of the oscillation con%gtion by confining the poles of the circuit on

the jw-axis of the s—plane wh11e the other amplifier (or amplifiers) provides

"a means of controlling the effective value of the RC time constant. This

'ﬁjcombinations of RC networks and chaﬁge—control devices of Fig 2 2 and

' the design in this report is based on those oscillator configurations [~

'which are less known. The main signal control mechanism is through current
framplificatioﬁ\rather than voltage amplification and a convenient AGC

"dircuit has_been usedt'-”

is: more. convenient than the c1rcuit of [8] where an integrated VCco uses

4 .

f‘two field effect transistors (FETs) to realize two variable resistances‘

for changing the frequency of oscillation,‘and the circuit of [21] in

-

awhich a VCO has two variable gain amplifiers, one for the oscillating

condition and the other for the frequency of oscillation.v

The oscillators generated in [9] result from all possible

>



:CHAPTER‘III,
: PRACTICAL CONSIDERATIONS

A numberlof circuits have been designed and tested, and‘their
performance has acted.as a guide to the kind of. limitations to . be.
expected in high frequency RC oscillator design. The circuits ared
designed using discrete components,kbut wherever p0531ble components o
~are kept within convenient 1imits for integrated circuits. Coupling and

bypass capacitors have‘been‘avoided wherever possible, and power drain

: was kept low.»»“

L3

g\3.ld Experimental Circuit

3

An RC oscillator based onr Fig. 2 6 was’ designed as shcwn in Fig 3 1}>'

/ ‘ v
In this circuit the input stage, transistor Q is-a common base-

fr amplifier whose current gain is nearly unity and-’ its input bmpedance is o

”’ii-very low, The common emitter stage with transistor Q3 provides h1gh

'Acurrent gain (approximately equal to the transistor beta), and the

-

6. 7

resistive current divider con31sting of R and R determines the closed
loop current gain of the amplifier via negative feedback This'current-v

' gain Ki is given by f

,(3.i)'1f.j

h Since the tran81stors Q and QA form & differential pair, transistor Q4

P

L carries the same current signal as Q3 except for the polarity. Thus

the signal appearing at the collector of the common base trans1stor stage‘l D

-: Qs is out of phase with that of the collector of Q3 It may ea311y be':hd

-seen that,with respect to the input at the emitter of Q X is an - invertingm’"'

C output terminal qu Y is a non—inverting output terminal Thus,the‘RC

: 27



a, 28
i.network‘is connectedkat Y to determine‘the,freguency of oscillation as’
explainedlin the previous chapter;‘
| vjAs fixed RC componentsaweﬁe’used,beach@set of‘R”and'Cfdetérmines'
\amsingle frequency of oscillation; 'fo make observations for different
values of. freduency , if was‘necessary‘to vary R or c. It wasﬁnoticed -
however, that the current gain given in (3 l) had to be adJusted almostf
'every time the frequency was changed in order to’get a reasonably good
-‘sinusoidal-signal at terminale. This arrangement is not Suitable for
thebrealization of a variable frequency oscillator, a fact whlch was'
' given in Chapﬁer 11, and this may be explained as follows. The quallty-
of’the-output signal dependSﬁgreatly-on the valuerof thehamplifier‘gain
{ as given in- the oscillation condition (2 4) and also on the position of
lklpithe oscillator poles as indicated by Fig. ‘4 When R and C are changed
e:by replacing them with components of different values, the right hand :
'side of (2 4) may- assume any value in ‘the interval :

.[3-2(——+—-), 3+2(°--+——)]

'iwhere %5 and %Q are componentvtolerances for R‘and c respectively. We
vobserve here that the part of the interval with valuesrless than 3 is not
~of interest tobthis d13cussion as The corresponding currentfgain is.

- fless than 3.andvno oscillation would take place. |

| d‘ASSume that the tolerances for resistors and capacitors are 104;1
f)Then the right hand side of (2 4) may deviate by as much as 0 4 from the°‘
.nominal value of 3 O ' This means that in practice the minimum gain_i
..‘required to start the oscillation may change when a different set of R s

and C components are used and the worst case is determined by the

_tolerances of the.components.~ It is this change in the practical gain



"fThis current is supplied to the oscillating network in such a way that

29
requirement that alters the validity of (2. 4) when the c1rcu1t gain is
already fixed In order to restore the equality for a better sustained
oSCillation the feedback components have to be adjusted accordingly.

Although the oscillator'may work with'transistor Q6vexcluded from

¢

the circuit there is.a marked difference in the quality of the‘output

when VB6 is adJusted so’ that Q6 is ‘on. the edge of conduction.: In fact
the amplitude is easily reduced by increasing VB6 : Therefore this
arrangement consisting of Q5, Q6 and the control voltage of VB6.acts as

a simple amplitude regulator. It works on the principle that since the
'current drawn by Q4 out of node‘N is a constant or nearly so, and node:.
'N sums the current contributions from bothaQ5 and Q6’ sending Qé intO'
~conduction means robbing some- (or‘all) of: the current needed for
oscillation in the RC network as Q will,conduct leSS current (or. none)
"?QS and Q6 form a current divider which will prove to be quite useful‘
;'1ater in this discuSSion..p . | | | K

The oscillator of Fig. 3. l was dev %oped into a complete circuit

by adding an: output amplifier and amplitude regulation ThlS was done‘

/

following the block diagram shown in Figé 3.2. A Here the output 51gnal

‘is rectified and fed into the regulator which generates a regulating
’Zcurrent whenithe rectified s1gnal level reaches the reference voltage._
vthe output voltage vo malntains a’ fairly constant amplitude. o

A practical circuit based on Fig 3 2 has been designed and tested.
',,The schematlc of this circuit is shown in Fig 3 3 in which the oscillating
& network is essentially the same as that in Fig. 3.1. To minimize the-‘

floading effect on the oscillating circuit at the collector of Q5 it is

'desired that the input impedance of the output amplifier be much higher

V77
PR
4

_than R . A detailed discuSsion of the design of the output amplifier
s ﬂ . }
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. kept to a minimum for this transistor type..

32
is.given in;Chapter v,
o _ The‘amplitude regulation network 'in Fig. 3.3 operates as'follows.
The base of Q is at a fixed reference voltage determined by Rl’ Ré:

and the base-to emitter voltage drop of Q1 The output 1eve1 is sensed

by the potential divider con31sting of R13 and R14 which are chosen to

H

‘give a voltage one diode drop above the reference voltage when the output

‘signal reaches,the required amplitude in the positive half cycle. At

@

this point the‘rectifying transistor turns ON, charges up the capacitora

C3.t° the reference voltage~and sénds'Q8 into .conduction. This will

tend to reducé the current gain in‘the_oscillating circuit .and hence

a9

‘the ‘output of the oscillator‘maintains a fairly constant amplitude.
,ﬂA constant input at the base of Q8 is not desirable and the capac1tor
.C3, whose purpose is simply to store the reference voltage, ‘is- allowed

vté discharge slightly through a large resistance R before the next

15
positive peak is detected.

The attractive nature of this circuit is that it is very balanced
and'its operation will-be veryvinsensitive to temperatufe.provldedithe
pairs Ql Q2’ Q3 Q&’ Q5 Q6'and Q7 Q8 are matched The diode—connected
tran51stor Ql simply serves as a means of providing thermal compensation
for Q2 80 that the reference voltage is temperature insensitive.‘*In .

addition to- that the ratio R13 T4 is fairly constant with temperature

© for diffused resistors.

One of the drawbacks of thls circuit is that C3 is too’ 1arge toc

\

. be incorpOrated'into the monolithic process and will have to ‘be connected.
‘externally. Also one of the two,pnp.transiStors,:QB, lies in the signal .

path'and may limit the high frequency operation of the»oscillator;

However, since Q3 ds driven in the common base mode the limitations are

a

s it
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3.2 Measurements

By changing the value of R (and sometimes c) in Fig. 3.3, the
oscillation frequency was varied through about four decades and the
_results are plotted in the curve (a) of Fig. 3.4, Here it is evident
that the oscillator is almost ideal for. frequenc1es below 700KHz, and
above thiS'figure the measured frequency is lower thanh the theoretical
'value based on the ideal model. This deviation is larger at high
frequencies, a result which is easily seen by comparison of the ekperimental
curve (a) with the theoretical curve (b) | ’

The bandw1dths 6f the two amplifiers (that is the maintaining
;amplifier and the output amplifier in Fig. 3.3) were measured separately

!

hand found to be less than' 5 MHz at a gain of 5 ‘So the observed deviation
of frequency could be largely due to. bandw1dth limitations, and it is‘:
suSpected that in addition to the causes of frequency dev1ation d15cussed
-earlier, parasitics are a‘major factor in this'experiment especially at.
freduencieslin the MHz region. | { | |

| Calculations of frequencies of osc1llation vere done u51ng the
practical model'of Fig. 2.7 which includes the effect of the: 1nput and .
output impedances, and the results were closer to the meaSurements than
to the ideal ‘case. It wasltherefore decided to change the-oscillating
'circuit slightly to see if the type of current—amplifying stage used has
‘any effect on ‘the upper frequency 1imit of the oscillator.’
:3,3,' Improved Circuit ‘and hf Behaviour /

The common emitter stage with Q5 in Fig. 3.3 is more Sensitive to

t‘the collector -to-base parasitic capacitance than any other stage. With

:a large voltage gain typical of this configuration, the Miller capacitance
‘reflected to-the_input of  the stage is bound to degrade the high frequency. -

performance of the oscillator. An attempt'was'madevto use collectot—to—

:base compensated transistors [26] in place of téansistors Q5 and Q
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:i‘As the commoncbase stage has a wide bandwidth (current gain pole =, ),'

iv:leSS sensitive to the load resistance [l ch 7] The good output

‘_Jat the output.

3

"*;,This reduced the frequency deviation to- a good extent but increased

v .

u?signal distortions at . the Output of the. oscillator were observed for a

fgiven closed loop current gain setting It was clear, therefore, that

e

E blimitations. o

Based on the above observations an improved c1rcuit was designed

"\y',

in which each of the tran51stors QS and Q6 of Fig 3 3 were replaced’by
the cascode connection.‘ The mnew clrcuit is shown in Fig 3 5 where the

/ numbering of the transistors is the same as that in Fig 3 3 for easy B

i

’finterpretation and comparison.‘ Only one more trans1stor 1s added namely

} ., _'

”f'QQ which acts as a. load for QS’ and the basic circuit operation is the

.d ").

"same as in the previous circuit. The advantages of u51ng the cascode

N

"ﬂg connection will now be outlined.-.:," v“‘;hs,jul ‘1 7 37~ v_:l’ N

The cascode amplifierrhas a very good high frequency performance

3which is derived from the fact that the collector load for the common‘
. mitter stage Q5 is the 1ow input impedance of the common basé.stage Q9

r;fiwhich is approximately 1/g. at 1ow frequencies Since Q and Q9 (alSo

v

e iQ% and Q7) have the same collector currents, the voltage gain of the fu-ﬁwi"
uf}common emitter stage will have a maximum value of unity This minimize54* e

.the]influence of the Miller effect on Q even for large values of R7. s L

A

’“Iv"isolation(§ESu1ts in . 1ess reverse transmission while the high °Utput o

The‘emitter resistances Rl6'and R17

‘”ﬁ'.35f:

are added to increase the inputjgffﬂ"

_‘the parasitic/capacitance of Q5 contributes to the observed frequency :f""'“:f”l

"gfcaScode circuit has a- good overall high frequency~performance which is jfhi; ERa

. ﬁimpedance typical of common base stages reduces the amplifier non-idealitiesfib”‘”'

J&resistanCe stabilize the gain, and increase the bandwidth of the circuit.i{f; LT




B
L v- i4

In order to identify the c1rcuit elements that most affect the

QQ—B dB frequency of the circuit the zero—value

h’;time constant analys:s is used on the cascode differential amplifier
"s?ywhich con51sts of transistoré/Qs, Q6’ Q7 and Q9 Assuming that the .
3 s

'wibase of Q5 15 driven w1th a source impedance R the half circuit

I’Vequivalent of the amplifier may be represented as in Fig 3 6

v ol ffl:i The re51Stance seen by C 5 across 1ts terminals with.all other

ﬂz?f-*@capac1tances made equal to. zero is, glven by

1 + g T .

mS 16'

""/.'/

w05 _ﬂ5f.:

655 its 'terminals
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and o - o : ” : ‘ L , ",‘.’ "‘-

Tys T st g R oo o o 0 608

fThovresistonoos seen(oy_Cﬂg,'Cué;.hnd C. .

csglare,.respeotive}yf_ v‘ U S

i

k“\-

R o :l""‘i.i S ‘! ‘°i : “‘ }‘3 : ﬁ‘ T,
‘-‘.R7T09 = r""g.‘_/—/' '(%-;)-’ v L S “ i (37)

409 = rbé;f g tRy ~f;$f"' FOE (3.8)

ft?énd.i o
Rigog = Teg Ry T e (849),
”rThe"sumtof‘the éero-ualue”timé constants is given by multiplying .

(3 7)-- (3 9) by the correspondlng eapac1tances and addlng Let th1s

- sum be ZT 'Thus_x‘

o "5"o5+ C}esyS‘RcsoS}H- CLVJSRH_"(I)‘S,-*- ‘C‘n'9g'u09 v

oL

v

jSlnce the circuit does not have a domlnant zero (as there is no capac1tive

"gpath directly coupling the input and the output as C does in the fsx
”i{femitter follqwer), the —3 dB frequency corresponds to the.dominant pole».,
;frequenchand-isgestimatedfas '”'in':'<-gt

S-3dB o, oo
PR apn



ao j P C40 .

, It may be established by inspectlon that the major contribution

to. the —3dB frequency comes from the flrst term in 3. 10) whose dependence
on the circuit parameters could be studied using (3 2) This contribution,
therefore, gives.an upper limit for-the high—frequency cut off for.the.'
'vamplifier, and the variation of‘this_limit‘with'the circuit parametersk

- yis summarized in Fig. 3 7 - Fig. 3.10. | . '

The ef-fectwofvrb5 is to lower the bandw1dth as seen "in’ Fig. 3 7,

butﬂas'this parameter is controlled by the-fabrication process and
5"not by circuit design it will not be. discussed further

The source resistance R degrades thefhigh frequency behav1our of
hhe circuit., Fig 3 8 shows the dependence of the bandw1dth on ‘R , and,'l
:it is also evident that for‘a given.source re51stance the bandwidth may
.n_ibe improved by rai51n§§thefcollector.current‘vand thus‘lowering the N

Qs . Q.

"input impedance of the cascode amplifier.y
Y In Fig .3, 9 it is seen that the broad—banding may be achieved by '
increasing the emitter re31stance R16'whose influence depends on the

l_bias current.v At low currents R alone will not bring much change in.,l

: 16-
.fthe bandwidth of the circuit. si_”f ‘“‘ f~'i{

The-effect~of I 5 on the circuit bandwidth is shown in Fig. 3 10
' This shows that for a given source resistance there is a max1mum bandwidth

: which could be obtained, and thlS maximum bandwidth is highest for

(

ih,RS,=_d; Thus it is still possible to operate at 1ow currents and yet

‘,; achieve large\bandw1dth if R is minimized, and this is very important.

e

Now the source resistance may be identified as belng approximately

“-equal to R of Fig 3 5 in whlch the base of Q5 was held at 0 v.. Thus

4

: R4 would be about 20 kQ for a bias current of 0 5mA through Q3 (or

10 kﬂ for double thlS current) when the Supply voltage is 10 V Such a:

big source re81stance will give poor results in spite of the changes

R ¢ :
A " ‘
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Fixed Parameters:
180 O Rs = 500“
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that have been made in the’circuit configuration But this-circuit
of Fig § 5 shows some improvements over - the experimental circuit of
‘Fig. 3. 3 as shown by frequency measurements in Fig. 3.11 where frequency
deviation starts to show up . above 1 MHz.

| It 1s certain that if the effect of SOurce‘resistance vere reduced

a high frequency RC oscillator w0uld be realized. A search for&new

circuit configurations is therefore essential

S
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CHAPTER IV

DESIGN OF BASIC CIRCUIT BLOCKS S RS
pPrevious sections were deyoted to hackground‘information,‘
: modelling and experimentation of an RC oscillator of the Wien type.
The experimental results backed by simple theoretical analy51s have .
indicated*that'a number of circuit parametersllmit-;he high frequenéi
performance of RC oscillators.v The purpose of-this chapter ie to
design circuit blocks.which are capable of operating;atVfrequencies'up

to 1 MHz or higher. Three circuit blocks are descriBEd and theseJ

include the current amplifier, the basic oscillator and the output power

\:J:ga B

amplifier. All these circuits are based on high frequency configurations,
and as the-following discussion will show,satlsfactoryﬂperformance has
v‘_been achieVed. A great emphasis is placed on current amplification
rather thangwbltageiamplitication foQ?imp{SyEd'frequencygperformance,-
anddsymmetry is used to‘minimize‘thermal.drifts: _A_ ,itm:i,‘" %
4.1 Current Amplifier | o
The design of current amplifierspis of great interest at the.

.,monent_as the_growing-needjfor more,efficient circuits'continue to put
-vpressureionlcircuit designers."The'introductionuof the voltage operational
émplifier‘(OP AMP)‘in‘integrated form_brought‘with it.convenience in .
circuit design'and signal'proceesing. There has'heen an accompanying
tradition, however, which has left us no choice but to thlnk and work
in terms of voltages rather than currents. But the voltage oP AMPs haveA
failed to‘keep their promise when it came to high’precision 1nstrumentation
'which requireklow noise and low distortion anp&ifiers,-and high%freouency
applicatione.where high-speed.(or~slew rate) is a very‘inportant
parameter.i' | ’

"A'new generation of circuits for current“amplification is beginning

L
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to appear and a;numher of circuits have been discussed in the literature.
Examples include current-controlled current sources [51],.current~
followers or unity gain current\amplifiers_[SO] and [52], current conveyors
[53]‘— [SS], transconductance‘amplifiers [56], and single-ended input
current. blocks which produce single-ended output current, [49] - [57].
Gilbert s well known current gain—cell [27] - [30] however, has all
the features needed in this project and to the best of our knowledge,'
it is the highest frequency 511icon integrated circuit to date. |

The gain-cell in [27] operated in the direct mode shown in Fig
_4 1 is of special interest. Ql and Q2 are diode—connected input
. transistors which serve as current Sensors. | It has been shown in the \

1iterature that if, as shown in Fig. 4. 1(a), rconducts,a current equal‘

-1

o AI and Q3 conducts a current OIE where IB is the total *ins current "
_for ‘the input transistors and I is the. total bias current “or the ”
voutput transistors, Q3 and QA’ then the constants A and o are equal
“Normally these constants may take on values between 0 and 1, and the
~above reSult may easily be verified by summing the diode junction

voltages around the loop consisting of Ql Q3 Q4 Q2 assuming perfect device’»

’matching. AThus ‘the input currents are
AIEvand (lfl) IB~

and the corresponding output-currents are
“AlE andrtl-k) IE

respectively Consequently, the dc stage gain is given by I /I .

It is of great interest to investigate the case of small signal

ol
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operétion in which the inputvcurrenﬂé are superimposed on the bias

currents. For éymmetrical operation XA must be fixed at 0.5, and for

- convenience AIﬁ‘ahd AL, may be denoted b;I1 and I, respectively.

This results in the circuit of Fig. 4.1(b) in which 1 1s a small signal

[ *

input. current and io is thevcorreSpondipg_small signal output current.

~In th%svarrangemenFJIB = 211.and Ip = 2L,.

\ . : : ‘ : :
\The gmitter-to—base voltage for a tramnsistor conducting a forward

current I is given by
‘\ . I ) L . )
Y=——Rn-1" ‘ : C(4.1)

: \ _ _ ‘ o
where k\is_Boltzmann's constant, T is the absolute temperature, q°

|
1

| ! . ’ . .
is the qlectronic charge and IS is the reverse saturation current (<<IkL
| . . : .

LA
i

Let the?juncfion voltage for'Ql be V, . Then

/(4.2)

. : : . o L
: ’ - - &Y o
. S E z:elh .
5

when i=o. When a small signal current ig applied at the base of Ql’

“the resultaht junction voltage becomes

' & . I+i~ . . . : ‘ .
VitV = 2n T A | SN CRX)

3

vhere &V represéntsAa‘change'in V1 due to the input~current i. Thus

v 1
Aleis given’by , : E S o ,/
. L+ I, | ’
. kT ,, 1 _ 1 ) :
- ‘AV“,1 *q (&n fi;— %n Is) S | - 4.4)

% E

™ .

Similar results may be obtéined for other transistors. It may now be

k.

e ¥



vy S X (2 \/___1 <o T) T RS G- DN /
v lq o 18}. FRNE AT N LR S
- S v %l.:‘»

Sl

B e T I
kT ‘ 2 o 2 __,)
Wy (2 - 7). e

"0 arOUnd the loop con51sting of the four transist;ors,-
d)

Since th% &um z v o=
Co{=1 1
it follo"/'Si that the algebraic sum of the voltage changes (AV ) 1 1, Weey

3l

due ‘to: tf‘e dlfferential small signal input current i must also be zero.

» c g &
Startmg l‘om Q1 and movmg clockW1se around the 100p we may write ‘

This simfrlifies to T e B »
(I;l*i) (I 1 ) = (1 -1) (1 + )
Therefor el
21@1 2112
- Thus the- %‘tagek galn 1s given by . SRR

(W
3\
F
=4
~
[

]

‘\q ,
R
el
I TN

Th/ above result 15 interesting in that the dc stage gain obtained
This means i

earlier a‘ld the small signal Stage gain are identical.

that th/ Qircuit haa the same gain for ac and dc signalsr and it is
s A
Also the fact that the

[

J:hus Sui/tﬁble for a,nplifying mixed signals.




(”5affecting circu1t?ferformance With ghe symmetr;_

h'p’still negligible for typical values/bf beta'

| by transistor mismatches will not lf?-nﬁﬁﬂ

: 8 : T
“”ﬁ“the forward active region, a convenient level-shifting circuit is: ;j1w

de i;be significant when discrete match d pairs are used Also with the {fif}’jf? :r_:
. : ‘\) : N . . »4 - _./v B
v Since the oscillator will'be realized by completing two feedback
: ~vloops from the output to the iqbut of the maintaining amplifier, and the
; 'v B / | A k ’ .." P R
"'1./ flﬂcurrent gain cell to be used requires that all tran31stors be biased in ,; {j;ﬂ{,/~*”*

r,wﬁﬁ,tinecessary. This circuit was built using an all pnp stage to drive an :fhiu”f7.]jﬁ7“”‘

o |
“i/, ‘iﬂnpn stage as shown in Fig- 4 2 (Ql—QB){ Therejhreaa number of features\f.‘ T
:?:Hbvholpwhich make this level-shifting network su.tablenfor current amplifier ;;::5';1\' _

“v/wi b r_? applications. The é%put may either be singlefended or differential | \;.

“ :-_the current gain may be adjusted from unfty to‘higher values by increasing N ‘ﬁf
.,y . EE ,"iiyﬂ _:. ,‘ y;##&;ﬁifﬁjn{ ‘ . . ,
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bl;3 alone dual.outputs are available regardless of the input mode,u
t‘}input impedance is very low and output impedance is very. high
;f addition the translation of voltage levels from input to output mav beb h
"las large as the supply voltage less four diode drops.ibIt is important
'f:fto note that this range of voltage translation 1is much larger than i,,f
d,most leveleshifting networks can provide The fact that no passive ﬁ;ﬁi .
'v;components are used results in a.very important property of the circuit‘v'
’flbbeing described(hamely the performance of this netw0;k‘is independent.:; p‘.
bi of the input and output voltage levels prbvided all the transistors are”':_'

RS

‘:.3active.z;ff

H'o Current gain of the complete amplifier is increased by two

',fadditional blocks consisting of Q le and Q Q16’ while Q Q18 provide

“’a high output impedance and good output isolation typical of the
’-; cascode connection._ Let K ’ denote the current gain of the entire -

"fffipfamplifier when no feedback is applied. Assuming that a different1al :

v?7input is applied at the baSes of Q and . the open 100p current gain

2

becomes

N
[S%]
H l
R SERS
~J
S
;

’.Ei'f::V For simplicity of design and analysis we set I3 I5 I7 1, Ia b and ;*'i_i' 'Q,Jpnj.:‘
il"k;flz 18”14 I3 AI Also in order to maximize the bandwidth of~th3fj' ” PSSRt S

'amplifier wa choose 11=Iz Thus (4 ll) reduces to i;'

ool an?

EX

"It is evident from (4.12) that the current gainthay be increased by ot




.‘ﬁ;j“a factor of 100 between the two parameters is quite normal This':j'f‘:.'
’k*explains why unity gain for the input stage was needed hat is to avold

"fﬁgthe bandw ﬂth_shrinkage which is evident in (4 13) Indeed it is still

vh“:idfof the amplifier is limited bv f p "'z{.ni’.;:ﬁﬁvfe' ijp ﬁu*.}iﬂ,‘i;.

h7,i1npn transistor pairs and Motorola s 2N4937 dual pnp transistors. Matched :

R . : = . B

”decreasing the difference terms in (4 11) using tracking current sources

e 'With a bias current I, as low as i mA and the difference term AI=0.1. mAw

o a current gain oﬁ 1,000 is‘easily obtainedu

0
Y

The current'amplifier was biased to operate'asvdescribed above

meaning that each npn block contributes_a_current gain of about -10. Erom,

',_theory [27] the handwidth,vBa,'bf_3vCascaded7stages_worksiout'td be

)
vy

Commerg (BT G

: 'where f is the current gain—bandwidth product of the npn tran51stors N

f and N— . The facto% of-O l in (4 13) comes from the fact that each

”.individual stage ‘has a current gain of 10 and B is 1nverse1y proportional .

- :to this gain It can be argued from here that since the input stage g

&

"is biased for unity current gain operation (and it is a 51ng1e stage)

'

: .i‘it has a bandwidth Bp’ given by

‘u

h‘_where pr is the current gain—bandwidth product of the pnp transistors.
e g

In practice f especially for integrated dev1ces in which

.Tp

<quuite possible that B >Bpn4 For example if f '=300 Jﬁz and fT'=6 MHz,

'V],we obtain B —15 MHz and Bp~6 MHz, showing that the overallxgandwidth

A
The circuit of Fig. 4 2 was realized using the super-matched LM394H

Toee™
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‘ current sinks were obtained using‘LM3046N transistor arrays. .The
frequencyfresponSe of‘the”breadboarded circuit waskmeasured‘by applying 7
aa small current signal at the base of Q2 and observf;g the inverted
'signal at the collector of Q17. The 3°db bandwidth was found to be about
2 O MHz which is much less than the theoretical value, pr' This‘is
quite acceptable since the testing environment is more parasitic than
‘“ithat of an integrated circuit after fabrication. Since feedback is
| going to be applied in order to obtain the required oscillations the
bandwidth of the resulting feedback amplifier will improve to some extent

lThis is discussed in the following section. ,

”ffy14.2 05cillating Network

he theory of oscillation and limitations on frequency accuracy

‘fhave been discussed in Chapter II. A number of factors leading to the
o , g
~choice of ‘a. Wien-Bridge circuit based on: a. current amplifier configuration

- were ourlined These include better frequency performance, easier 3"

BEl

V.y gcontrol of amplifier gain, 1ess sen51tivity to parasitic effects or non—
‘ ) ‘/ [

,idealities at the input and output ports, and the ‘edse with Whlch

-.fflcurrent amplifier circuits may be integrated at a great saving since AR

'VTZthey may be realized using active components alone.

In the previous section a, suitable current amplifier was described
'f'fIt has a low input impedance of a diode—connected input transistor
.and a very high output impedance To initiate the oscillations the

":fgain condition of (2 4) has to be satisfied Thus the gain °f the‘;f

'amplifier of Fig 4 2 is fixed at a value K >3 where equality gives

,fﬁharmonic oscillations. This is done by applying negative feedback from
;,the collector of Q17 to the base of Q2 using a resistive current divider

.

'ff“consisting of R, and R, a§ shown in Figh -ncy selective_ .

3 4

4=
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‘;i;4active devices in the signal path

‘Clearly ‘this implies that K

f'temperature, and this in turn provides better amplitude ‘and frequency

- oscillatiOns with R

. // o )

/ . - 56
| . . ‘ t . . : . : ‘ / ‘ ’ .
amplifier (colledtor of Q18) to the b“of, Qz to form the positive .
DA | . NG .

e

feedback loop.
o 'The feedback factors for the two loops (negative and positive
feedback) are'given in (2.8) and (2.9) respectively, and the current

gain with feedback K may-be described as

i)

R = do__ @Ay
TTH BlKi DU S _ |

i will be independent .of the open 100p gain

if BlKi >>1 meaning that R3 and RA completely determine the feedback

: »gain. The importance of this is to mlnimize the sensitivity of K to

stability,‘ With the circuit of: Fig 4.3 it was possible to maintain
4 nearly twice the value of R, throughout the working ‘

frequency range of the oscillator, and this is indicative of ‘the fact

'gthat the Open loop gain is large enough to meet the stability requirements

"of the feedback gain.

’ﬂ A quick comparison between the final oscillating network of

1

Fig 4 3 and the experimental versions of- Chapters I1 and III reveals a

number of improvements\\v

'(i)“ all the gain stages are differential

(ii) the open loop gain,‘

1o’ is independent of device

i3

’parameters-- T Sl e 3

(141) gain may be increased without increasing the number of

'

»Y'Although the effective number of pnp devices in the signal path has- been
qincreased from one to two, the overall performance is better than that
_for the experimental version of the circuit Also symmetry has been established

and temperature drift problems will be less signiflcant. o



_ manufacture has. become more economical and the cost. per unit
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-

The frequency of oscillation of the network was changed using

different values of R and C and the resulting frequency was compared with

the theoretical value given by

-

. The results are shown in'Fig;'A.& from which we can claim'that the

1 . -

«;osc111ator has a very good frequency accuracy in the entire operating

range up to 1 MHz Since these measurements were taken without
amplitude regulation the final oscillator should'have avfrequency limit
>1MHz.: o o o

Temperature sensitivity measurements were made for a complete

\ .
\

“circuit with amplitude control and frequency regulatig@i A 5ummary of

these measurements is given in Chapter VII.
4.3 High—speed Operational Amplifier
c o .
An operational amplifier featuring a slew rate above 10 V/micro=

second and a unity gain bandwidth greater than 10 MHz has been built

rusing discrete components. The amplifier has an all n-p—n output stage,

-

,a’level—shifting network which does not use p-n-p trans1stors, and a

" cascode input'stage_with low input)current._ These features make the

circuit quite suitable.for fabrication;in:monolithic form. .
4.3.1 Introduction | - L | o y

Monolithic operational amplifiers have been around. for quite some

"time and their demand is continuously going up. The result-isit ag‘their

fallen by a factor greater than ten in the past decade, to, values quite

':comparable to,general purpose transistors, - General purpose operational

-

amplifiers,fhowever; are limited to low frequency’applications4(1'MHz

Q

E3
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N S'.
maximum) andélow Speeds.(below 1 V/micro-second). Many applications
‘require a much better frequency performance than this and bandwidth and
“slew rate more than- ten times the above figures are bec0ming typical
"goals in new designs. .
The major cause for.bandwidth'limitations in.these amplifiers is
' thé.fact‘that'pfn—p devices, especially the lateral type, have'veryv
poor frequency performance Many operational amplifiers use p—n—p
transistors in .the input stages with a result that the 1ntermediate
stage may have a larger bandwidth than the input stage. Others use

n-p-n input stages which have bandwidths larger than 10 MHz but then

: require level—shifting stages which have p—n—p transistors along the

2
A

signal path., In both cases the overall bandwidth is quite limited

. As for the speed limitations a number of methodsqhave been used_ [
to improvevthe slew rate of operational amplifiers while some use L
'transconductance reducing techniques on the. input stage using thel
thods of Solomon. [58], others use feedforward techniques [59] [60]
rThe first methed is the eas1er of the two, but its improvement of slew.
’_rate is achieved at a price of higher offset voltage and loss of gain.m
The second one maintains the performance of the input’ stage but demands
high precision in component'and parameter values, and it is p0551ble
to end up wlth a high—Speed operational amplifier having a- poor
.-settling time. Also it works. only when the amplifier is used in the'
summingnmode N

In viéw of the above comments and after a careful study of [61]

[62] and [63] we see’ that to get a low-cost high—speed operational
amplifier, the use of Slmple circuits is essential Indeed, the problem
‘should be approached from the point of view of good frequency performance

‘u

-
for all the amplifier stages and. keep the ‘total value of on—board
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capacitance as 1ow as possible. To do this we haveito rule oUt the
use of p-n—-p transistors in the input ‘and level-ghifting stages This
was done with success.in the circuit described in detail in the sections
wiich follow. The main objective is to design a completely direct-
coupled high-frequency operational amplifier suitable for fabrication
in integrated form. Bxgusing_an‘all n-p-n deSignlmost of the process
limitations encountered inAthe fabrication ofisuch clrcuits are
eLiminated and‘the overall cost is minimizedt. A . 1 -
4;3;2.Input Stagevv

The.input stage- shoWn in Fig. 4. 5, conSists of a differential
cascode amplifier with Darlington pairs Q Q and Q2 Qa, as input device
These transistors serve to lower the input ‘bias and offset_currents,' W’
and when operated at low bias currents the offset voltage assoc1ated with
these devices is minimized Q1 and Q2 are biased by equal currentl.
vsources, I1 and 12,.in order to have biasing current conditlons which
are inHependent of the input voltage. - The emitter degeneration resistors
R3 and Ravserve many.purposes.: These include 1oWering-of,the effective .
transconductance of the input stage, stabilization of gain, increasing.
' the input impedance and bandwidth and an overall improvement_in slew
rate. Care is taken in the ch01ce of R3 and RA as there is a limitation‘
due to input offset voltage which increases rather rapidly as the voltage
B across the resistors exceed 500 mV. . -
To minimize the problems of offset voltage inherent in Darlington
,‘devices, supermatch transistor pairs, LM194 and LM394 were uSed to
. build the input’stage. They have an emitter-base voltage match to 50 uv,
offset: voltage drift less than 0.1 uV/dec. o and a current gain match

to 2% [64]. Standard monolithic processes may fall short of these

specifica;ions, and these devices may cause_serious problems arising‘from
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mismatches and the unpredictable‘nature of bias current match Qver
. temperature [62] [65]' For the purposes of integrating this circuit
in monolithic form an input stage using bootstrapped Super—gain
transistors [62] is recommended. In both approaches, however, the
cascode . connection assures.matched'collector voltages forrthe.input
transistors, a c0ndition which minimizes the offset voltage contribution
due to the Early effectro The broad—banding properties of the- cascode
stage have already beenrdiscussed, and the ac performance-of the input
: stage is given in the section on the complete amplifier c1rcu1t
'4 3.3 Level—shifting Stage

‘A level-shifting network which uses only n-p-n transistors is
shown in Fig. 4.6, It is simple, broad—band thermally stable and
derives its & bia51ng from the input stage. The emitter followers Q
and Q8 provide high input impedance which is required for minimal
loading effects on the 1nput stage. It works on the principle that
when a voltage v/2 is sensed at the inputs 1 and 2 it is c0nverted into
a current i/2 approximately equal to v/R or v/R . Thus a current i
is reflected into the base of le by the current mirror which cons1sts“
- of Q9 and Q . The main advantage of using a differential-input leveley
shifting stage is to reduce the drift problens common in circuits
which are singlefended. In addition to this improvement,‘the circuit
of Fig. 4.6(a) delivers a current to the\output stage rather thanﬁa
‘_voltage as in [bl] and'[b3], The capacitors bypassing the resistors
sareifor compensationvof excessive phase'at high freouencies. This .
_network has a frequency performance ‘much better ‘than that of circuits ,V:

wising p-n-p transistors. Also it is thermally balanced and will

contribute negligibly to the output quiescent point drift w1th temperature.

-
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The fUnctioning of the 1evel-shifting stage may be studied

- _‘ ‘ . L/, .
/u81ng the simplified model of Fig 4 6(b) in which the current mirror
/ ~—

It is represented as a current amplifier with :

: is assumed to be ideal.
zero input impedance, unity gain phase inversion, infinite output
Letting T =O for simplicity

impedance and a mirror pole at\infinity

’

the transfer function becomes ," ikFQ‘;_ y Sl
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It may be seen that (4 17) describes Fig 4 7(a) and (4 18) describes

- Fig 4 7(b), the 1atter being the more conveniént representation of -
the input 1oop for the level—shifting stage. i S e
Theitransferi

deon T function has a low frequency value approximately equal to 1/R as
Also the time constan:A

';gdlgﬂéll expected, for (1+B)R >> r

P

'.“

i‘?i\

~7~ T C under L

k\am of the second zero, :
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"me, which is imp rtant, and since the frequenc1es m“ and wp depend on :

Oy T wayy

fv“;’and assuming that the current gain 8 100 time constant TF.=*0'3fﬁs;r

'junction capacitance Cj h= 1 pF level-shifting resistance R = 20 k B

a phase compensating capacitance C 10 pF the variation of mp and w
1aw1th current was calculated. This is shown in Fig 4 8 from which it is;;‘
’bg'seen that the characteristic frequencies in question differ at very 1OW'}3

bias currents Ehd track each other for currents abéve 0 5 mA

: There are three cases which may be studiedgfurther Let the low ;:'\'

1pfrequency value for i/v be G.f-
.CASE 1: With very 1ow bias current,_} <. 0 01 mA we. have wnfs up'< m'.

Fo%égrequenc1es w << me,'wp,:and W w, i/v Gw/w .; When w > wn, wp;st

'.iand w < m s i/v Gw /w:. When © > ; i/v ? wap/w w The plot of

i'i;this response is shown in Fig. 4 9(a) o ﬁ"fi. x,dh tlf" .” 'ff%f

L ,dCASE 2 For normal bias currents, 1> 0 5 mA, there is pole-zero

' candellation and the transfer function reduces to i/v = G(1+s/w ) which'
‘ is plotted in’ Fig 4 9(b) This response is better than that of Case 1.

dCASE 3 This is similar to Case 2 above except that the zero at m is

..ca

fmoved to higher frequencies, beyond w_ it by suitably IQWering the value ‘;i
fof C}‘ As seen from Fig b, 9(c7 this arrangement gives better frequency" B
' performance than that obtained from Case 2 since a wider bandwidth is

P Lo

obtained.. L SE Nl

The effect of soUrce impedance R and base resistance‘rb which ‘was

BREIEE ‘ ; : ) Te P o g ' . _LZ)» e

SRS

T
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. Fig-48. Dependence of f, and f, onbias current
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~ Fig.4.9. Possible pole-zero patterns for level-shifting network -
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4 neglected in'the simplified model of the. level shifting network is '_ b
now considered With reference to Fig 4 6(b) and letting Zb %ifbi¥“33’
the transfer function i/v may be expressed as

\1

Zb +'Zm _ ‘lfg)ze

1
A

..,written in almore congenient-form -

ol '&p o ;“ L'_
(l+S/w )(L+S/w )

shvp=s_ (l+S/m )(;fs/mpz

L ST - K .vl

is the value of G- obtaiﬁed

‘and °

By rqeplacitzg r ' by -rﬂ + Zb,

L Jpl'and pr are poles of the new transfer function

. ..The result of the foregoing analysis is that the effect of source

B impedance on. the transfer function of the, ne _is to create an

: 'additional pole which is good as far as freqssncy response is concerned

'if”It is unfortunate, however, that the @tansconductance is lowered by
, .

;isource impedance. A detailed computation shows that one of the poles,
“is“almoﬁﬁﬁidentical with wp, the single pole in (4 18) The second =
':pole, however, is much greater than wpl and is insensitive to current..

“:lt was also found that when the bias current is held constant and the

. source impedance increased from zero, wpz moves from infinity and
: 0 : . R

“approaches wpl " Fg ther increase in Zb produces conjugate—pair poles
'which are undesirable in this design.v‘Thus mél is almost entirely

"determined by the bias current of the 1eve1-shifting stage whereas mpszi

Lo

718 determined by the source impedance which in this case is the output

> S, L EEE . A

v

T
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impedance of ‘the. input stage ‘
- : v
. This study has shown that .the 1eve1-shifting network has a‘
transfer function which is quite sensitive to bias currer:N that o

this current should be relatively high for good frequency performance.
N a
The frequency reSponse depends on’ the pole zero pattern of the network

the parameters of which should therefore be chosen with care. Indeed

the first measure is -t position the i@ro we, due to R and C at as

;f'i‘ high frequencies as practically possible (Fig. 4, 9(c)) without lowering

¢

R too much the reason being that the 1evel shifting network should

kY

have negligible loading effects on the input st.ge“ The source-

hnpedance which is approximately given by R1 in g 4 5, should be A

3 ,;Q 1
- R h ; e

E chosen ‘80 that the corresponding high frequency ﬁQle,,wpz, is as close '
to Wy as possible. It is _known from theory that although mpZ may not -

play a. big role in determlning the transfer function of the circuit

LCTN

.«w

its contribution to ﬁhase margln and instability at high frequf
', may not be ignored This effect is. reduced by brlnging the high frequency
pole closer to a zero., Fig. 4., 9(d) shows the pole zero pattern of the

‘circuit'including-the effect of the source impedance. .
kR :yh

From the above observations it is clear that there is a need for

a Supply—independent biasing for the input stage from which the level-

q

shifting network derives its biasing This ensures that the pole—zero‘ "

: T pattern of the network is insensitive to power supply variations. o

>

~

B 5 .
’ sl

4 3 4 Output Stage

T

A good output stage should have ]arge bandwieth 50, that it does

§

1;degrade the frequency performance of the.amplifier. Also it must -

o provide a high curtent gain to help enhance the slew rate andtdrive
=;f oapability of the circuit. There are several ways of meeting these

requirements wheﬁ building discrete circuits, but when it comes to




‘half-cycles may be reduced by adjusting the bias of the power transistors

"_temperature range of interest as this would impare the operation of

. o 3

1integrated circuits the possibilities are limited The‘commonly used

class AB stage with complementary emitter, followers has a dc stability

problem and is costly'to realize in IC form since the compatible p—nfp

B N . [
o 1 .

power transistors are difficult to fabricate.
[

An all’ n-p-n direct coupled stage was built and it is based on

I3

' that found in [61] from which a detailed account of its operation may
;“bbe found. It has a superior frequency response, a high power handling

“Vcapability, lower fabrication costs, and excellent dc stability The

. d0*§3a51ng,advantages in Such a class B output stage are obtained at

the. expense of increased contribution to the output total harmonic

distortion due to the deadband which is typical of these stages, SThig ey o

problem is minimized using a 1arge overall dc feedback (from putput to
o -"*’m’

-“input) which is to,be discussed later. The’ gaih asymmetry for the two -

NS

[61] E oo ' T N o . "
4.3.5 Complete Amplifier Circuit ' ' T

i

‘The complete operational amplif*ww rircuit is shown in'Fig.‘A.IO

: where a suitable connection for operation in a non—inverting mode is

usgd : Transistors QZO’ Q21 and Q22 are current s1nks for the input stageA

3

’ with Bias providing the reference current. The bases of ‘the cascode
-transistors Q5 ‘and Q6 are biased ‘at about three diode voltage drops

labove ground thus allowing 1arge swings at their collectors. Bias may

2

‘itherefore not be allowed to fall by more than 0 5 volt over the entire "

the input transistors.k

3

- The differential level—shifting network Q7 s converts the

ll

K voltage signal from the input stage into current which is available at

.the collector of Qlo The symmetry of this network enSures negligible‘
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-‘diode,

a differential circuit. The internal voltage drift of the circuit AV/BT

_causes an'dakrallhoutput drift AVO/AT given by [61].; ) ' s

72

4

contribution ‘to drift of the dc operating point of the output stage.

The output stage, Q - Q18’ has two Darlington pairs, le and

12

Q18 for the negative output swing, and le - Ql6 for the positve output.

swing. The diode—connected transistors Q13 - and resistor R7 provide

Q14
propﬁr biasing for the upper Darlidgton pair, while the power diode, Ql7’

prov1des a deadband to ensure that the upper Darlington pair is only

. active for the positive output swing.

The dc stability of the output stage is controlled through the

,feedback resistor R and the gain equalization is provided by C3 at

fl-

frequencies where the asymmetric nature of the stage would cause overall

"loop instability Thls compensation, however, lowers the slew rate of .

the amplifier The ac feedback 1oop consists of Rfl and sz with a capacitor

04 used ‘to make sure that the de feedback factor is unity while the

~ac feedback factor is sz/(Rfl+Rf2) A resistor R, equal to sz is

13

connected to the non- inverting input for symmetry “and a normally off
Q23, is connected from the other end.of R13 to the negative ‘.
supply rail "For dual pOWer supply applications as in this ‘design the_

common point for these components is grounded, and this kind of arrange—

Tment protects against destructive output currents which may easily be

developed in a direct-coupled load by an improper sequencingtof power
gl

supply turn-on or turn-off [61] Additional protection may be achieved

by including an overload protection circuitry in the output stage using

'standard techniques. ‘ S I —— S 'v_ ‘ \“3

~ The sen51tivity of ‘the output operating point to temperature 1s

mainly due to’ le and’ Q18 whose base—emitter voltages are not compensated

for thermal changes as would be .the case if these devices were part of

9 , !
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¢

Y L :
0 1 AV ’ wt
= [ 1 = ~ (4.24)"
AT Ajfy T
oy } ' ’

where the dc feedback factor fdc\= 1, AV/AT is simply twice: the base-

lemitter voltage drift which gives 4 mV/°C, and A, is the dc gain of the

input stage. Noting that the input transistdrs are Darlington pairs

. whose effective beta is approximately equal to the square of the single -

- transistor beta, Ay may be eXpressed as - ‘ ' Sl
' . - R -
,,,,y"\ . B R . . N ’ . Y . '
Aoliﬂ R 1 £ o | (4.25) ,
. - 2fry f r .+ 8 R, ] + K35 3\\\\fl , : - D

' w'here:r;nC is the effective_r1T for the input devices -and is apprdximated

(4.26)

utsl 10 n3

' Here it has been assumed that the input stage is‘balaneed‘and that'

>.the,transistors have the same beta. ‘Using‘(4.19)‘and (4.20) with

i

3 P fY

'R, =R, =R, = 160 ohm, I, = 70 pA, I, = 0.5 mA, R_, =10k, r, = 500 ohm,

ET N3 TR 1

8 =100, R,, = 1k and R, = 10 k, A, is found to be 22. Thus the

13 . 1 >l

: magnitude‘of the output operating point drift is found to befabout

180,uV/°C whith is small. enough to'aliow dirett coupling to emall loads -

-~ up to the ohms rapge without any risk of excessive overload in-a very

v

wide- temperature range. If the level—shifting stage ‘were not differential

the value of the internal voltage drift would be greater than 2V E

and the overall output drift w0u1d be larger than the" above value,

¢

The “importance of a. stable operating - .point of the leveleshifting

' network has ‘already been discussed. Once the bias currents in Q7 and

o8

\ -
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QB are set to a suiltable value they should not be iﬁfluedeed by the

»

power supply; This requirement was met by using a supply—-independent

a
hl

biasing, ﬁiaslfw A close examination of the 1evel—shift;ng‘netyork |
shows tﬁat its bids current has a drift appio%imately equal to —3AVbe/AT
whete the three contributions come from Q7, Qll'and Q for one branch
and from Q8’ le and Q18 for the other. Thus Biasl ?ust have a
'deliberate drift- equal to +3AV /AT added to it in order to counteract
the current drift in Q and Q
| The 1ow frequency voltage galn of the amplifier will now be |
_estimated using simple eircuit models ignoring parasitic capacitanees.
ibe input stage has a veltage'gain Avi(o)‘given'by, |
A (0 =GR o - N | ERCELN o

v

where G is the transconductance of the input. stage which works out to
- be_abOut‘O.S/lOG when 11 = 70 uA, I_ = 0.5mA; and Ry = 10 k.’ Thus - \

the stage gain is 47. The level-shifting netqork has a transeonduetance;

G', which ﬁay be written (from previous discussion) as : ‘ H, o \
S L ' ' 9
' 1+8 ‘ - ‘ .“7 . ,_

e - o .28y

Gt =

" in which B = 100, Z, = R, + 1, R, = 10 k, r, = 500 ohm, R = 20 k, and

. b 1 b’ 1 R |
bias curredt = 0.75 mA giving R w7 =‘3.§vk. -Célcu;?tion;gives "" I .
' = 5.0x 10 -5 mho.. o "\' f dil d'; /} - S
The overall éain of the amplifier pay be expressed as ]
RO - WOXEYWOR N X DN e |

A

o
»



where vy is the attenuation factor at the output of the level-shifting
stage due tova non-infinite‘output_impedance of the second stage and a

' non—zero input impedahce of the output stage. AV3(O) is the low frequency
gain of the output stage. If we define the output resistance of the

~ second stage as r_, and the input impedance of the third stage as r13

.

then the current attenuation factor becomes

2% R o (4.30)
//
‘where r;é = R6 (since the output resistance of QlO is nuch higher than
J RG),‘and iy is estimated assuming the standby current of QlB\is about
f‘V‘ ;R where R%~= 2 k and VFC = 10 V, and the b1asing resistance R8 2 k.
This informatioh ‘results in g ris = 60 k and T é = 20 k. [éhus (4 30)
'gives Y = 0,25, a factor Wthh may bevincreased by raising R \and

‘_1owering ri3 if there is need to do so. It is clear from the calculation

of the attenuation factor that the main weakness “of the level shlfting .

network is that it 1acks a high outpu{ re31stance ' L ﬂ'

The galn of‘the output stage may not be calculated, accurately
because the stage gain changes at each zero cr0551ng Of the output SWlng.
,Using the lower of the two_values,thenﬁAv3(0) may he given as

L @ gy RS

xQSince the same type of transistors was used in all the stages of the

- re&ﬂbohrded c rcuit, ‘the same value 8f beta 'used in (4 28) will apply

A':ﬂin (4 31) which\gtves A (0) = 10 Rf . Note that in an integrated , S e

! circnit the power transistors have a lower value for beta as compared to ‘

‘}?‘vv \ . - e "‘4'.5
'that for small signalldevices, in yhieh case (4.31)‘will give a much” ' ‘




‘the overall gain becomes

a- . of thiS'projeqv A summar9 of the electrical characteristics of the

I | S 76

' lower gain than what has been computed horé“

Using the results of‘(4.27), (4,28) (4 30) and (4 31) in (4. 29)

’

Iy

R

"Av'(o) 60 %.R. ° ' R . o (4.32)

‘which equals 1.2 x lO4 ﬁhen RL = 2 k. ,The'frequency response of the

.aﬁplifier<was measured using a 2"k load resistance and the feedback‘ 

Toa » [
o .

connection\shown 1in Fig; 4.10. The resulting response is shoGn inr?ig;

4,11 for which v, = 200 mV was applied ar‘tbe\non—inverring input

o L - N ‘

£1° £2

.with R_. .= 10 k and R‘.'e.l k in the feedback lO??-f Also the capacitances 4f

¢ =C,=C, = 10 pF were used. The low frequenc§ &oltage gain With

1 2 3
feedback was found to be ll, or 20.8 dB which is in good agreemgat with

theory; As seen from Fig. 4.11 the —3_dB‘bandw1dtbiqf tbe amplifier

i

is abontih MHz and\fﬁe‘unity gain’bandwidth eXceedsflOJMHZ. Arslight

i

. T

‘ |
peaklng was observed at 2.5 MHz and this is partly due to inexact pole—

zero: cancellatibn in the transfer function of the level- shlfting n%twork

2 :

PhaSe margin exceedsA45 ensuring stabllity of the ampllfler. | . o

Slm 1ar observations were made usin 1ower values of R t realizea
s .

/

lower closed loop gains, and it was found that a larger value of the. {‘ i
. e

) i
compensation capacitor, 3, was required in order to maintain[%fabiidty

)

| Peaking was also kept from growing to more serious 1evels by this

‘ o , /
additlona compensation.‘“ ! R B I T /l'
B : 4 N : /,

o The performance of the operational amplifier méets ‘the requlrements

i

complete-cdrcuit is,given'in Chapter YII. '3’ v '51 o lf.-‘ -

%

g




77

D wp

"'Peakin'g »G_‘aih';——‘1_3'v B -

: : /‘Gain'—,—-'ﬁ L

>
f

SR -

7 (@P)NIVOFOVLION -

-

25

e . o ;

- " —" - - - -

F’équ.éhéy reép'o‘ns‘,e of ,thé;OP AMp |

" Fig. 4.11.



f‘with the de51gn of osc111ators It is known from theory that an

ol

S vCHAvPTER- Voo S S T, Lo
T AUTOMATIC GAIN CONTROL LN et '

. . e

Amglitude stability is one of the main difficulties associated

-

i

1deal 51nusoida1 05cillator has 1ts poles on the jw—axis of the s—\

g plane and thus exhibits an’ undistorted constant amplitude output. vInﬁ

,a pract1ca1 circult howevere\the poles are placed slightly in the h"

\

) right half—plane to. ensure start1ng~theyoscillation 'ThlS means

that the Outpmt will be b0unded by an exponentially incre351ng envelope

» which continues to. grow until limited by the output capabillty of the

W

‘ power ampllfier. To prevent thls from happening, some form of amplitude'

’ regulation is necessary. B f; '“-‘ R ’f ' -“\d"

L

There are two ways of stabi1121ng the ampk1tude/of’osc1llftion.1.

L : .“_/—/“

One of these employs control/c1rcu1ts which monitor ‘the. instantaneous _

~l s

value of the output 51gnal of the osc1llator and 1ntroduce a nonlinearity

' into the maintaining amplifier when the amplitude exceeds a certain _ _
: : *v,f R ¢ . : : T .‘

value.- The effect of the nonllnearity is to momentarily reduce the gain

- ' ‘ e ‘
g \\of ‘the- ampllfler with a subsequent stabllization of amplitude Practlcal N

\reallzations of - thlS klnd of gain control may use zener dlodes [36]

\ |

v_[%?] [38 pp 643] JFETs as voltagercontrolled resistors [8] [39]

w_jother 51milar approaches. In mOSt of these c1rcuits the control mechanism

o Another drawback for this type of amplltude regulation is that 1tqdoes

czfnot normally prevent the amplitude from falling beloﬁ}the des1red level.

:‘may\only be triggered in one half-cycle (positive or negative) of the j-b

.5'if for example the amplifier parameters change. This k1nd of problem : o

N
w N

’outpht waveform so that there is a: possibility of amplitude build up 1n~

\

s

fthe unmonitored half—cycle This might cause distortions in the output __f

\ .

A.and limit the uﬁe of the oscillator to general purpose applications. ﬁ’ib

o e



| ' -b" \‘;.
limits the temperature ‘range in which the oscillator may operate 4

propefly. It is clear from the abee“dichSSion, therefore that

oscillators which use simple limiting type amplitude regulation are

- b

2adequate only in.cases where amplitude stability aﬂd distortion require-'«
ﬂiments are not very critical | |
A number of applications need oscillators Wlth very low distortion
in’ which case a moge effective amplitude control S?heme is required
One method of achieving a high degree of amplitude%%tability is to

include an Automatic Gain Control (AGC) loop from the output of the

- entire«osc1llator network to some control point of the maintalning

s g (
amplifier. In this chapter a detailed deécription of the de51gn of such

a loop is given w1th s&ﬁe experimental results.,v;
5.1 Amplitude Regulation s

A complete amplitude control network was designed to meet the

. - : 4 : - N . . L5
follow1ng requirements'¢‘ T N

o ;i}f'» continuity of the amplitude versus control Slgnal

i o
1

PR ii. ffability to cover the de31red amplitude range with a.
o . ‘, e »”’v
TR TR T relatively small control signal range,

S ) v

'Q”Tf?“iii, halmost zero hysteresis for thé controlvcurve‘

\"" v the control signal should not 108d the 0sc1llator.

N~

e;\ : o
\\\Simple limiting type oscillators do not Satisfy mOSt of the above Sl
. SN ‘ . - ST

requirem ts. ¥ . '

\ - O . it

'd 5 1 1 Experimental Circuit

e

\:\ ) - " e g . v
With reference to the block diagram of Fig. 3. 2 the discu551on
\

_.in this section is on the design and testing Of the block marked v.i:.M
,atb_' nRegulatOr _ Initially, a simple circuit shown’ in Fig 5 1 was used
\\\\;fw' fﬂ :,This network is based on the experimental oscillator circuit of Fig. 3 1vfg"”‘

with a number of -obvious modifications plus‘a regUIating network which .

P

DA
e
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~is capable of con rolling the amplitude of oscillation. 'The oscillating

E network con51st1 g of Ql Q5 ope ates in the same manner as the netWOrks

o
]

';‘of Chapter III. ;
\!

t A and B.vl_ransistors Q8 and Q9 provide inversion,~

by the stage with Q6 and Q7 Two diode—connected

- : transistors Q"O - Q11 and 2Rl are added in the collector circuit of Q

v" T

Before making a connection from the regulating circuit to the
: : . N : N
‘ ,)node N, corr ct biasing is obtained using Rl’ RZ and R3 so that with A
-and B groun ei the voltage at ‘the common point of the two emitter

resistorﬁr equals the voltage at node N This being the case, there

‘l’v

wiLl be no control current flow1ng into . or out of N when the circuits o
}h.l g”~:j-:are connected w1th zero control input voltage,’and all the current v
4 SR :flowing through Qg is’ conducted by\Q to " vCC
o : When A is grounded and B 1s supplied with a voltage 1ncrea51ng from .f
:zero the voltage at the collector of Q9 drops and thus Q6 conducts a“
B current 1ess than that conducted by Q . As a result ‘a current is drawn-’

*

' ;f;from node N to, make up for the difference, and in this case Q has a '_
pvhigher hias currentfthan Q2 f Q4 whose biasing is unaffected When'b
j-the control voltage at B is made negative, “the voltage at the collector

of Q9 rises and forces Qb to: conduct a current greater than.the equilibrium'
;value.’ Since Q7 conducts a fixed current (when A is grounded) ' any
'excess amOunt conducted by Q6 becomes the control'current,,l whichl

‘igg flows into node ‘N and increases with more negative control voltage. . %y,f

Several readings of control voltage ‘and amplitude were taken and o

'tthe reSults are summarized by curve (1) of Fig. 5 2 Clearly the



P

' experiment reveals one important result. Feeding I into N. (by L

1owaring the control voltage at B) causes an attenuation of amplitude

l, .
whereas drawing 1 from N causes _a rise in amplitude. It is important

v

to note alSo that the control characteristic is continuous throughout.

=

81

,the.control range including the point where the control'variable changes

Fig 5. 2 in which an attenuation rate much higher than in the first

tWo”cases,is*evident. )

N

3

- sign.

The experiment was repeated with the control voltage applied at

A while B is grounded It is easy to show that with positive control

» voltages the control current is drawn from N while negative control

voltages result in ] ‘current I being fed into N. As seen from plot
(2) of - Fig 5. 2 a“control changcteristic much steepeé?than plot (1)
is pbtained - '

The third expgrimen;.was conducted with A: and B connected in
parallel s0 that the same- control voltage was applied at these inputs

The resulting amplitude characteristic is displayed in curve (3) of

5

5. 1 2 Interpretation of Results ' \

It is important at this stage to- look int%athe dependence of the

o 0

Suppose a control voltage V is applied at B when A is grounded T

current, I, fed into N by the regulating circuit is approximated as

where the: negative sign means that: the current is actually drawn’
} . .
Thus if V is negative then I/is positive, and this agrees ﬂith the '

' previous discussion. Defining R, /RlR as a. transconductance Gl (5 1)

D )
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corresponding transconductances; and-G

" the control range of the network

becomes : _ . ‘ oy

I=-GV.

) A A

4! ; . s sl ! .

Similar expressions may be written foreplots Qw, J%!ﬂ”$g frigwhich the
. ) A Ty

have values Gz = (_2R1+R2)/R1R3

2 3"
and G, = 2(R +R )/R1R3 respectively. Using R1”= 1.2 k, R, =10 k and

3 = 18 k we obtain Gl = (.46, G2 = 0.57, and G3 = 1. 04

- The above results.indicate that the slopes of the curves of
Fig 5 2 depend on the circuit gain ‘G, the higher the gain G the steeper

the slope. Another observation is that for a given amplitude the curves .

\ -

represent the -same. value of control current, althOugh this current has

\ . .

\
been generate“by applying different values of control voltage to the

corresponding control input. To confirm that this is true, the control

) : .

'current was computed for each control voltage which was originally

¢

recorded for curves (2) -and (3) using equation (5. 2) where G1 vas replaced

/

by G2 and G3, respectively It was. found that the resulting control

curves for amplitude versus control current are almost identical. This.

 is shown in Fig. 5 3 in which a single control characteristic is-

equivalent to -the previous curves.

1

The importance of the above result is that the behaviour of

amplitude with respect to control . is in ependent of the means

fby which this current is generate . Thus the circuit gain G determines"

and it may therefore be adjusted to

[
.‘obtain a control characteristic suitable for a given application without

affecting the operation of the oscillator.

[N

When the magnitude of control current is limited to values < 0 05 mA

the curve of Fig 5 3 may then be’ approximated by a straight line. For

@
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a.complete represbntatéon of the.amplitude dep@ndénca}yh current, .

i

e gives a better estimate. ",
Assuming that Fig 5. é is part og a p rabola with shifted axes (X Y)
: . : {
.///ﬁnd 3'“EW origin at (“a b), the equatbon of the curve ‘may’ be written as
s s . /, - . .

! : . 0

(5.3)

fwhere X}= x+a and”Y = y—b and ¢ if a constant. Thls may be plotted as

in Fig. 5 % Also (5. 3) may be ﬁritten in terms of x and y as

y”=-c(x#a)2 +¥b e - L '5:'\ T v(dlé) \\\

' where y is the. normalized amplitude and x is the control current Using -
three (x,y) pairs taken frbm Fig 5. 3 it is possible to determine ,

&

the constants a,lb and c. This vas done using “(0, l), (0 1, 0.68) and
A(O é 0.14) in.(5‘4) - The resulting system, of equationsé;ields
a= 0.092, b =1.095 and ¢ = -11.14. . ;
With the values of a, b, and ¢ as noted above, (5'4) was evaluated
for various values of._ x and the resulting values of y were compared
' with the corresponding experimental values of amplitude. It was found.
that thesé values agree very well with a maximum error of. about ZA
The: representation of the dependence of amplitude on control current
‘by (5 4) is therefore quite satisfactory for the purposes of this analysis.,;

Differentiating (5. 4) with respect to x, we obtain an expression

' describing the behaviour of the slope of the curve of Fig 5. 3 as a _

i +
A

‘ function of control‘current." This is .

..%g-s’2c(x+a) - :.; ‘h . '.~ " - (5.?)-1
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Clearly the magnitude of the rate of change of amplitude’increases
linearly with control currenb;:a relationshipiwhich is displayed in
Fig. 5.5. The negative slope of this plot comes from the fact that ¢
is negative in (5.4) and (5.5) as: pointed out earlier.

If the amplitude of oscillation is to be maintained at a certain
value using a control current equal to’xo then a small deviation in
amplitude, Ay, may be corrected using:a change in control current, Ax,
given by

~\,
N

dx |x=xo (5’6?

which is a very valid approximation. o \

The purpose of amplitude control for an oscillator is to be able
to maintain the amplitude at a desired value with a worst case
- deviation of say, 10%. Letting the desired amplitude be unitY
on the normalized scale, then the amplitude must ‘be confined to within
1.1 and 0.9.» In fact this meansv - that a control current of
magnitude greater than'd;OS mA will not be requiredt.aThis may be'seen'
from either Fig. 5.3 or equation (5.4). \With the ahove control current
limit the cortesponding range of amplitude is from 1. 07 to 0.87.

Since the desired control range is much smaller than what was
used in the experiment it may be possible to simplify the mathematical
representation of  the control characteristic without loss of accuracyr

. \
" This we do by representing the curve in question by a straight line

; tangent to “the experimental curve at unity amplitude and zero control
current. -The slope of this tangent should agree with (5.5) when

'evaluated at x=0 and the y-axis intercept should beél. Thus the linear

approximationibecomes,
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y = 2acx + 1 ‘ (5.7)

“

It is now easy to calculate the relative error in the amplitude

.~ equation (5.7) as compared to the more exact representation of (5.4).

Let this‘error be €. Then

L2 20
e(x) = Slx 2 )t bl o (5.8)
c(x+a)” + b

where a = 0.092, b = 1,095, and ¢ = -11.14. vBy limiting the control
current, x, to values up to % 0.05 it is found that a maximum error of

3% may occur. This is quite acceptable and'loWer"errors‘should be .

>

typical of the/problem at hand since under normal operating conditions

1

»

the oscillator As expected to maintain a constlnt amplitude. The above

result shows that it is not necessary to use a n nlinear model to s

describe amplitude control for oscillators.. This

implification is used '

to a great advantage in Section 5. 3 where the AGC model is developed.

5.1.3 Amplitude Control Principle

&
]

A qualitative’description of‘the operation<of the amplitude control

circuit of Fig 5. l is now given. Assuming that Q4 ‘and Q5 are identical,

then . they provide the same (but out of phase) small 31gnal output

S

currents to their respective collector 1oads. These are known to have

: the same feedback ratios at. the frequency of oscillation,'since the

impedance of the capac1tance, C, equals in magnitude to the tuning

resiStance, R, at resonance. Therefore the amount of negative feedback

'i

equals that of positive feedback and this condition remains this

way - in an ideal oscillator to give the null operation. In practice

>'~.

\ “w

parameter changes cause some imbalance ‘whieh is accompanied by amplitude

"“(1

-
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'

drifrd. Thus 1f the amount of feedback current in one of the‘
branches 'is altered by some means, the amplitude of oscillation wouid
be regulated as desired.

The method of cutrent division at node N of Fig. 5.1 gives rise
to a dependence of the magnitude of the small signal current reaching
the RC network at the’collector of Q5 on the control‘current. There
are two factors which contribute to this. The first is the actual
diuision of thejbias current'between Q5 and ‘the control stage consisting
of Q6 and Q7 which may be regulated using a control voltage. Thus
the_t;ansconductance of'Q5 changes slightly relative to that of QA
which is fixed, and consequently the two transistors may provide
slightly different gaihs to the small signals applied at their emitters.
The second factor is based on the observations\that the regulating |
network (connected to the oscillator at node Ni acts as a shunt whose
impedance varies slightly with the control current. In;this case
“only a fraction of the small signal current arriving at 'N actually
reaches the”positime feedback RC network. By regulating this fraction
it is possible to control the amplitude of oscillation. . ' '

. AlthOugh it is correct to say that the combined effect of current .

d1vision resulting from the two factors outlined above gives rise to an

effective amplitude control scheme it is not easy to generalize on I
which of the two factors is dominant. With'a careful choice of a circuit
and the operating point it is p0331b1e to eliminate one of the factors

almost completely and study the ‘control mechanism quantitatively This

. we hope to do in future. An example of this is the amplitude control

circuit used in [75] where the effect of shunting ‘the current through
wthegcontrol networ¥ is more dominant than'that of regulating the
transistor gain in the signal path of the’positive feedback branch of

the oscillator.
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The nonlinear dependence of amqlitude on control current which‘

yfis evident from Fig. 5.3 is mainly due to the fact that the transistor

is. a. nonlinear dev1ce espec1ally when relatively 1arge departures from

v

fthe operating pointvare involved.‘ In this:prdject, however, only a

' 'very small range of control current is required and therefore the curves"

i w111 be treated as- linear in the" neighbourhood of the operating point..'
: ;5 1. 4 Improved Amplitude Regulation‘vh ' : L N ‘:[h' j"‘,'l
| The method. of regulating the amplitude of an osclllator u51ng
l:current division has been described in_previous sections.h The experimental
:ﬁ:circuit of F1g 5 1 only served the purpose of identifying some :
‘fimportant circult parameters and 1imitations E '
- For thlS amplitude control.to operate properly the‘circuit should

“be as symmetrical as p0351b1e so that thermal drift of the operating

'hﬁpoints and parameter changes have negligible effect on the amplitude

vbvf The experimental éircuit of Fig 5 l is ot good enough as far as

aiAsymmetry is concerned, and its modificatlon is necessary There is a
,need for making the input stage'of the regulating network completely
:fdifferential with one 1nput acting as a reference and the second.one L
'::serving as a.controllinput. Also the 1nterface between-the oscillating

circuit and the regulating netWQrk shouldﬁpreserve the symmetry of -

‘both circuits and balance out any drifts which may ‘be- caused by the e

q“l!environment..-When these drifts are not compensated for,>there will bel”

h,an unde81rable control current which will contribute to amplitude N

.
-

-instability and the whole control circuit will no 1onger be reliable

Lastly, the pnp stage consisting of Q should be modified to

e
wn

'p“improve both its frequency performance and bias stability. Whereas "‘FIF."'

~o‘

'»h;the latter is easy to deal with using standard compensation procedures,

"f[the poor frequency response of the pnp stage is rather difficult to

o &
-

N



'ffas Q, does from Q ,,is well balanced aroun R ﬁﬁ
25 Y 5

. Fig. 5 1, and hlgher voltage gain may ea31ly be obtained:

‘.G, may be adjusted using R.

“»aDarlington pairs have been used wherever high input impedance 1s needed

athat of Fig. 5. 1 and all the control characteristics are of the-same ~’ﬁ
a“'form as those presented earlier. It should be noted here that the

; amplitude of oscillation increases with control voltage and an inverter’"

¢ ) : v
!

I3 S ' :
improve._ These ‘and other problems were examined carefully and steps,

EY
A

were taken to develop cirCuits with, better accuracy and. reliability
s /

T

A circult which provides the required symmetry, compensation and -

dmproved performance is, shown in Fig 5 6. Here Q compensates for

-

the base -to- emitter voltage drift of Q2 The resistance Rl converts"

;volfage 1nto CUrrent as in the old circuit, b:t'this time with‘minimal_

v_thermal sensitivity This 1s due to. the fact that Q3 Q6 form a“-

A ! S

\

. differential circuit'which with QlO draw1ng the same current from. Q6
/

sy s
>
NN

The 1nput stage Of the regulating network consists of le :QlSI

with the base of le connected to a reference voltage (ground in. this

/

_ case) and that of Ql3,acting as a control voltage input terminal The

'

'.degeneration resistance R3, does not have to be: as 1arge as that in

oL

\
3

.and R fixed to ‘'some convenient values, the circuit transconductance,

w1thout dsturbing the‘bias of the circuit. B

h

1

J

]

; to mlnmize 1oading | S e ‘- ) » \\ . :v-; v‘ i v : - ., ?b'\.» “(u'._.v .

" The operation of the improved c1rcuit is ba51cally the same as '\tb'

F:-will be needed in the feedback loop to ensbre stability for . the system._

- This will be dealt with later in this chapter

Since the control input 51gnal is a dc voltage proportional to the

I

”n-output swing of the oscillator, a high frequency rectifier is needed to
lact as an amplitude detector.::

' 542', High—frequency Rectifier

' A circuit for rectifying sinusoidal signals up to 1 MHz has been



designed The main requirqpents on this circuiﬁ are 1arge bandwidth

1

| ‘,good accuracy and compatibility with IC fabrication. ObViously these

/

'.requirements rule out the use of simple signal diodes as rectifiers

,%'as they Suffer from switching errors at high: frequencies’ Commonly used S
. 2]

,precision rectifiers using oP AMPs .are, inadequate due to bandwidth
'1imitations of . the amplifiers and the need for bulky capacitors which
| are\unsuitablejin IC‘design. Amplitude detectors using sample and hold vv
circuits’may work‘in a;widelfrequency range, but they are_not 50
»'suitable for IC fabrication o | o | .

Methods based on multiplier cichits with proper compensation

- are relatively insensitive to fabrication errors, and they have(high B

"frequency and speed capabilities which are important i rectifier '

.c1rcuits. In this presentation a synchronous detector siused. ‘This-f

“5has two main parts, a squaring input stage and a‘transcbnductancev
:multiplierfh | : | i
f5 2. 1 Operation of BaSic Rectifier‘a;;

~ The block diagram of the complete rectifier circu1t»is shown in""{f;
‘5Fig 5 7. Here a Sinusoidal input Signal istransformed wﬂo\a square‘-f-i'
e o -

:wave which ;‘ applied to one ! input pair of the multiplier to act asf
(-,a switch The secondlpair of inputs receives the original sinusordal’
. signal and is isolated from the input stage by a: buffer. Two out of

"phase rectified signals (only one is shown) are available at the outputs

’7of the multiplier. The output stage provides amplification, level—shifting,
. !

Y

_‘inversion and filtering A dc output proportional in magnitude to the
vvamplitude of the input signal results.zyii'f;"f
A simplified circuit of the rectifier is shown in Fig 5. 8 The

f‘input stage is ‘a differential amplifier in which Q and Q2 have active
. _ .
“loads.‘ The high gain typical of such a stage with the cldpping action of

s
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' Q3 and Q6 or Q4 and Q5 alternatively. o : «‘ _\‘

"Dy and D2 yield a good square wave signal which is used to turn on

1

y

-

During a positive half—cycle at the base of Ql’ transistors

Q3 and Q6 are ON whereas QA and Q5 ‘are OFF A p051tive half—cycle will

-appear at the collector of Q3, due to the action of . Q and Q7, and a

- negative one appears at the collector of Q6’ due to Q6 and Q8 When

5_:while that on: the other pair of collectors ‘has the opp;Site\sign.-,

'._l stage which has pnp transistors as active 1oads for Q and Q2

.~ a negative half cytle ‘comes along, the polarity of the square wave

"con51sting of Q9 and Q10 The bias current in Q10 is fairly insensitive”'

[

2

u changes. Qh and Q are ON’ while Q3 and Q6 are OFF This switching
, ction c0upled with the phase reversal of- the signal reaching Q7 and

:»Q8 reSults in another positive half—cycle at ‘the collector of Q3 (due

to Q5 and Q8) and a negative one ‘at the collector of - Q6 (due to: Q7
\

'4vQ4), and ‘the process continues Thus the resistor connected to the

‘i,collectors of Q3 and Q5 prov1des p051t1ve full-wave\rectified output o

: Fig 5. 8 shows one of the outputs connected to the outputv

‘to the Vb drift since Q9 compensates for this When the amplitude X
]of the input 51gnal rises there is a corresponding rise in the base B

voltage of Q10 made possible by the filter capacitor, C. This change .

~

in base voltage 1s amplified and inverted by the Qld stage which gives h'fA~ "

v

proportional fall in the dc output.’ fs& .

As seen from Fig. 5 8 the rectifier circuit is simple and Suitable:

k'for Ic fabrication. The multiplier circuit is a high frequency network

Wland the output stage will handle a wi\\\range of frequencies since the

.'signal reaching the pnp transistor, QlO’ is already rectified and filtered

L

Bandwidth limitations of the circuit will be- mainly due to. the input :;5 :i

@

W«
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5.2. 3 Complete Rectifier Circuit

95,’ .

5.2}2kConversion Errors

One:of the'major-sourcesfof conversioniérror is the o mismatch
for Q3 and Q5 or Q4 and Q6 which gives rise to unequal peak voltages for,,

the half cycles of the rectified signals. This type of error cannot

a. LI
S

be neglected for ac, to de conversions where exact tms values are needed;

and in such cases a high beta process will have to be used to reduce the -

[

effect of o mismatch For the purpose of thlS'prOJeCt however exact

;rms values are not needed and the c1rcuit will still maintain the_

vproportionality between input and output regardless of slight mismatches.

Another cause of error is the offset voltage of the input stage

B '3
Kl -

which causes switching errors and a subsequent reduction in the rectified

'average voltage. It has been found [66] that the rectifier error is

n

'a function of the square of the ratio V /V where V is the squarer

offset voltage and v is the peak voltage (or amplitude) of the input

Q@

'signal This is- in fact the case when the circuit gain is unity between

the input of the Squarer and the Outputs of the multiplier, meaning )

o

jthat -the input and rectified signals have equal peak values.' To reduce

the effect of offset voltage the multiplier gain should be set to some

:value greater than‘unity, This may . be done by choosing convenient

et

‘resistOrbvalues.in'the circuit of.Fig. 5.8.

[}

The main concern is to design a circuit which maintains the

"csimplicity of Fig. 5 8 but with a higher power supply 1ndependence,
-less thermal drift higher gain accuracy and compensation for offset

Tvoltage. _

The final circuit is shOWn in Fig 5 9. It features‘supply

{

' independent voltage sources, Biasl“— Bias3, which are derivable from

b

the ‘same reference voltage. While ‘Bias together with diodes D and D

1 3_ oA
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,determine a convenient ‘bias for the multiplier ‘transistors ng Q22;

7

Bias2 ensures that the input biasing for the output stage (base of Q23)

is fairly independent o6f the supply voltage.' This is very important
because the base voltage of Q26 has to be specified exact y for proper
~ac to ‘dc conversion. Bias3 maintains a constant current in Q26 depending
on the setting of Bia52 and the size of the rectified signal

P Darlington pairs-are used in both ‘the- input and multﬂplier stages
to give high input impedance, high current gain, and isolation between
. the stages. Gain stability is important and thus emitter degeneration
resistors were used. Matching of these resistors and ‘the stability of
the bias currents (derived from Bias ) enhance the gain stability of
the synchronous detector. »
The input stage is now a cascode amplifier w1th Q9 . Q10 driven-
in the common—base configuration ThlS modification improves the'_w"

frequency response of the stage by reducing the input to—Output

'paraSitics as already pointed out in previous chapters Diodes D1 nd

_D2 have the same function as Dl and D2 in Fig.v5 8, whereas D3'and D4

" are used to prevent Qll and le from saturating.
A stage con51sting of Q13 and Q14 has been added to do more

than just act as a buffer With device mismatches that are to be

-

expectedln any manuhcnlﬁng process there will be some offset voltage ;
JRIRR IR N

at the output of the - squarer between the collectors of Qll and le

~ Without. compensation this offéet voltage results in sw1tching errors

fwhich are dependent on the size of the input signal as explaineduearlier.
%

:’1, ,USing the potentiometer P1 the bias currents in Q13 and Q14 may be

: adjusted to obtain equal bias voltages at,, the bases of ng - Q22 This'
compensation results in better symmetry of the rectified signals and

'.1higher accuracy of the rectifier circuit..gi
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N o8
The'outputfstage is very'Similar to the one used in Fig. 5.8, the
vmain addition being Q27 Q 28 which provide a cdmpenSated low impedance
joutput., Adjustment of the dc Output voltage may be done easily using
| PZ; The gain of the stage is determined by a ratio of resistors and is°
therefore fairly stable with temperature. '
Frequency reSponse measurements were taken using a small signal
input voltage of about 300 mV peak—to—peak. The rectified signal had

{

a 1ow frequency peak value of about 500 mV which represented a voltage
gain/of 3.3. As -gseen in Flg 5 lO(a) the bandwidth of the rectifier is
.about l MHzr
Keeping the amplitude of the input signal fixed “the dc output
voltage of the complete rectifier circuit was. noted for various values
of"frequency. The resulting response is shown in Fig 5 lO(b), 1n which
. the high frequency'limit corresponds to the bandwidth obtained in Fig.
5. 10(a)g and the low frequency limit corresponds to the characteristic-
frequency of .the filter This frequency should be 1ower than that of
any signal frequency of interest for proper.conver51on, and if extension '
of the operating zone to lower frequencies is needed the value of the
filter capacitor? C?t should be increased
| Lastly the input signal frequency was fiked at 200 KHz’and‘the’
variation of the output voltage with the size. of the input signal was
noted;.'A linear relationship between input and'output‘was found‘to_hold,,
. and this is shown in Fig. 5 lO(c) | " *
’ ’"s; 3 AGC Loop !
: Automatic gain control (AGC) is simply a closed loop control
system which automatically adJusts the .gain of a controlled amplifier

‘to. maintain the amplitude of the output at a constant value regardless

of input signal.variations.v The desired output is predetermined, and’

T
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| will be forced to zero by the feedback loop.

100
any variation from this value is sensed and amplified into an error

signal whose size and polarity are such that the amplitude variation

o

AQCvloops are‘used in many modernvcommunication systems ranging
from simple_radio and mobile linhs to more complex'satelliteksystems.
In most of these systems, houever, the input signal level may vary
rapidly and over a wide range of values When this is the case the
linear AGC models [67] - [71] are no longer helpful and a ﬁbnlinear
problem has to -be solved. Plotkin [72] attempted a solution based’ on.
an assumption that the gain of the amplifier was of the form v where
Vpis ‘the control voltage and a is a constant. -With this approach only’

a small improvement of gain dynamic'range over the linear models was

'obtained, In papers by-Ohlson,[73] and Green [74] dn exponential gain

control function was used to d@scribe AGC systems giving the desired \f

‘range of- gain with a moderate range of the control Signal;

‘ 5.3.1 Linear AGC Model for Oscillators

i

The problem of amplitude regulation for oscillators differs

from that of amplifiers in a number- of ways. One verylimportant difference

T is that’in oscillators there is no external input signal, and in practice

there is no way of makingimeasurements at the input of the: maintaining

amplifier w1thout disturbing the oscillations; It may only be said that -

»-..

,the 1nﬂut", which is generated internally, is of the same form (shape

I
and phase) as the output signal the only difference being the amplitude.

-

Usually in oscillators sudden changes in: the amplitude of the output are

'unrealistic, and the factors that 1ead to amplitude change are rather

slow in nature. The only time a 1arge and abrupt change in amplitude

4is experienced is during power turn-on, and care should be taken in

'the design of AGC loops for oscillators to make sure that they operate

B
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properly when power is turned on.
It is quite correct to assume that when an oscillator is set
' to operate at a certain point with some value of amplitude then only
small variations‘about the,operating'point occur. Obviously a large
gain dynamic’range‘for the AGC system is not necessary and~a 1inearv °
model representation of the gain control function is accurate enough;
: / .
Consider an AGC loop shown in Fig 5.11 which is a basic amplitude
control scheme for an amplifier. The input- signal, z, is amplified to

give rise to an output signal y whose amplitude is measured using a’

detector and filter whose transfer functions are KR and KF’ respectively

' The output of these blocks ‘is a dc yoltage, E, which is proportional to -

- the measured amplitude. This. voltage is compared with a suitable
'reference E and the error signal equal to E - E is converted "into a .

control current I by the loop amplifier with transconductance G.  Thus

G(Ee— E_ ) | S | -«f (5.9)
”AdJustments are made s0 that the control current is zero when the output
: "
is of the desired amplitude and non zero otherwise.

The gain of the amplifler is A(I) which is a function of the

:control current. This galn may be described by the equation
A(I)_= Al +KI } o . S (5.10)

where A‘-is the value of the gain whenothe control current is zero and

K is the slope of the control characteristic at I=0. It was shown

”/:i~in Section 5.1 that this linear relationship between gain (or amplit“de)

; and control current is accurate enough as long as I is 1imited to small

\values

\,
S
\
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Suppose the input z changes by a small amount Az. There will
\
be a pilot change in the amplitude of the output signal given by A Az,
Assuming that the AGC loop corrects this by supplying an appropriate

value of control current%f;he new amplifier gain must satisfy

(A + M) (z ';g Az) =y | o (5.11)

|
‘

where y is the desired output signal and zd is thevcoﬁreséondingainput

- for zero control current.  Thus z + Az is a general expression for z.
.. v

§

Since y is to be insensitive to>changes in z it is also true that

y = AOZO : : N - . - . (5.12) )

S 3 \

and:by’usihg (5;12) in (5.11) the required change in gain_is found to

i

be T : - o . - K

A Az

M = - wz°+ = : , ‘ | . | ' (5.13)
0 . .

- This may always ‘be achieved as long as the relative change in z is

y L
small so that EBe/control current may be generated without aturating

/

. the AGC loop. In 9uchwcon41tions (5.13)-méy beﬂappfoximated"to
, e R 5 : S .
M = - AAz/z - o (5.14) -
. .. .0 o - o :
' 1
which shows that the change in gain is proportional to t#e change in
' the{ipput'signai. . From (5.10) the éhange in gain results from ﬁhe

-3

change oI in control current according to

ViR
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AA = l\BAl (5.1%)

The result that Al is proportional to the relative change In
the amplitude of the input signal 1s of interest from the design point
of view. Knowing the maximum allowable change Az/zO it 18 posusible
to determine the required range of control current . The AGC petwork
. should come up with the necessary current without loss of linearity
of the system. The overall loop gain should be sufficiently large for
good operation including small AGC loop time constant and steady-state
error [71].

A sinilar description of the AGC loop may be given for an
oscillator with only minor»modiéicatibns in the foregoing discussion.
The block diagram of Fig. 5.12 is a simplified AGC circuit for an
escillator which is realized using an amplifier whose gain may be
- cqntrolled_in the same manner as that of Fig. 5.11. A passive RC netyork
isvedded to determine the frequency of oscillation, and the output
amplifier with gain K nrovides the necessary power and isolation needed
to minimize 1oading.‘ It is important to note that the input z, now
derived from the output, is ne longer independent of the oufput.

In practical systems the AGC loop filter consists of a 51mp1e low-
pass RC filter with a time comnstant much longer than the closed-loop
response time. It is therefore Sufficiently accurate to approximate it
by a pure integrator for the steady -state analysis that follows. The
control current, now denoted by x(t) as shown in Fig. 5.12, is aSSUmed
to have‘an initial value of zero. The eontrol current may be expressen

in terms of the output y as

x =Gy - E) ' (5.16)
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;where KRy is a dc voltage at the output of the detector. Replacing

y by KA(t) z(t) where A(t) is the gain given by (5 10) with I replaced

.‘,by'x(t) then.(5.16).may be expressedpas.”

& - "é*‘%xgxfz, - ¢ %%# SEy e

'This is a llnear first—order dlfferential equation of the form’ that

: admits the use: of the integration factor u(t) given by

.

u(t) eXp [ - GK_KRK z('r) dt-

'hddtohgfwefthe solution of'? ihhtéfms'df'z‘és;‘
@ el fetar®@ s B gt B

lhe solution‘of (5 18) may be used to determine A(t) from . lO),
:ﬂand also the AGC loop time constant may be calculated u51ng conventional dd

'If,methods where z(t) is‘considered to be a step function.v It may be'

'f shown [71] that the loop time constant is inversely proportional to the.

:1oop gain,‘and also it depends on: the polarity of the input step High
loop gain also'reduces steady—state errors of the system.t Although

tfthis description is detailed enough it does not give a. clear p1cture B

;~of what happends 1n an oscillator where the input is internally generated

.fIt is more interesting to reduce the complexity of the problem and

thuse a simpler approach

Assume that only small amplitude variations occur and the

:‘oscillator operates in a linear fashion (close to the operating point)

\.'.'
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' Then the amplltude y is linearly related to gain A, the gain is a
hﬂlinear function of ‘the- control current X and this implies that y iS-
a linear‘function of Xx. Let y be a normallzed amplitude of the form

(sinilar td‘(slio))

S

rConbining'(S;l6)gand (5.19) yields,afdifferential equation”
G2 GKRK x G(KR‘E DL Gan
which Ras a solution - °

X(t) ;=._,e3<}p(GKg1_<-§t)° -%r(l—Er/Ig() SRR 8 ('5"2?1‘)'4.’ |

IR

where K is a: negative number representing the slope of the control

'characteristic as: that in Fig 5 3 when the control current is zero.. L

v:‘f_It should be noted from Flg 5 12 that for the normalized case- where”ﬁb“hf e

l is- the desired amplitude,.E /KR E l Thus the steady—state
vaalues for control current x, ‘the amplitude y, and the amplifier gainf“
Care glven.as’ ”,.‘_ .

Q

;4'(5.22){ii’e"”

L]

[

1

)
;E‘ e
(o)

x@

(5.23)

i
[
+
=
R RS
By
8‘
e’
ft
'_.I

Cyey=1

]

»
‘N*wf\. :
i
'x

~~

8

g

[}4

e

-“.-;where A 15 ide?tlfiEd as. the critical gain for oscillation and equals :5

.h/3 for a Wien—tyne oscillator such as that d251gned in this prOJeCt.~ ﬁ‘:'

U
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It is: ev1dent from (5. 22) -.(5. 24) that the steady-state
behaviour of amplitude and gain depends on: the accuracy of the tranSfer.
coefficient KR of the amplitude detector or rectifier This ‘was '
looked into in Section 5 2, For amplitudes other than unity the value
'iof KR may be adjusted accordingly and the equations modified for the

general case.

a

s5a, 2 Stability Analysis of AGC Loop | .-
A 51mplified analysis of the stabllity of the AGC loop is based on
¥ Fig 5 12 which has already been described In this model we assume'

g:that all the output current i (t) 0f the maintaining amplifier goes

‘f: through the passive RC network since the output amplifier has a very B

()

: high input impedance. As pointed out in the previous section the transfer
l:coefficient A(I) combines the constantbcurrent gain of‘the amplifier
:’which is fixed b; negative feedback and the current controlled part of"
'the gain which is regulated by the active current d1v1der.»;ﬂ

' For small values of control current x(t) the gain of the amplifier S

‘ varies 1inearly with current as in (5 10) which may be written as _'

¢

RICEFS sRx©® EERRRRCE DI

L where_A = 3 and K is the slope of the tangent to the control curvevg_

S at xsd; The output current may be expressed in terms of the input-

‘current bylthe equation,

o amesw e . 629
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~showing that it is a function of time which also depends on the control

current. : o : *5% v L S [

The passive RC network in Fig 5.12 is shnply a parallel RC branch

:connected from the output of the amplifier to ground and a series RC

~ branch connected from the output to the 1nput of the amplifier. The

transforms I (s) and I (s) of i (t) and i (t) are related to each otherp

; ,by the current divider principle from which

L) = 1) 282 () G
where Zp(s) is the impedanqe of the parallel RC. branch and Z, (s) is

H'the impedance of series RC branch Simplifying (5 27) and noting that .

e
2

n
w
=

S SV
= _
1t

w';then’we obtain~a,second:order;differential equatiqn R f‘l~
.-jdzi-i Ay, o, A L T e e
T 30, g+ ii S dEe e G2

"'twhere wof l/RC

In practice the processes in the AGC 1oop that lead to changes

'l»:"in the amplifier gain are much slower than those in the basic oscillatings'

circuit. It may therefore be assumed that the following approximations o

*'hold for the steady state case, i, e._ f'F

[P
PR
]

.’l‘ A(t) 0 and A(t) ‘; : ..":;f .-vit.:”’

"t§gihusf(SIQS’.may'be»written:usingl(Sa265fandptheVabove»approXimatiOnsjtof“ v3?t'
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| yield'
a%s e ©oai

. 2, - o | | L
‘ d 20 Yoo T “o[A(t)'3]~EEg"' e ' o (5.29)

'whlch is. a second order d1fferentia¥ equation involving the output

7,current only. This eguatlon may be solved [75] - [76] by trying

P L@ stee T .(5".:]30)

'b‘ﬁhereﬂlo(t) is»a'"sloﬁ"ftime:function‘wbich.feﬁresentsfthejbehaviout»

L of-aﬁplitude. “Thus . . ij TN T

i 7——f-5‘mmi (t) cos w t 'v,":_ fe L ,_]ﬂ. j(5;3I)
(AR 00 e 0 : L T

.ftand ;his;ié’dsed”oh.the‘right hand;eide of.(5;29) whichltben beeomes

P O] L @es s G

:The solution for the amplitude function I (t) in the above case is_

fobtained from the differential equation [76]

a1 e
B e )

’"_anduthie:givesg‘~b""w M}"ib'_ﬂf'< ::ff.d, o "o: B ’n,w‘:'

3 I (t) = I exp f
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‘ where I is the steady—state value of the amplitude when x(t)=0. Using

vf(S 25) in the above equation with A =3 as the critical gain tor
. F'd .
oscillation, then

v [ tdwoxs*(t) o ' : o ’
LT = I exp OI- ~-~2—v—,——‘d.t__,;\ o LG

1
\

oo Assuming‘that the control current changes as a step function and

v

using-a;particular case where © - - _ S

x(t) = o t <0 PR
s e ' P (5.36).
x(t) =Ax t>0 :
{‘then
"Io(t),z ;m_ - t.§7o l v
I () =1 4 A_Io(t.)_iv j ' ‘(5”.37:) )
CeEe
-1 exp[22—] . £>20

.:The above equation shows a number of important properties of the AG
'gloop being described Flrst we:- note that the amplltude is not only

a’ function of K and x, but it also depends on the frequency of o

usa‘

'oscillation, mo. By inspection of the operation of the AGC loop, ‘and -

from the results of experlments reported earlier K is a negatlve constant. :
. I '
‘Therefore when Ax > 0 meaning that an amplitude greater than Imrhas

. e

”-'been detected the AGC loop forces the amplitude to decrease in K

’.-accordance to (5 37) Also when Ax <0, meaning that there is an
o apparent 1oss of amplitude, the oscillator will recover from this dist- -

hurbance in a similar manner.; ‘This last feature whereby loss of .

' amplitude may be corrected by feedback means is absent in most, if not L



all RC oscillator circuits which have been reported in the literature.

A final observation is that the term w K Ax/2 may be small in which

case the control process w1ll be very slow. .

As the energy stored in

the oscillating system cannot disappear instantly, the above observation

is a strong limitation in the des1gn of the

\
\

AGC 1oop.

The behaviour of the amplitude of the oscillator in response to'id

N

a control current has been discussed in detail

o

O It is now important to

look into the problem of stability for the complete AGC loop. ‘A

)

simplified model of . .the- loop (Fig. 5. 13) is used: for this purpose.

Here, the oscillator circuit has been replaced by a block with transfer

\

function T(s), and we consider small changes in control current and
, \

.examine the changes in the output current

to be small then

.

Y

I w K Axt
0 8

‘AI (t) =

{\.'

x'and.this'equation shows that T(t) is a ramp.

is'givenjby

: , CIwK
e P

From' (5. 37)
A
ThusrT(s)

if Ax is aSSumed-

" (5.38) |

-

BROVEION

(5.39)"f

This is a very interesting result which implies that the oscillator'

- block is indeed -an integrator as far as amplitude control is concerned

Consequently there will be more than ‘one integrator in the complete

loop (including the loop filter), and care should be taken in the choice

of the transfer function of the filter to ensure stability

‘The poles of the amplitude control system are determined by the

 zeros of the return difference, L, given by

DA

/-
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i - ' :

'L='l\—VGKK.FKRT'(s), ‘ '. N o | ’3(5.40)‘

Suppose the loop filter is chosen to be a:pure'integrator so that -

HEN

_ %o e

O (5.41)

vhere KFO‘is a constant and'r'F is the filter time constant. The zeros

of (S.AQ)ferthhen givenﬂby the‘rodté oflthe equation -

. GKKFKRKSImmo

= .0, X<0 - | E (5.42):

It is clear that the roots of thevabove equatlon are pure imag1nary,=V
meaning that the resulting amplitude control system is unstable and
vthe oscillator has self~modulation This can be corrected by changing ‘
the nature of the characteristic equation.. Let the filter transfer
function be ofdthe fcrm ’ Ji" :

Ko oL

Kp = VTFs+1 ’ ‘ S o (5.43)

~The new charactériétic,equation becomes o . n
Loy B . . . \ .
2 S GKKFKRKSImmo ' ST . : ;: . N

5. % T 21 ' =0, Kéfo

and the zeros of this equation have negative real parts.. Thus the .
, cOntrpl loop will be stable endﬂthe self-modulation problem will mnot

eriset Thus C_ wae'pbsitidnedlégféﬁann'in_figf;§}9."

5.4 Summary

-A linear'AGC modelffor an oscillator has been described. >It_wes
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assumed that since only small variations in the amplitude may occur
then the amplifier gain, the control current and amplitude of OSCillation’

- are related by linear functions. his has resulted in a simple, but
quite adequate, model of the AGC circuit for amplitude control Aghigh_,
1oop gain is needed-to'improve the response time and steady-state behaviour
of the system. | | | | | )

The use of an active current divider in'the positive feedback signal
path of the oscillator has proved to be a very effective amplitude
stabilization technique. - Only a relatively small control current is needed
to change the amplitude of oscillation to any desired practical value.

The main attrac!ive feature of the new amplitude control principle is

that it works without disturbing the osc1llation condition of the circuit
. The study of the stability problem of the AGC ;?op has shown s o

that an osc1llator has an inherent property of an integrator, a fact v

'which should be taken into account when designing the loop. The transfer

: function of -the loop filter, the position of the filter in the loop

and the components chosen Eor its design should be selected with care.

| When power is turned on, the only time when abrupt changes in the
:amplitude are expected, the AGC loop starts up the oscillator without

any problem This may - be - Seen from Fig. 5. 12 where y is 1nitially zero

;and the control current takes on maximum negative value giving K x(t) a

o maximum positive value (since K <0) Thus 'the initial gain of the

‘

vsustaining amplifier which is’ described by (5. 25) is greater than 3‘
~and the amplitude of oscillation grows until limited by the AGC circuit.
Experhmental circuits for oscillators with amplitude stabilization

are ‘given in Chapter IIX and [75], and the final circuit is described

-in Chapter VII.



CHAPTER VI
FREQUENCY CONTROL

Integrated RC oscillators are very sensitive to temperature
,changes The . frequency of oscillation has a relatively large temperatureb
-coefficient compared to oscillators designed using discrete components
Some methods for minimizing the frequency drift have been~suggested."
These methods however, are only good for low frequency applications. o
A method for stabilizing the frequency of oscillation using overall
feedback has been developed It utilizes gain—controlled tuning thusv
eliminating the need for variable components which are not very practical
in integrated form. Improved stability\for frequencies in the 1 MHz
range has been achieved and it is possible to vary the frequency of

oscillation u31ng an external analog s1gnal The frequency'control

loop also incorporates FSK and M sweep inputs which' are very desirable i

o~
"~ for many applications in communication.
: . ) A K
4 ) ) ‘ .\"‘ =
6.1 Introduction S . 4 R o v S
The frequency stabilization loop shown in Fig. 6. l has three v . _ :\:\
major parts, a current—controlled osc111at0r (CCO), a frequency div1der' L ™~

‘and a frequency—to-current (F~I) converter. The CCO was realized uSing' '

.9 -

'Gilbert s gain block as a current—controlled current source (CCCS) With

gain K2 and a modified fixed frequency Wien type oscillat r. With

\this arrangement the frequency of oscillation is a funct on of K2

.when the tuning components (R and C) are fixed
- The F-I converter consists of a frequency—to—voltage (F—V) converter

and a- voltage—to—current (V—I) converter. The-former is a National

Semiconductor LM2917 IC which has a frequency conversion range from

0 Hz to about 200 KHz. ‘A comparator sets the equilibrium point for the_////%
‘ : o ’ L ‘ . .

¢

115



116

ur—#—f—?J——-—P—*Ef—f-———-———-—1A'

ﬁ
|
1
! |
oo |1 w=oRCK) |. N
OSCILLATOR [ —4—>» AMPLIFIER |——
, % o . OUTPUT
& 'SIGNAL
: ,
i |
I
1
I
o,
I
I : i
Ky : N +10
Cccs I . @ ¢—» FREQUENCY
" l o - | DpwiDER
I : B ,
I DIRECT &...,
——————————— J ) % e
cCo . Sf : - w/10°
... 7| scaLep
RS o b RV
CONVERTER | -~ 7| CONVERTER
LPF - |l¢—— — -
| - |comparaTOR
o

REFERENCE

~ Fig. 6.1. Ffeduency control block diagram



117

loop, and the low pass filter (LPF) minimizes the ripple in the
converted‘signal.

The‘frequency divider is needed to extend the operating range
for the F-V coﬁvertér to frequencies above 1 MHz. When the switch §
is in the SCALED position'frequency division by 10 is done on the
signal before it reaches the input of the F-V converter.

The feedback loop is designed in such a way that it opposes any
change ih fréquency once the reference is conveniently set. A slight
; fréquency drift gives rise to an error’signal generatea by the F-I
converter. This éauées a small change in the gain K2 of tbe CCCS which
in furn forces the frequency §f ;sciilation‘to retain its original
value. |
6.2‘ Current—coﬁtrolled Oscillator .

The Wien-type circuit shown in Fig. 6.2(5) is basically a
; fixed—fréquenc? oscillator.‘ Tuning may be achieveﬁ by using variable

capacitors C. and C2. This approach, however, is not convenient for

1
IC design and it cannot give good results at high frequencies. Moreover,
perfect matching of the variable components is required throughout the

|

tuning‘rangg sinée Cl and Cz’wi}l,otherwiée disturb”:he oscillation
condition.

The idearof'géin—cfhtrolled tuning has been known. for some time.
Qolt’and Lee EZA] analysed a class of,RC oscillators which eliminates
tﬁe need for variable tuning components. Two gain blocks were used.
IEOne takgé cére of the oécillétion condition and the other gontfols the
‘f;equénéy of oscillation. Voltage operational amplifiers were used,
kin.ﬁhe analysis. A | |

Yuh'Sun ﬁ9] worked on ;ﬁe éame‘lineﬁ and generated several

sinusoidal oscillators using all possible combinations of voltage and 5

current amplifiers. The'resultS»of his analysis show that some

Pl



" without disturbing the,oscillation condition.

118
- oscillators may be tuned by varying the gain of one amplifier and

e

The current—controlled oscillator for this project was designed _‘
/ 1
using the configuration in Fig 6 2(b) The current ampllfier with
. gain K1 maintains the oscillation whereas the one with current gain

-fK2 determines the oscillation frequency.f Current amplifiers have been

‘”:fjchosen (rather than voltage amplifiers) because they may be reallzed

tin integrated fo u51ng active devices alone,‘or nearly so Also

3ﬁsome configurations give wide bandw1dth with a minimal number of

"A=,components. Another attractive feature of current amplifiers is that

g'they can easily be designed for variable gain applications

It is easy to write loop and node equations for the c1rcuit’

N

fof Fig 6 2(b) and (c) assuming zero input impedance and 1nfin1te output o

' impedance for each amplifier._ The characteristic equation is found to

.‘v"b'e-v e ;

ClR1C2R2(1K)s +[CR+C2R+CR (l—K )] s +1 o ‘

‘-l Harmonic oscillation occurs when the coefficient of ‘s in (6 1) is zero

e
.

!x‘Thus the critical value for Kl is given by -

»K1‘4‘l‘+c +§-— R A S P (6.2)

v"which is identical to the result in (2 4) The oscillation frequency

-

F is obtained by using (6 2) in (6 1) It becomes ,v”, %f'
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;where w "is the frequency of oscillation of the basic Wien—type RC
'oscillator ’ It is evident from (6 3) that‘tuning is possible and this

-, is done by varying K2 The frequency of oscillation is increaSed by

lowering the magnitude of Kz, and vice ‘versa.

In practice the value of |K2| may not be lower than unity. This -

'y;‘means that the maximum frequency of oscillation would be in the
jneighbourhood of W //— Although frequencies up to wo cannot be obtalned
o using the circuit under discussion, there are\tyo convenient»features
":of this arrangement.» Low frequencies mayvbe generated from the circuit
fr:with relatively 1ow values of capacitances. Thus low—frequency oscillators
dmay be" realized in integrated form at a great saving of raw materialsA
-lfAlsoiTthe problem of exceeding the gain—bandwidth of the Kzéblock does;f
2~not,arise as the frequency of oscillation is increased by lowering the

.,‘magﬁituae of the gain K2

-;The experimental CCO was deSigned as shown in Flg 6 3(a) ‘ Thewvih

™

“ﬂﬁ CCCS consists of Ql 'Qi where Q1 - 04 are connected as a single input. 5
_' ‘current amplifier with Q5 - Q7 acting as an active load The curreut’
'7'fgain of this stage (Q - Q ) is determined by ‘the. ratio of 12 to Il’

- :and it is fairly temperature insensitive : The second block consisting”h

ey,

?of Q8 - Q13 is based on the Wien—type oscillator discussed in Chaptersuh;

- E.III and IV Its gain is fixed by the feedback components R3 and R4

'.to a value K > 3

The tuning curve for the CCO was . determined experimentally u31ng.;'

‘R = 1 k; C = 330 pF and Kl =.:_4. The gain of the CCCS was increased
ivﬂfrom almost unity to 14 (in magnitude) and the corresponding frequencyi
of oscillation>was measured for each setting It was not possible ’d-fv

'}to vary the gain outside this range as the output sxgnal either disappeared SRS
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T or was very distorted

The results of the experiment are shown n'Fig\’6;3(b) in'which _

u”b_the practical tuning range is from 140 KHz ‘to 325 KHz rThe ratio:ofﬁf

the maximum frequency to the minimum frequency is about 2. 3 and similar

'results were obtained even when d1fferent values of R and C were used.

~The theoretical tnning curve was also plotted using computed values of

-~

’_Qw obtained from (6 3), and there is a good agreement between the

theoretical curve and the experimental curve

It is not known at present why the tuning ratio should be small

'3, This problem needs careful study,and it is hoped that if the parameters

fthe tuning range w0uld be determined. -

e

‘ :;6j3' Frequency to—Voltage Converter T

Many communication and industrial systems use F—V converters to

- meaSure frequency in terms of an analog signal § It is: desirable that

;‘on the input frequency. Also there should be no output when the input ’
'frequency is: zero. There are several FvV converter IC s in the market
fand they differ greatly in their frequency performance and de31gn -

| "flexibility.-

The LM2917 F—V IC was used in this pro;ect as it requires a

‘faminimum number of add1tiona1 components, and it has both input and
,‘output interface circuitry on chip. The input amplifier has a built—,'~
"in hysteresis and the output comparator is not internally connected

‘Lfbto the rest of the circuit. These features make this device suitable

for a number of control applications.‘ A detailed account of the .‘

122

- determining the tuning ratio could be identified then ways of extendinge"

'-1such converters should have a linear dependence of the output voltage:._

'operation of this F-V converter is given in the National Semiconductor:;‘»
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‘ -Linear Data Book [64]

The F—V converter IC was connected as shown in Fig 6. A(a) The'

:input signal was applied to the nonfhverting terminal (pin I) and the

effect of C on the conversion frequency range was investigated., Itf;

i

was'found that’ when Cl is reduced the maximum frequency for proper

. operation increases.. Three. conversion curves were plotted for o
N L

1 - 100 pF with Rl 20k and C2 =-0.,1 uF T

in all cases. The corresponding maximum frequencies were 18 kHz 105 kHz i

—001uF c —220pFandC

l' 1

and 175 kHz, respectively These results correspond to points in

',Fig, 6 4(b) where the output voltage starts decrea51ng with increasing R

;_frequency ";#‘-

Values of Cl e‘lOO pF are recommended in the literature’as
iconversion errors become more dominant when smaller capacitances ‘are .
ff_;used:: The voltage at pin'3 has arripple which is proportional to theld
1iratio of C1 A.CZ It is therefore imporEant to make C2 much larger
C1 ' But this cannot be done without limit since the response time
‘ V(the time it takes for the output voltage to stabilize to a. new value:
: fafter a frequency change) increases as the size of C2 increases.i There
"dare other considerations which 1imit the component values for optlmum |

J:loperatlon, and a: compromise between frequency range ripple, linearity

and response time should be made with care for ‘a given application R

“*‘l b;é,‘ Simple Frequency Control Circuit i :‘
A simple circuit for controlling the frequency of oscillation wasv”‘_:
v?built as shown in Fig 6 S‘Where the cco block represents the circuit B
lhiof Fig.‘6 3(a) A buffer stage consisting of Q 4 provides the necessary’
: ;llevel shifting before the signal is applied to the components of the . |

.-cbntrolyloop., The frequency divider block consists of two CMOS devices,



'-pin'3; Thus when the voltage at pin 3 is just greater than V.

N 124
the‘74014 Schmitt trigger and the 74C90 decade counter. The.switch

S is- used to connect (disconnect) the divider block to (from) the control

doop. R S

The F-V converter measures the frequency of the'signal at pin 1

2

'ﬁand produces a dc voltage at pin 3. This voltage'increases‘with increasing

_frequency " The noninverting input of . the output comparator is connected

'.\

- to a reference voltage whereas the inverting input is connected to

fef the.comparator'

Tvswitches and the voltage at pin 5. falls The circuit behaves in the ‘

ucurrent,»I

.'current fairly independent of the Supply voltage

\,
N

opposite manner when V3 is just 1ess than V. bf; In equilibrium the

Y

.lvoltage at: the base of Q16 is fairly constant and a steady reference

is.: established ‘The - zener diode bias makes the reference

’
ef’ . /

coe

Transistors Qlé and Q17 conduct the same current, namely I éfs

,;and Q18 is forced to. conduct the same amount of current Thus

;oL e

, and since I determines the frequency of oscillation of’ the CCo.. it.

2

follows that a choice of V of gives rise to a certain value of Iréfi

hand a corre5pond1ng value of the output frequency.

>

5 Suppose the frequency of osc1llat10n increases by a. small amount;

"-The charge pump of the F—V converter will produce an average output

.“voltage (at pin 3) which is greater than V

eff Consequently the o

h"comparator will switch and the output at pin 5 falls. Thus I‘ .

ef

-

- increases and so does 12 ' This leads to an increase in the magnitude -

of the gain K of the cces which is part of the cco block of Fig.,6 5.

With the notatiOn inDFig 6 3(a) the current gain is given by
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K =-.i2/11 , : - : (6.4)

where I1 is a fixed.bias current. Using (6.4) in (6.3) yields

W= — ' ' . C (6.5)
,/1.{.]'_2/. I~1 : . ' .

and . this shows‘that the frequency of oscillation is related to_the

control current 12. Thus w w1ll decrease when 12 increases and the

'feedback loop will restore the equilibrium of the circuit.
A similar observation may. be made for'the case where the frequéncy

of oscillation falls below the set value due to some drifts in certain’

/
\ /

circuit.parameters. The comparator forces I to decrease, and thus w /
will increase ‘until the converted voltagevsatisfies

vV, =V
-3 Vref
The feedback approach for controlling the frequency of oscillation
is simple»and yet very-effective. The main requirement for accurate
_ AR
< frequency control is'that-Iz/Ii'should be-fairly_stable.w Improved
 circuits were‘designed to ensure this, v |

-

6.5. Improved CirCuits»

The main drawback of the circuit shown in Fig. 6 5, is that it
s not'thermally“balanced. In the circuits to be described a variable

voltage source was ‘used to set I ef to a desired‘value and the-F—V;

"converter was modified to produce an output current proportional to™

'the input frequency. The’ two currents are. compared u51ng a differential

circuit whosa output is zero only when the currents are equal.

127
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‘circuit. The zener diode D is biased using R5 and has a constant

,Q17

128 ,

6.5.1 Simple Variable Reference Voltage
Fig. 6.6 shows a simple method for obtalning a refereﬂ&e voltage

which may be varied without affecting the thermal stability of the

(

voltage across it, namely v 2 The pnp—npn connection consisting of

and Q18 serves as a temperature compensated buffer with a negligible
loss of voltage level (or gain) between its input?and output, Thus
. ¢ ’

the voltage at the emitter~ of Q18 and a-potentiometer R8 is .

f’

H ,
used to pass on a fraction of th15 voltage‘to the base of ng. The

lxoutput voltage of the circuit is then given by -

V . =5V | TR B " o (6.5)

- . where v is a voltage'’ diVlder constant depending on the setting of R8 )

The<temperature,coefficient of va is fairly low as long as y # 1.

ef

6.5. 2 Current Comparator » s ,

The current comparator shown in, Fig 6 7-1is based on Gllhert s .

current amplifler (Q Qa) connected for 51ng1e input operation. The

_current ‘mirror: consisting of Q5 acts as an active load for the

7

circuit and combines the outputs of'Q3 and Q5 into 'a single output at

the collector of Q.

Suppose an'input current,.I;n, applied to the base of'QZ'isV

. o o L : G =v +vA;.
within the range Ii < 211 and causes Q4 to conduct a current I4 12 AI2

fThen Q3 must conduct a current 13 =1 —AI By'the mirror action'of

2 2°

'-Qévand Q7 which'conduct a current 14 each the output current becomes

R Tl T O N UL

&



o Voo
Fig. 6.6. Simple reference voltage circuit

‘,+V-cc,b"'

-2l ) é 2|'-2' :
ol ,

ref

-V

cc

Fig. 6.7. Currentvcomparator". :
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Thus I 1is zero when AIZ is zero. It may be assumed that the input

current’differs from the bias current, II“ by a small amount AIl. Then

s

Iiﬁdaay be written as
£ - . + , ’ ’ ‘ R -
L= I+ o | (6.7)

" From theory, A1, and 2AI are 1inear1y related that is 241, AIi :

where the constant of proportionality is the gain of the circuit. This-
implies that I0 = 0 when AIl = 0, meaning that the output is zero only

when the input current has no disturbance about the value Il' 'The
] - . , L "it‘,\
circuit may therefore be used to compare the total»dc'current‘atkthe

base of Q2 with a fixed reference current"(Il in this case).
”The,symmetry of the circuit and the fact that the gain of the
" stage is determined by the ratio IZ/Il make'this comparator fairly

insensitive to temperature change.t

6.5.3.F—I Convertervwith Currént‘Comparator
. The F-V converter is connected as. shown in Fig. 6.8 where the
voltaée V ‘at pin 5 follows the voltage at pin 3. Transistor Q

converts this voltage to a current I given by
: v o , " v
¢ I==— . ’ . R
' R, ° | | o - (6.8)

‘)and this current~ls.availab1e at the uncommitted collector (pin 8)
otlQisr The. output‘current of.thegconverter'ls proportional‘to'the
input frequencyvas long'as*thegnarimum trequency llnit‘is.not exceeded.

| A current source‘circuitﬂconsisting-ot Ql6‘_ ng,uses'the current,

fI drawn from Q17 as a reference and generates the same currents in

QlS and‘ng The- current through le establishes the input rrent
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I
for the comparator whereas that through Q19 determines the output
current, 12.

The current comparator consists of Q26 - The reference

Q34°

L ‘ \
vcurrent, ref’ may be set using a reference voltage, Vref,.derived

from the circuit of Fig. 6.6. 1In Fig 6.8,

. but a multiple-emitter transistor may be used in‘place of Q36 to make

17 > 16 if this ié desired. The input current, IS’

the base of Q27, and the output current, 110’ iq Evallable at the

is applied to

»

collector of Q31. In the current girror consjstiqyrof QQ0 sz_the

emitter area for Q21 is twice that for Q22. Q&ﬂgﬁ.tge current through

Q21 is.equal to;Ihkthen

: == T ' .

I 2 . N v . | 6.9) ‘
The current conducted by Q24 must be equal to that conducted by Q23,
namely I. Thus the current mirror Q23 QZ Ras an output current I2
which is related to. the F-I converter output, I, and the currentl

comparator output, 110, by

N

1, = r +.1, | | - (6.10)

It may be shown that f

Tio =Ty 7 T = A5 T

v o

» o . ' T
where AI is the current gain of the comparator;'and using (6.9) we




thain S N v ' - , . KR . T R |
gl “ e 1 y o L J-(6"11) o
7102 0T M T Treft s T -
It follows from (6 ll) that I10 = 0 when I f,'in which case the‘f qvflh;:hf]‘ilﬁﬂ

"ﬂ input frequency is converted to a current which is identical to the

: o

’QT' in Fig. 6 9 It operates 1n the same ‘manner as the»circuit shown .in, :hﬁl

‘;"frequency. In normal operation it may be assumed that tbe feedback

oA

) -reference current This property of the comparator is the ba51s

for frequency control through feedback whereby the equilibrium condition,

\

'ld = 0 is- always maintained
’"6;6- Complete Frequency Control Circuit Qf'l ‘7-
'ﬁv A complete CCO w1th frequency stabilization was built as shown _

Fig. 6 5 '%he main difference\being that a: current comparator 1s used

' *fin the new circuit.; This improvement makes it p0551ble to vary the -"'”

. v‘.lr

reference current, Igef;,without disturbing the stability of. the control

/4

tf current 12 The overall performance of the control loop 1s much

better than that of the experime)tal vers}ea’of the circuit described in fibf
Sectiqn 6 4 2 : ' . : i -

The action of" the feedback loop and the differential nature of
. . ,.\ :

' the current comparator maintain equality between the reference current
and the output current of the F I converter. From the previous vif,y’f'_'”
1fdiscussions on the curﬁent comparator and the CCO the control current

N - .
ly-wiil continuously be regulated so as to- maintain a fairly stable output

‘?}loop reduces the thermal drift of frequency to negligible levels._ This,

5however, is only true if the feedback 1oop does not contribute any drift

: in- the control current.. In practice there must be- some thermal drift

A
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. Fr_éqency‘ :
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"i351
‘in<the outnut'frequencthhich{resuits-trom'thermei'drifts,dfrparameters :
in the control 1cqp; f'.'"h' ib . '1k ST tt'7
.." : .
6.6.1 Thermal Stab111ty of Frequency
The frequency of osc111ation for the CCO with frequency stabllization :
| is. given by (6 3) where the current gain K2 is defined in (6 4) Thus

‘(6 5) may be used to: estimate the temperat‘“ gficient for w

: Then .

(612)

%(1+12/Il)_ Iz;aT_ﬁ.fI at‘i;

. zwhen the control 1oop 1s in equillbrium the"output current'df{the.
”ucomparator glven by (6 11) is zero, and thus (6 10) reduces to 12 =1
fFrom Fig. 6.8 this current 1s I-= V/R ' The current Il is: derived from,-.

';a zener reference and is of the form Ill= Vz/R vr;"'ThuS'TCb becomesx"

ref .
B8R Lav L aR
19v. 1 "2 1.7z .1 ux :
T, =-KIg5F ~Ro% CV. 3 TR 574 _ (6.13)
2 Sz r.
- w#0, V#0 '

e

, WhereiKﬁhisqe‘chetent defined as




“vijthe zener reference is 400 ppm/° Therefore J'l

| B 5
(oK, = s

=TT - (6.14)
m I+ /L Ehae

o

are made ot the same’ material From the- conversion curves of the F

converter shown in Fig. 6 4, “the voltage Vis a 11near function of '

frequency,‘and it may t Mherefore be expressed as *.

' jvwhere k is the slope of a given conversion characteristic.,'lt was also
established that’k is proportional to the capacitance Cl shOWn in Fig

"6,4}' The temperature coefficient for’ V becomes e W:

Q

Tw R TR R (6'115'): L

Q)

 and this simplifies to -

o %1 ey

s L mop
!Tva;‘ 1+ _LC. 2T .~ V_ 3T ° .
P Tome Tl i/

'5(6;16)'r

i

N -
.

1+K

S
‘ol

e VVAt'thellew-f?equencybend'of3theztuning:rangezléfli'=-14;and Kml¥<7/15;

P

TC, = - [1001 ST ey

136

;f The terms involving R2 and R in (6 13) cancel out assuming the resistors

v The temperature coefficient for Cl is about 300 ppm/ C and that for =l~"
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and at the high frequency end I /Il = l and K 1/4 The'value of :

.IZ/I at the middle of the tuning range is about 6 and the corresponding

" value for Km is 3/7.Y_From (6.l7)

TC = -0.32(-100) = 32 ppm/°C (1f end)

© = = : |
~TC, = =0.30(-100) = 30 ppu/°C (mid freq.) . .
. TC, = ~0.20(-100) = 20 ppm/°C (hf end) .

0 .

- The temperature coefficient for the frequencylof oscillation has ‘an
;average value less than 30 ppm/ C, and 1t varies by only about 30% in
the entire tuning range The results show that excellent frequency E
L stability is possible, and it is interesting to note that TC improves
’:as_the frequency rises. | »

. ‘/‘

The reSults of Fig. 6. 3(b) were obtained by varying the control
t‘current directly in the open loop mode.y The arrangement shown 1n
i‘ Fig 6 9 employs the 1M29l7 F-V. converter as.a feedback element which
makes it possible to compare indirectly the output?frequency w1th a'
referencefsignal. It.was found that mhen 12 was varied in a closed
loop mode using‘a variable reference V %, the.frequency of oscillation

p‘f vas 1inearly related to the current gain 12/1l This result is showu o

in curve (b) of Fig 6. lO The tuning range was almost the same as for

'the open 1oop mode, but linearity of the CCO was greatly improved by

feedback
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Fig. 6.10. ‘Tuning curves for the CCO.
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g 7.1 Bias Networks

' of Ql and Q2 are equal for all: practical values of the supply voltage. '

'»l39

CHAPTER VII
THE COMPLETE OSCILLATOR

The complete circuit of the CCO with amplitude and frequency B
stabilizaugon was built using the circuits discussed in Chapters - -

Y .
IV-VI.‘ It also includes bias networks which are fairly stable.* A

number of additional functions have been built mtothe oscillator making

it suitable for many communication-applications. These are frequency

5

' shift keying (FSK), amplitude modulation (AM), frequency modulation (FM),'

synchronous and triangle wave- outputs The overall performance of

N

the final circuit was determined experimentally at 100 kHz. | ¢

7. l l Biasing the Osc111ating Circuit

s . . - .
s e

The ﬁost important bias point for the b351c osc1llator shown in

"a&. . re

Figv 4 .3 1is the base of Ql This bias, denoted by Biasl, should be _i

' the'same_as‘the dc voltage at the base of Q2 which is mainly determined '

by the supplykvoltage, VCC,'the resistance R3 and the current conducted

ble7 D
A simple circuit for biasing Q is shown in Fig..7.l(a) in whichv

”R' ; R =R, and 1! = I Wwith this arrangement the- base voltages -

3 3’ 4 4 . A

~ The cascode transistors (Q17 and Q18) in Fig. 4.3 were biased very close

to ground using thrce diodes (not shown) and a current source.
B

The current sources and sinks in Fig. 4, 3 were derived from a <«
aingle zener reference as shown in Fig. 7 l(b) The zener diode D 2
-was biased by a current I which is independent of the supply voltage

k! . w

This current was . obtained from a JFET circuit similar to the networks
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e o
'Fig. 7.1. Bias circuits for the oscillating network
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used by Apfel et alu[59]andoCave’[77] in which the gate isiconnected

to one of the supply 1ines.

7.1.2 Bia51ng the Regulating Circuit
The main requirement for accurate amplitude control 1is good thermal
stability of the control current flow1ng through Rl in Fig 5.6. ° Also.
"the regulating circuit must be power supply independent These conditionsbt
‘were met by mak_ing-,Bias2 track tie base voltage of Q4 4 The arrangement
fOr achieving this 1is shown,in Fig.‘7.2 where Ré'= 9 andvli =‘12.
_7 1 3 Biasing the Operational Amplifier
The bandw1dth of the operational amplifier shown in Fig. 4.10 is -
' sensitive to changes in the bias current of the level shiftlng network
It wa@ shown inm, Chapter v that the pole zero pattern of the network |
depends on the bias current of - the level shifting stage.
'There are three main contributions to’changes in the pole-aero
k pattern of the ampllfier. .These'arevpower supply c-hanges,“Vb drift"
" of the’ three tran51stors in each branch of the level shiftlng stage,
~and thermal drift of Ry and. Rye r’h
The circuit for biasing the operatlonal_amplifier is shown in
-Figt“7 3 where two zener diodes, Dzl and D 22 provide positive and

lnegative reference voltages. Let Bias1 be a constant.voltage”vl. 'Then

e

¢

ViV, o R
The base voltage of Q7 in Fig. 4.1§ is.given‘by :

V=V, -LR T S | .vﬂ‘(7'2)v’
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To Fig. 7.4. N 7 L®

_. #12 '
| vBias3

-®

To Fig. 7.4

~|To Fig. 7.4

- @ - - - - -

cC -

| _Fig. 7.3. Bias circuit for the op amp..
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and the same applies.for Q8.“ Thus

VeV, +3V - IR R (7.3)

’

2

Jprovides a. constant voltage of —V to the negative Supply line for

Bias, holds the base voltages of Q5 and Q6 close to ground, and Bias

‘the level shifting and output stages. Thus the bias current I' is

given by

. _ 4 . _ ‘ .
,I (V}+ Vz ivbe)/R' e - ¢ * (7.4)

where R' = R, + R ,, and (7.3) may be used to simplify (7.4) to

o

—
L]

v, - 1 R )/R' | S )

This result shows that I' is4independent of the supply'voltage‘and

v fairly insensitive to. thermal drifts in Vb .

The current I3 which is generated from the bias circuit shown
in Fig,‘7.3 is-of the form

@ Vo Ries L o ' B (7.6

'>The proportionality constant in(7. 6) does not affect the temperature

coefficient of I3 and equality may be used for simplicity Thus I',

,becomes~

v R, e | o . .
RUERCTCI S | - an
s ref | ' E



P

and this is a fairly good stability.

'FigL 7.4. “Each of these bias p01nts is. at a constant voltage equal to

‘+V and they eliminate the dependence of the operation of the rectifier

. . stages, respectively.

~in communication and signal processing require additional features which

144

k4

and the total voltagepacross the resistances in the leyel-shifting

stage is

| R | | - |
V' = I'R' =V _(2 - 2 (7.8) SR
B ref . '

This voltage has a temperature coefficient given‘by

K
Pl

L8V . -2 =400 ppm/°C - e (7.9)
v |

7 1.4 Bla31ng the Rectifier S S . -
The high frequency rectifier shown. in Fig.‘5 9 has six bias

points. . The first three of these, Biasl - Biass, are derived from‘ S

D _; in Fig 7.3 and they are available at terminal§ J, K and 'L in

zl

circuit on the supply voltage. Bias5 and Bias6 are obtalned in a .

similar way and they” provide proper b1351ng for the input and output

. The current sinks for the receifier circuit are obtained from the,
same reference current used in Fig. 7.3 by connecting the bases‘of

Q30 —_Q39 to . terminal F as shown in Fig. 7. 4v:

7.2 Additional Functions
Low cost IC oscillators with a stable output frequency are used

in digital design applicationsandauduJteshng Many applications

T
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have been included in the final circuit of the oscillatorf

¢

7.2.1 Amplitude Modulatioh

| In integrated circuit oscillators a four-quadrant transconductance
multiplier is usually included on the chip to provide amplitude

modulation. The output of the multiplier.is a differential current which -~

may be converted to a single output voltage as shown #n Fig 7.5. The

circuit operates as a modulator when the carrier signal v (t), is
relatively large compared to VT~and the modulating signal v (t)

relatively small'compared to VT=%}==26rnV at 300°C.

s

| In Fig 7. S Ql ‘gQG form the basic four—uuadrant'analog multiplier

cell which has a hyperbolic tangent transfer function [1] which haS'- |
,to be compensated for This is achieved by introducing a stage Q7 QlO
L‘ ' which predistorts the input signal applied to Q3 Q6. The output of

the‘modulator 45’ then direculy_proportlonal to the product ‘of the carrier

and modulating signals.

“Assume that the hf 1arge signal, v_ (t), causes alternate multi~
°E;

Fplicétion of the output of the clrcuit produced by the»small signal

and -1. Then it is a unity amplitude square wave of the

>

SR © & . a . N

'Vc(t)<= z A cosnw t ‘ - : ‘ (7.10)
: n=1 ) > »

.where w, is the carrier frequency and the Fourier coefficientsl An’
are given by

.
Y

1]

A = sin nw/2 “

n nn/4 (7'1l)_
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‘h“'wheregf is the:cx;cuig galn from the modhlating 1nput to the output "'-Qf

“The modulating 1f small signal is of the: form' -

':‘193

\
o R
. [

v (t) V cos w t

.f“

S where V is the amplltude and W is the frequency of the 51gnal : The{‘i

output voltage v (t) may be expressed as

v (t) = K Z .%-A v [cos(nw +w )t + cos(nm -w )t] | Ei2135 L

P e -
LD

el fo

Vs

Thus i

L

(t) is a spectrum Wlth components located at mm above and below .

each of the harmonics of wc}‘ Complete recovery of v (t) from the_ R

i N o i

'7gvat wc'or its harmonics are absent. :';ljfm P

Sea SR ,-.'
S A
‘ Lol

Additlon of a dc component to Zhe modulating signal ylelds -

5

components of the output at carrier frequency and its harmonlcs.’ Similar

i

g’

amplified using the circulq shown in Fig 7 6’ IDrthlS ampllfier Q Q4:2> ;“

[
1

Y

iconverted to a qingle—ended output current by the current mirror Q5 'LQGZ“‘h'l]

?‘
This output is available at the collector of Q6 The amplified

synchronous butput is taken from the collector4of Q anq RL is chosen
‘to give the de51red amplitude."':‘ o

:\.-
Y

.l‘ B - e Lo,
o N . ‘
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7. 2. 3 FSK Generation» SR O T L

B
Frequency—shift keying (FSK) may be achieved by applying axstep

f:voltage to the V. terminal of the cco. shown in Fig 6. 9. In this

ref
karrangement the output frequency w111 change from LOVW to HIGH when the =

' ﬂstep input voltage is switched from LOW to. HIGH. The malq)problem w1th

. ,Z*this kind of FSK is that the actual frequencies for the two modes of - U s
"foperation ‘are dependent on the size of the input step. L ”ea” '.., fvyé L
A convenient circuit for FSK generation ‘was designed as shown 1n_’
o ,

v7ffig 7*7& In this circuit V is not dependent on, the size of the '

.f «
keying input Vk When the keying input is LOW (V < 0 V) Q2 is off and

_;Q'-B‘ is ,gn._ Thus D

1, Qs,; and Q4 are on, and the voltages Vl and Yz A

' fafe’givenjby

B A A A E R S L (Taas),
v, =v ) A ST R U e €7.15)"
<<& 7where VL and V are vpltage levels which are determineghby the potential

dlvider formed by Rl, R2 and R3 The output of the circuit igﬁE

A A T T U L B

:,-QT?LOff’V In thlS case ¥ > V

1

and this implies that Q7 is on and Q8
. is off. Thus v beco_es‘ . | o

2
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e \ : '
ST “ It is- possible to sweep the frequency of oscillation by applying

i y"'?b.vyeffgives;hf‘

’( N ",1).“.:‘ S 150 .
applied at the base of Ql’ and the 81ze of this transition could be
'ladJusted using a variable resistance R2

The FSK input may be left open. or grounded "Then \ rof =_VL; The

‘importance of this observation is that when the FSK input is not being

, used the base of Q4 becomes the frequency control input which may. be,.
\ . g
used as an’ FM or- frequency sweep input

[T

lh'7 2. 4 Frequency Sweep and Modulation

/"~‘

s
P

ia ramp voltage at the base of‘Qﬂ\in Fig. 7 7 with the voltage dlvider
, /75 Vs :

‘jdisconnected from Q4 In this\case V f follows the input voltage and f-
ithe frequency of oscillation varies as shown in Fig._6 10 curve (b) which

L s

'mayibe;described by eivayi_ : " o .ijv, :;kf-i'{‘

A mlle ._rjpf.ﬁ“'hi T sy

»where f is the 1ntercept on the frequency axis and -m is a negatlve

"1
.;Constant.' From theory and with reference to Fig 6 9 K2 is the ratio S
E of 12 i, 12 follows I f and I1 is generated from a zener reference.pTT
“‘_‘Thlis ) : I

Il - RO

S S _ .
.';whereerefz is the resistance used to generate Il from the zener -

" reference. Combining (7. 18) and (7 19) and’ differentiating with respect |

.‘,uaf\ o ref2 H‘lvn i v; ‘h: i_{»_"ﬂ Lo .“.H ”(J.ZO)q
W TR R e : R




,in Fig‘ 7 8 A square Wave v

| 'Thus Q and Q are~alternat1vely turned on and off and the capac1tor
5 1 "2 ‘

and‘this s the voltage to;frequency sweep gain.

For small deviations about a certain frequency‘the modulating

‘signal is applied to the base of Q4 in Fig. 7.7 without disconnecting

the biasing voltage divider R A coupling capacitor is connected

"1 A‘3_'

;;between the small signal source and ‘the base of Q&’ and this arrangement

;vallows modulations of up to about +1OA.

h; 7. 2 5 Triangle Wave Generation

A simplified circuit for generating a triangle waveform is shown .

is applied to the inputs of the differential

v.’_

S

fpair Q - Q2 whose collector loads are constant current sources,,iThel‘

'amplitude of vy is relatively large compared to V for the transistors

' vC is alternatively;charged or discharged by a constant current Ir'

d'”‘With proper limiting, the outputs v1 and v2‘at the collectors of Ql

-displacement of half a period

njthejfeedback-resistors,i

7.3 . Complete Circuit N

h- Q2, respectively,'are 1inear ramps with a slope equal to —I/C and a:

A triangle wave is obtained from the difference vl ;b-zih This'~‘

ri.subtraction is performed by the differential amplifier in the! output
i'stage of - the circuit._ The symmetry of the output signal may be’ adJusted
o by replacing one of the currents, I with a variable source Also the

}damplitude,of the triangle wave may be controlled by the ratio Ry /R oA_v~"

v S o o ’

The block diagram for the complete oscillator circuit with

S Four circuit blocks form an amplitude regulated sinusoidal”rhjs’}_'“f,

Ll
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_These’are:the oscillating network of Fig.‘4.3; the output amplifier
‘shown in Eig.vé.lo, the high frequency rectifier ovaig; 5.9, and the -
regulating'circuit of Fig. 5.6..> i -
Thehfrequency control loopiconsists of'the first_twojblocks of
the amplitude control loop plus the frequencyfdivider (Fig.-6.5), the
F-l converter (Fig. 6 8) and the cces (Fig. 6.3). This arrangement
allows tuning the oscillator without disturbing the frequency stability.
A simplified schematic of the complete circuit is shown in Fig. |
7.10. The CCCS‘block_SQl —,Q7) is'connected to appropriate points of
‘the modified Wien—bridge circuit(Q8 le) only when the conflguration .
with both frequency and amplitude control is desired For a fixed - |
d’frequency oscillator (without frequency regulation) one tuning capacitor
s connected between termlnals 21 and 22, ‘and the second one is coﬂéﬁgted
uto terminal 22 and the positive Supply line.. The sinusoidal signal
aken from the collector of Q is passed on to’ a buffer stage (Q27 QZS),
which provides level shifting ’ The dc level of the output is adJusted
u51ng a potentiometer tied from terminal 20 to ‘VCC | |
The'operational amplifier“is connected for a,voltagergain of aboht R
10. It needs a totalbcapacitance of.about H3O'PF‘and it déy be'fabricatedA
on the IC chipytogether with'other components, 'The characteristics'of |
B thisfamplifier are summarized in Section‘7.4;v .
'j The’operation of the high;frequency_rectifiervwas discussed in

,Chapter Vf) Theilow—level square"waﬁe'available from the“buffer stage

(Q -Q ) is distributed to the’ analog multiplier, the triangle wave
71 72

;generator and the synchronous output amplifler._ The rectified signal
may be observed on terminal 15 and its symmetry adjusted using ‘a potentio- '
' rmeter across terminals_lé and 17. ‘This minimizes ac to de conversion ff"“

errors. The output level of the rectifier may be adjusted using a
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potentiometer connected across terminals 13 and 14 thereby controlling

 the amplitude of oscillation.h )

The dc output from the rectifier is applied to the control input_‘

' of the régulator block (Q19 ) When the rectifier output falls

%6 |
(amplitude of oscillation increasing) the collector voltage of Q26 rises,
" and vice versa. A control current flows through R1 in such a direction j
-that the change in amplitude is’opposed; o o '

Additional features of the complete oscillator are FSK input
(terminal 2), M input (terminal 3), triangle wave . output (terminal 5),
synchronous square wave (terminal 6), carrier input (terminal 8), AM
input (terminal 9) and the modulated output (terminal 10). The
cynchronous square wave may be used. as a carrier input signal

A possible dual in line package (DIP) for the integrated oscillator
’_is shown in Fig 7.11 in which the pin numbers correspond to numerical
4labels appearing in Fig. 7. 10 The F-1 converter and the frequency
divider are assumed to be external to the proposed integrated oscillator
There are 24 pins in\all but it is possible to reduce the number of
“‘pins by compromising between flexibility and cost. Some versions of

the circuit may be fabricated with‘more internal connections and fewer

' external pins.

7.4 Overall Performance

A summary of the electrical characteristics of the oscillator is
given in Table 7 1 from which it is evident that the parameters of the
final circuit are comparable with or superior to general purpose

‘monolithic RC oscillators. It is anticipated that the final circuit

rin_integrated form will have better characteristics than those measured
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7.5 P0551ble Appllcations

'type modem systems_ .

to modify the designed circuit for a four—level FSK operation:

: Hso
ﬁrom a breadboarded circuilt. . o '
' "l o p »Z." . 2

The oscillator has an upper frequencymlemit above 1 MH® with' a

'frequencyverror of about 3% measured at 1.2 MHz (see Fig. 4 4). Frequency

and amplitude stability measurement ggere limited to.temperatures

between 0°C and 40°C since some of the materials used to build the circuit
would not allow operation cutside this range. The rqom temperature

(20°C) was taken as a reference.

k;' The positiveﬁgnd negative supplies (Vcc.and‘~VCC) should he at -
least 7.5 volts in magnitude for proper operation.‘ This ensures that

the;éener references‘are fully hiased.

¢ “oa
a2 7

The osc1llator under discussipn is suitable for applications in

voice teléCommunication The total harmonic distortion of the sine

1‘~,. "o .

waveform. is lower than O 14 in the audio frequency range and this

qualifies the oscillator for the production of audio—grade slgnals. «

1t may therefore be uSed in the testing of high quallty audio- circuits.

E % g
Another p0951b1e use is in digital communlcations Th1s application

e ol
L)

requires an osc1llator with a capability for shlfting the frequency

between two or more levels. In data—interface or acoustical coupler

Oy s R

‘*fOur 1eve1 Full Duplex FSK capability is desirable

since these systems normally transmit and receive data.' Tt is possible

U‘b

A CCO with good frequency stability and a linear dependence of

“frequency on the control current is an essential component of a phase-
. locked 1oop (PPL) system “The oscillator designed in this project,

'meets the requirements for PLL design where a square wave output is often

used; ' - » ' - ' A

AN

-
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There are a.number of applications which needka low-cost L
»,general ourpose oscillator. These may range from 1aboratory applications
V‘which require akfunction generator to digital design progects which
__need a 1ow—cost tlﬁerv lhf“}”" - R ,‘f‘%i S A'RJ :&};'u"
The main applications and performance'characterlstics areyif

fg_Summarized in Tables 7 2 and 7 3, respectively. A comparison is made7

i‘between the oscillator under discussion and a- commercial IC‘function )

T{generator by Exar the XR—2206 It is evident from the tables that 5_id

ae

'1the new oscillator has a numher of superior characteristics over the e
FRREE R e
S RS



COMPAR]SON OF APPLICATIONS -

o

TABLE 7. 2

Applicatioh - .

New '

nggZOG‘;

“:p “Sine. Wave Generation

0501115tor

Yes

. Yes ™

hmplicuse Mosutation

Yes |

Yes

‘AA?féquency-Modulationf  _

:Yésﬁ;:fAf

;iLlnear Sweepa®sc111ator‘
% (>11000:1).

Nox AA,{ Jﬁfﬂ

. Yes

- “Yes vfﬂﬂ

"i:iVariable Duty Cycle

"i,FSK Modems

Yest

Yes

| :ﬂPhase—Locked Loop

A}De51gn

YesA

vEYE$ 

1781mu1taneous Slne/

fquuare/Trlangle Outputs

:Yes -

”fﬁo;_.'“"

e 1 MHz)

l'fﬂlgh Frequency eration

PN Appllcatlons

II(THD,g_oqlz)_ SR
o e

 High Quality Audio

Yes

“No:

. .162



COMPARISON OF CHARACTERISTICS L

N

, TABLE 7. 3

Electrical Characteristics

W

“New -

Qscillatof

'XR=2206 -

>1.2

1

Upper fféqugnéy limiijMHz)

,_Sihg WaVe“distortion

gCo{sZC

| 0.5% - 1.52

‘ 1:”0utput 1mpedance (ohms)

~“sine output .

" 600

Duty cycle-‘

e

S1 ¥ 99%

CAmplltude stabllltyi _
ppm/ C : )

Frequency stablllty
“ppm/°C :

an

-4800

- D i

150

ﬁ .Frequency stabllltyl ST
RIS

fiIQ;OSC’

'*3Powe?f5uépiy ,;ﬁ

'nsplitfdr Single,:

o

e
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CHAPTER VIII v
. SUMMARY AND CONCLUSIONS B

The'advent of 1ntegrated circuits has-revolutioniaedlthe
A‘entire electronics industry with enormous reduction in the-size of the
:clrcuits, incredible improvements.of system reliabilityoand de51gn
.flexibillty, and a: subsequent drop in the cost o} electronic devices.

: There has been a corresponding change in the design process in the :

_past decade w1th more emphasis on c1rcuit blocks rather than on
R ‘4 [ ‘ . 7 ] . ‘ Mna
Aindividual electronic components R rv'_ SIE S :» Ly -

’ Oscillators“i ery important »in a number of applications

;lUnfortunately the” %ﬂoscillatgrs.use‘inductances,which; withfthe

L,

vpresent technology, cannot be realized 1n integrated form for the -

i »‘:s / . . ,-'

-frequencies under con31deration in this prOJectm RC oscillators_are

. L

“attractive for microelectronic circuits sihce they can he completely
integrated e <;7i. LT e S

.There are a number of problems associated with integrated l:'*

'd.oscillators whlch have made it extremely difficult to fabricate high o A

cfrequency osc1llators w1th acceptable performance cha;acterlsticsb t" |

This progect has demonstrated that the frequency pzrformance of integrated H:«
?.»oscillators depends almost entirely on" the bandwidth of the amplifierr -

‘which maintains the oscillations.”\Conventional voltage OP AMPs have

-been avoided as” they have poor frequency performance in terms of band-‘
lh frwidth and slew rate. Amplitude stability much better than in most
‘li:commercial integrated oscillators has been achieved using—a new AGC
"':;‘circuitr' Excelleht freQUency stability has resulted from a control o ‘L;.‘

£’1
':scheme which automatically compensateg'for thermal drifts of the tuning

components.v Thus the complete project tackles the three major problems
- \ | |
of integrated oscillators and it is evident from the results that

*164.
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-there has been a‘breakthroughfin avnumber of areas: S e

0

»8.1; Important Features of the Oscillator o
TR ' L
The object- of this project was to realize a practical RC oscillator .
.capable of operating at frequenc1es above 1 MHz.‘bThe design was aimed

iat obtaining a. sinusoidal output with THD in- the region of 0 lA Most

‘integrated oscillators are designed us1ng relaxation circuits based on

multi—v1brators which may easily meet the high frequency requirement
“These OScillators, however, do produce the sine wave 1ndirectly i&w
1the use of shaping circuitsfqus.axiesultgithe distortion level ‘#{:;;
‘output signal may ‘be 1% or‘higherl j%f%rum .

To achieve lower distortion in the si‘

‘

source of a low distortion signal The first task in this design was

to build amplifiers with bandw1dths and slew rates much hi¥her than

'hthose for typical operational amplifiers..» o fﬁ'h_
A current amplifier based on. Gilbert s current gai cell'was.'

AR J

‘tvdesigned as shown in F1g 4. 2, and it was used'to generate sizfsoidal

P

”f.oscillations in a Wien—type oscillator of Fig. 4. 3 This amp ifier .

3 7
5 ’V:xg '7\ '9

s w

» has an open 1oop gain which is completelx determined by the ratio of o

.04

_ bias currents and a closed 1oop gain which is determined by the ratio

of two resistances. Thus the device parameters do not have a significant
Y : in

: L0 . : : . :
"}influence on the operationﬂof the osc1llatorﬂg,*'.

-

e An operational amplifier %g&h high input impedance and low output

63

s

pedance was designed to provide enough gain and power for driving

.r_practical loads. The OP AMP (Fig 4 10) is essentially a’ transconductance S

v'vjné ;amplifier with a low output impedance driving stage.v It ‘was: found that

ot




‘»;a,,%s It was noted that sinusoidal RC oscillators of the harmonic type

’ oscillation condition given by (2 4). . fh"h' R AR

L of oscillation. The AGC circuit which has been designed works in both '

S directions about a given equilibrium and the above problem does not .

166

the- amplification of current in the intermediate and output stages

coupled with the use of an all npn circuit made—it pOssible to design

 an amplifier with a- unity gain bandwidth of 15 MHz and a slew rate of

12 V/usec.

B

The efficiency of the amplitude regulation scheme was mainly

due to two factors. Firstly, a high frequency rectifier provided accurate

o

ac to- dc conversion in"a wide frequency range. Secondly, the regulation

o

of amplitude using the current divider, principle was fast and reliable

- . 3

It was possible to regulate the amplitude without disturbing the

@ .
?\ : ’J\

f
( L

Many amplitu@e control methods only prevent the amplitude from

’\ I

' exceeding a certain limit but they fail to guard against the possible

loss of amplitude Such as that resulting from an increase in the frequency

2

.w»wf"

o

"arise._ As a result,.excellent amplitude stability and 1ow distortion

L

/' . . . _ . g L |

have been achieved
The frequency was stabilized by a- feedback 1oop which uses a.
frequency to current converter as a control element and a thermally

balanced current comparator. The effectiveness of this method was
o

enhanced by using circuits in which the active parameters are determined

by ratios of tracking components.

8.2 .Achievements'

@)
K A

are the best sources for low distortion 0utputs and yet their upper‘ : f’f

frequency limit is much lower than‘what most applications would require. -

=
One of the biggest achievements of this project was the extension of -

ESEE

ke

"
e




- the Operating frequency range by about one order of magnitude; from |
the maximum frequency of: 100 KHz for typical oscillators using
conventional op AMPs to 1. 2 MHz for the. designed oscillator Ihis

‘ rzgarkable result was brought about by the use of fast wideband amplifiers

-in the realization of the oscillaton. It is felt that future improvements
e

in the frequency performance of oscillators will be . possible through

iatheidesign of faster ampliflers, a subJect which 1is gaining considerable

attention din’ modern analpg circuit design.'

“>High frequency operation has to be reinforced by a good frequency
o ] -

1. stabilization circu1t otherwise the oscillator becomes useful for only

Dy

a limited number of applications ’ This progect has produced a. 51mp

Taw

frequency regulation scheme which gives rise to sﬁabilities comparable

- ! -

. [N
to those obtained from more complex frequency control systems. The-

.temperature coefficient of frequency was found to be as low as 100 ppm/°C

for the regulated oscillator as compared to -2000 ppm/ C for an unregulated
1'integrated oscillator with diffused components. " This reduction in. the
‘frequency drift of the oscillator by a factor great4w than 10 using a

'Ismall scale circuit is.4 great achievement it is important to

rfvhave a single ohip RC oscillator with ‘an on—board frequency regulation R
.' /
' since this implies lower design costs

“The measured amplitude drift was; better than —1000 ppm/ C and

‘this was a big improvement over the figures listed for some commercial
"integrated oscillators. The amplitude was . very insensitive to power

supply changes since the biasing networks were designed with this fact
:'in mind. Also, changes in frequency did not have much effect on amplitude
‘because the‘operation of the rectifier was independent of the frequency
AOf oscillation.‘ | L

Another main achievement was, the conversion of ‘a fixed frequency



* gome - of their specifications, and these are:
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oscillator into a variable frequency one without much alteration or
addition to the original circuit. It was possible to tune the oscillator
in a frequency range of 2.3 with an external analog input, and this
was the basis ﬁor ‘the frequency stabilization scheme which has already
been described.. Also, this' capabillty of tuning the osc1llator u51ng
a.control'input has resultedvin'other convenient features which include
FSK'and FM The application of feedback has given rise to a very linear

tuning characteristic which is de31rable for most applications.

Lastly, the THD for the sineywave output is much lower than what

B

L x

B

wasoanticipated in this project._ This was found to be 0. l/ at 100 KHz.

4
(‘pi,

The oscillator gives excellent erformance in the audio range where the

»_THD is less than 0. IZ and théslit is Suitable for hi=fi audio applications.

8.3 . Comparison of Oscillators d*
It has. been p01nted out in the previous sections that most - . L

commercial 1ntegrated oscillators are relaxation in type. This trend

is mainly due toia number of attractive features that these oscillators‘

have, and these include. i ]f S %-ily e o .'. .

R i 1., circuits are simple and easy to iabzbaté;'
27" 'they,h;ve‘large frequency sweep;‘ - 'y
,3.1‘ frequency is determined by feWer components;
4;. » they have a variable duty cyclea._

'-These oScillators,'however, have a number of;weaknesses which degrade

o I . [

© 1.7 the sine wave is not generated directly, -
2. ',the THD is fairly large;'

3. lamplitude stability 13 poor-' : (

by external trimming of ‘the Output is needed
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It is clear from the above listing that relaxation oscillators are
only adequate in those applications which do not require pure sinusoidal
signals;:
| The work ofithis project has overcome several weaknesses‘of
harmonic RC‘oscil&@tors. The good qualitieshof the oscillator which’has

ot
’&‘

been designed are:

1. high frequency operation above 1 Mdz;»i
2. . low»distortion,sine wave;
3.l excellent amplitude stability, |
4{“‘ simultaneous square triangle and 'sine waves,
5. complete integration of the circuit is possible°
'6..'_ frequency stabillty comparable to commercial IC oscillators.,

IS

Ways of improving the frequency sweep and tuning range, which was

‘ 1imited to a maximum value of 2. 3 is an important subject for future -

study. Another observation is that the new osc1llator has a much

: greafer active component count than a comparable relaxation oscillator X

_ integrated circuits since active components may easily be fabriga

with similar capabilities.‘ This, however, is not a 1imitat1?n An |

- co i
. .

at a‘reasonable cost.

[

)

8.4  Future Con51derations o . ‘ 7

One of the most important subjects for future study is the
relation of the tuning range to other parameters of the oscillator.

With this kind of study, it may be possible to come up with answers»

'Lwhich may help in determining harmonic oscillator configurations which

,‘may be suitable for wider tuning_ranges. As far as we know, very little

has- been done in this area. i ‘.'. ;. | : o

. The;frequency—to-current converter which was. used in this project

b



. 170

is ‘the IM 2917 whose maximum frequency limit is about 100 kHz for

applications'which need high conversion accuracy. .It was therefore

necessary to use a frequency divider to accommodate the entire frequency

_range of the_oscillator.. There is a great need for designing a wide

1 PR

“band converter which is capable of operating in a frequency range up to
' : ! ’ ,

" the AGC loop since the Tms output is also proportional to the ampl

&3

leﬂz or better since ihis.would eliminatelthe number of supportule
which mererusedwinvthe frequency control loop. |

The bandvidth of the rectifier circuit used in the AGC loop was
satisfactory. In the application of this‘project, only a dc voltage
proportional to the amplitude - w'ofu:‘oscillation was.requiredt It_wouldt
be conyenient, howevenlato convert»the rei?&fieriinto a true. rms detector

50 that it maybe used to drive panel meters\in instrumentation without

 further “calibration. This refinement . will not affect the operation of

) The design of a true rms circuit is being considered, ang alternative

designs for AGC circuits have ‘been suggested by Filanovsky [78]

v,Lastly, the - complete oscillator circuit will be fabricated in

integrated form and tested. No problem is anticipated since the circuits

have been designed'with-this final step in mind. Since'theituning range
for the osc111ator is quite limited _the tuning capacitors will not be
) “\‘{

included on the chip and their valueg will. have to be chosen to suit

a given application;‘ A 24 pin DIP for the new oscillator has been

'suggested in Chapter VII, and it is p0551b1e to bu11d smaller versions

of the oscillator for applications which might not need some of the

1

functions available in the complete oscillatsr éircuit,

8.5 Concluding Remarks

An RC sinusoidal oscillator with a high frequency 1imit above 1 MHz

has‘been designed. It meets a1l requirements for integrated circuit
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design and yet it has a frequency performance quite unmatched by‘many

works found in the literature 4The 1imitation to 1ow'frequency opefation

for RCoscillatorsusing conventional OP AMPs has been overcome by

' building the oscillator with fast current amplifiers whose bandwidths

are much greater than_l MHz.' Differential circuits with thermally
balanced,stages have been utilized throughout the'design, and this has
helped in reducing the.temperature sensitivity problems thical of,,-
active RC circuits to very minimal 1eyelsf o

The new AGC techniquejbased,on,a current dividerbprinciple was

found to be very effective. The model of the amplitude control cifcuit

K

and the mathematical analysis of the AGC loop have led to the discovery
that the oscillator responds to a control input as though. it were an
integrator vThis result was important in that it enabled us to
determine the stability requirements of the amplitude control loop..

The new oscillator met all the goals set in this project and its
performance is better than most oscillators reported in the literature.

The final\circuit was breadboarded and therefore some of the measured

characteristics have been degraded by stray capacitance effects. It

is hoped that the integrated version of the circuit will have excellent =

%

performance

This prOJect has demonstrated that it is p0551b1e to design a -

High performance RC oscillator using simple circuits. ‘It was shown that

the upper frequency limit of 1ntegrated oscillators may- be extended by

i
more than an. order of magnitude by using new circuit configurations and

\

: device models. This approach has opened a mew direction for future "

study, and it is hoped that -the characteristics qf integrated oscillators g
, : - I

will be greatly improved
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APPENDIX A

B ST E
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St ﬁt.»ﬁf . ACTIVE FILTER CLASSIFICATION .

PO
'

o SIn order to gain insight into the perfbrmance of active filters k
j and. be able to do a systematic study of the known: filter circuits'to . -
date or generate‘new ones,: a “convenient classification of these . L

' networks is essential., The dependence of " the active RC filter poles '
upon the filter topology and components-may be studied using the root.

. locus analysis.»;ﬂ s ,'_A,; \ o 7 R ‘; W

,.‘)

The most popular basis for classifying active RC filters is the

k 1¢ decomposition of the characteristic polynomial. A(s) ‘of a. filter [38 .
" ‘ch. 7] [403 " With this approach At is possible to relate the gain KIS
and sensitivity properties to the type of the. ‘decomposition, ‘and the . -

optimum ‘gain’ and sensitivity values for-a given filter network may :
‘_easily be determined by finding the classification to which the network
belongs. E S .

Several approaches to rea1121ng transfer functions by means off"'
active RC filters have. been proposed [41]" [45], and in each design -

the requirements on- gains of ‘amplifiers and ‘the filter ‘sensitivities

:; with respect to passive. -and .active parameters are/bf" great practicalf"'
importance. The sedbitivities, for dnstance, det rmine the maximum v
-selectivity of" ‘a filter, and the: gains roughly determine the’ frequency

— range in which the filter may. be used R _A.,. MBI 1 .

Active fi ers are usaally realized as a cascade of filter

sections with s€cond-order. ‘transfer functions} ‘These may be represented;_J

53 by a second—Qrder canondcal flow,graph shown in’ Fig. A.1 which has a
transﬁer function given by Mason 5 gain equation as' i ;
LN '

H(s) = T A(s)

,'*where,‘with s denoting the complex frequency,v RO

Lot N(S)m“ K1T13T42(1 2 65) + K2 15 62(1 Kl 43) ~v<--r,“;f».-"
S f' : ffﬂ“if j:.“j~.v " R . R
e e + K K (T13 45 62 15 2 63) R
fand . N ‘ R | o o
A(S) 1 X K1T43 KyTes. K (T43 65~ Tis 63) " R
This may be expressed asta‘second—order transfer functio
\ . . ‘
S s +(w /Q )s + mz _
R H(S) —,K“ 2. e B :
- . ,_:': u x Kk '.‘ff' s +(m /Q )S + Ll) p “ ;‘. o L .
where p stands for pole" and 'z stands for "zero" soéth5>’v

: pole frequency of the- filter, and so on.. Filters may ‘bel
the properties of the poles of H(s), that is the . zeros of™

The characteristic equation A(s) = 0 may be divided into two o

h: parts,bthe "active portion" and the "Passive portion" where theflatter EREAPE

. Al : S R |
‘
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is independent of the amplifier gains K and/or K2 and is given as - » '
' "the product of  the ‘denominatqrs ‘of 'T,. ~and T We may denote this )
by D4Pes5: For a -second-order transfer. funcgion, the prbduct D43D65 in -
A(s) = 0 must be of the second order. There are, therefore, two ‘*'_
possible cases namely ":.,"7- f\"“f" IR e ".ﬂ‘ .

Case. 1 D \{w) and D, 5(8) are both first—order polynomials R

Case 2. ‘one of them is unity (zero—order) and the other is a '
second—order polynomial ’ L o -

\ [
Case l yields ‘first order decomposh&ion filters/and case 2 yields
. second order decomposition filters. , .
‘f Whereas the passiwe portion oﬁ the characteristic equation ['\y

determines the type of filter in terms of the: order of the decomposition,i?
" the active portion determines the class of a filter 1f we express ‘the
active portion as’ ‘ : : S

»,.,éz%,_*-_élé:sa.q-a. ST L

- where the a, sbare functions.gf the amplifien gains, then we ‘may deﬁiﬁ
. the classes of filters as followa._ﬁ A R

€«

‘_ClaSs.A :a,

A #ld,f’a =0, a =0
-‘Clegéggi::aé?sid,i a1:; 0, éd»f;Ol{ .
“'_élass?hﬁslagfékorv'a‘ t 0, _ad fTQ’ f - -
‘2;Ci?§f Ci:;aé;fi0;ff L Ago,;]o*‘ ‘ "
Cl,'alés:‘a_,.; az - 0’ ‘a * 0’ :a'o',:#fp;' v‘ A
, ..Cla;s‘pl;s # 0 1 O;h’ab-f'op»:: hE
"eﬁ;01asslﬁi} # 0 ' # 0, ao f O",:

It should be noted here that classes A and C may be.. derived from A andv."
.G, respectively, using Mitra’s RC:CR transformation: [46]. A filter .
is completely classified by specifying ‘the order of. decomposition and - .
‘the class. ~Thus a: class .2B filter ‘belongs to'a second—order decomposition .
type whose characteristic polynomial falls into class B, and so on, .
[ AT In second order decomposition filters;the amplifier K2 if present,’ .
T has a ‘cofistant (frequéﬁgy independent) local feedback and constant." -
K cross-coupling. ‘Thus it is-the type: of local feedback and cross:coupling

that determines the parameters and performance of the filter. o év
5 :

s
& .

D Y o
, A?jv Although the general flow raph for.decomposition filters is. of .
. the. same form for: first and second order filters (see Fig. A. l), the K
.actual graphsrdiffer greatly when the branch gains are. defined Expressing
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" "Table A4 1.

- ;o

- PR L s

-

s

:_:.Sumfmary~of,g_'air'\‘-,'s;eh'siti'Vity re;iationé,"fd.r Cllas_slzfx filters

‘Class

' Loop Gain K

. HiACt'iVB w4 s

Active Q- ,
~ " Sensitivity -

Sensitivity

" Passive Q

‘| * Sensitivity .

A

K> 4Q2 -1

S >%(1 - 1/40%) | =S > %(1 — 1/407).

Isf <1

] Kk>402-1

S > %(1 - 1/402)| S > (1~ 1/4Q%"

o Isl<

. s>2a-1" |~ ERR

{ K>1-1/2Q

Tradeoft

5 ‘|S'|_ >(Q -~ %)

oilo|w|>

.. ! Tradeoft

[ep (omy)‘

K>2Q-—1

_lsl <1

¢ Tradeoff
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" Also the coefficients of Tjj in the numerator and denominator must

., in the form

; \ 181
these gains in the form‘ l
- TN (8) A

1 Dygled -

?
1

vthen'the poles of: the filtef may be obtained from tﬁe\charaqteristic
equation with much ease. The zeros of 'the filter, however”, are much

" more difficult to determine.’ There are two properties of these gains

.that simplify the ana;ysis [38].4 Since the Ty functions are'ttansfer'
functions of passive networks, all branches ending on the same node '
"have. thd® same denominator. Thus- . = - ' . ' | )
S | S 0
o P13 T Pu3 T Dgy and. Dy =Dy5 =Des :

¢

satisfy Fialkow-Gerst conditions. Expressing a branch gain of ofﬁé?f

o " n o S ' ‘
. R Ni (S) — an + '-.‘u-"*’ Bls + 80 . .
Ty =5 Gy T, N
b Ay '»yhs_s+ cese T Yls + Yo - L )

-

/ ¢

“then the coefficiedfs‘are bounded By. the relationships

—

0dB s 0SB T e OB /
. S : B N ‘s .
Further simplification is achieved 4f we- define coefficients-of.

_si (1=0,1,2) with two subscripts; tfe first one denoting the node on which
the branch terminates and theﬁsecond.corresponding'theipoWér to which

‘s is raised. Thus agg + a31s + a3gs2 is'a denominator function for
second order branches terminating on node 3, -and similar expressions.may

" be written for -other branch gains. The general form of important funqtions

‘is given in Table A.4 where a, b, and c are constant coefficients.

Unlike first-order decompésition‘filters,fsécondfordér‘decpmposition
filters can be realized with a’éingle_amplifier,‘ahd this is a great -

- saving in terms of components. Also lower sensitivities are obtained "~

" in second order filters but with higher amplifier gains. '

-Any RC:filter composed of one of moré‘amplifiers may be Categoriied

" into one of the 13 classes shown in Fig. A.2. Here it is shown that for

each "active''<class, say A, the characteristic polynomial A(s) and root -
16cqs are the same regardless of the/decompositionfgroup,‘but the flow
graphs are different (e.g. for 1A and 2A).  Sensitivity relations are

" given in Table-A.1l.

B .The}cléSSification can.be carried out by inspection using the
feedback network transfer functions summarized in Tables A.2 and A.3.

.Q‘v A
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" To design a "filter for a given task, one looks at the cons:raints
at hand, compares the gain requirements and parameter sensitivities of
all possible networks, examines the tradeoffs involved, ang finally

decides on the practical circuit.

The whole design philosophy depends

on root locus and a parameter variation minimization strategy. depends on
the class of filter being realized. o

TABLE A.4

o
k1

POLYNOMIALS USED IN TRANSFER FUNCTIONS

ORDER, OF FILTER

FUNCTION " FIRST . SECOND
: , \ .

b =D, =‘D‘. ' af'.+ a,.8 | a,. <+ a ‘s +a 52
D13 7 Dy3 = Dey 30233 | P ST
N, b, + bs‘s‘ ,\ b +b..s+b,.s

43 0 1 ' \ 30 317 U32

N e cars | ean ¥ ca st c 52
g3 30 v €% |} 30 ¥ ¢318°% ¢32

Dys = Dys = Dgs 350" 251° 350

Ngs. bgg = P58 bso .

Nys 50 " €51° S50 -




' ’ APPENDIX B

" RC OSCILLATOR CLASSIFICATION

.

'Oscillators are cgnditionally—stable actlive filters, usually
of second order, whosge poles'are adjusted to 1lie on the jw-axis at
s=jw, and whose inputs are grounded. ’

* From second order filters having gain

N(s) _ N(s) .
a1s) (s/mo)2 + 2;(s/w0)+ 1

" H(s) =
.

second order oscillators are obtained é& gsetting ;=0 or Q=%. Passive
RC networks are characterized by >0, and thub oscillators can only be
realized when the coefficient of sl involves at least one amqlifier gain
(K] or Ky). Therefore only active filters with sl variation in the
active portion of the characteristic polynomial can be used to realize
oscillators. - From the discussion of Appendix A, this requires that a;
be nonzero.’ ‘ ' o ‘

‘Equivalently, the root locus should cross the jw-axis while gain
is finite. Using the above facts and with reference to Fig. A.2 it is
clear that classes A, A and D oscillators CANNOT be realized. Hence
oscillators can bé realized in classes B, C, C, and E only [38], [47].

: Gain and sensitivity limitatioms for filters_(TaSlé,A.l in
. Appendix A) may be applisd to oscillators by letting (Pw, -

Class‘2B oscillators are attractive for integrated circuits. They
are simple, and they have low gains and zero active wg sensitivity. The
only &rawbackAis that they have high pole angle sensitivity. A

The Wien bridge oscillator belongs to Class 2B which includes
other classical osc%}lators'like RC phase shift, twin-T, and bridged-~T
oscillators. Based on the discussion of Chapter II, the Wien bridge
=ospillato; is the best choice for integrated circuits. v
) In tunable oscillators w, can either be gainftuned or passive-tuned.
Class B oscillators have an inherently constant wy. They can, however,
be gain-tuned using appropriate amplifiers [9], [47]. . .

\
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