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A LOW-DISTORTION OSCILLATOR WITH FAST AMPLITUDE STABILIZATION

E r i c Va n n e r s o n a n d K . C . S m i t h
Department of Electrical Engineering, University of Toronto

To r o n t o , C a n a d a

A b s t r a c t

An improved technique is proposed for stabilizing the output of a variable-frequen
cy RC sine-wave oscillator. Very low harmonic distortion figures and fast ampli
tude settling are achieved together by sampling the peaks of the output waveform to
produce a dc voltage having virtually no ripple content. A simplified analysis of
the stabilization loop is included, and the effects of non-ideal sampling on dis
t o r t i o n a r e c o n s i d e r e d .

I N T R O D U C T I O N t i o n m e c h a n i s m . T h e p r o b l e m i n t h i s c a s e i s t o c o n -

. 1 • - 1 1 - 4 . u v e r t a m p l i t u d e i n f o r m a t i o n i n s t a n t a n e o u s l y i n t o aA p r a c t i c a l s i n e - w a v e o s c i l l a t o r c a n n o t b e c o n - '

structed entirely from linear elements, since some voltage. This dc voltage must have as little
form of non-linearity is required to stabilise the superimposed ripple as possible, since this rippie.
output ampiitude. This non-linearity usuaily con- "T ^ sinusoid at the fundamental
tributes in some measure to harmonic distortion in i" the voltage-controlled attenuator, will
the output waveform. When a lamp or thermistor is harmonic components into the oscillator
used to control the output level, for instance, as '"""P"® "1"' ""d following
in the classical Wien bridge, harmonic distortion rectifier, but this results in siower ampiitude
is considerable at low frequencies because the transient response. If the ac-to-dc converter is a
lamp or thermistor resistance changes significant- half-wave rectifier, for instance, .1% dis-
ly over one cycle of the output. Increasing the ""ion corresponds to an amplitude settling time
thermal time constant reduces the distortion, but hundred cycles. In an earlier paper [2],
increases the amplitude settling time. When more " """h""* Proposed for reducing the product of
precise control of the output level is required settling time and total harmonic distortion by a
than can be obtained with a lamp or thermistor, ^hout thirty by using an improved recti-
some form of ac-to-dc converter is generally used having less ripple in its output. Although
with a voltage-controlled attenuator to regulate " certainly a considerable improvement, a
the output amplitude by adjusting a feedback gain better method of amplitude regulation is re-
within the oscillator [1). Just as is the case for 1""®^ " I""'' ^"tling is to be had in combina-
the lamp or thermistor, however, it is found that a limited only by the capabili-
compromise must be made between harmonic distortion bi®s The operational amplifiers used, rather
and the response time of the amplitude stabilita- hy the amplitude stabilization system.
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One fa i r l y s t ra igh t fo rward so lu t ion is to rep lace
the rectifier by a sample/hold which samples the
oscillator output over some interval around its
peak [3]. The amplitude regulation system is then
a hybrid of discrete-t ime and continuous-t ime ele
ments which can be optimized by z-transform meth
o d s . T h e e f f e c t s o f n o n - i d e a l b e h a v i o u r i n t h e

sample/hold (such as finite sampling time and decay
between samples) on harmonic distortion can be
determined by Fourier analysis.

Figure 1 is a simplified schematic diagram showing
th is method of ampl i tude regulat ion. F igure 2 is
b lock d iagram of the stabi l izat ion system. The
o s c i l l a t o r i t s e l f i s a c a s c a d e o f t w o i n t e g r a t o r s

A 1 a n d A 2 w i t h a n i n v e r t e r A 3 . T h i s a r r a n g e m e n t

can be looked upon as a state-variable filter [4]
in which the Q-control l ing resistor has been re

placed by a current-output analogue multiplier.
Dual potentiometer R1 varies the frequency of os
ci l la t ion over s l ig j i t ly more than a decade. The

output voltage Vq is sampled at the positive-going
zero crossings of Vj, which are concident with the

positive peaks of Vq. Since Vq and Vj are in accu
rate quadrature, the samples are always well cen
tered around the peaks of Vq. The output of ampli
fier A4 is proport ional to the di fference between

the sampled peak Vp and a reference voltage V^gp.
Th is e r ro r s igna l i s app l ied to the mu l t ip l ie r

along with i ts integral from AS. For optimum per
formance over a decade of frequency, the integrator

gain must be changed in proportion to the oscilla
tor frequency. This can be done conveniently by
switching the input resistor into the circuit four
times per oscillator period, with a variable duty
cycle. The switching waveform is obtained from a
monostable mul t iv ibrator which is t r iggered at the
zeto crossings of the quadrature outputs of the
o s c i l l a t o r . S i n c e t h e s w i t c h " o n " t i m e i s fi x e d ,

duty cycle is proportional to frequency. If the
maximum duty cycle is limited to about 50%, the
effec t i s a lmost tha t o f an in tegra tor input res is
tor which is inverse ly propor t iona l to f requency,
as required. An exact analysis of the switched
in tegra to r i s qu i te ted ious . The in te res ted reader
should consul t Jury [5] , Tou [6] , or L iou [7] .

Du ty -cyc le con t ro l o f t he in teg ra to r i s pa r t i cu la r
ly convenient, since pulses at the zero crossings of
one output waveform are required to control the

sample/hold. The zero crossings of both outputs can
be obta ined wi th very l i t t le addi t ional hardware.

A N A LY S I S O F T H E S TA B I L I Z AT I O N L O O P

An exact analys is of the ampl i tude stabi l izat ion

loop can be avoided if only small deviations in out
put voltage from its steady-state peak value Vpo are
to be considered. I t can be shown [2] that for
small disturbances the response of peak output Vp to
a cont ro l vo l tage app l ied to the mul t ip l ie r i s tha t
o f a n i n t e g r a t o r w i t h t r a n s f e r f u n c t i o n

V „ ( s ) K R a J o V „ ^P = ^ ° p o ( n
V ^ ( s ) 2 s

w h e r e i s t h e m u l t i p l i e r s c a l e f a c t o r r e l a t i n g t h e

output current to the input voltages, R is as shown
in Figure 1, and (oq is the frequency of oscil lation.
This result can be derived by approximating exponen
t ia l changes in output by l inear funct ions.

The sample/hold is equivalent to a sampling switch
fol lowed by a zero-order hold, whose transfer func-

- s Tt i on i s (1 - e ) / s , where T i s the samp l ing i n te r
val. Note that T can be assumed fixed and equal to
t h e o s c i l l a t o r p e r i o d , s i n c e , i f t h e o s c i l l a t o r

poles are near the imaginary axis, the mul t ip l ier
c a u s e s t h e m t o m o v e a l m o s t h o r i z o n t a l l y i n t h e s

plane. That is, the oscillator frequency remains
nearly constant as the amplitude changes. The over
a l l t r a n s f e r f u n c t i o n i s t h e n

Gfsl - ^ Ka(s + Pig) VpoKmRMp ,2)L s _ L s J L 2 s J
where i s a ga in cons tan t assoc ia ted w i th the
e r r o r a m p l i fi e r. I n t e r m s o f z , t h e t r a n s f e r f u n c -

G * ( z ) =

w h e r e

C2KT + KtOzT̂ )

K V K R u na po m 0
2

2KT - KuzT'
2 K T K u z T -

The z-plane root locus is a circle which is cen
tered on the z-plane zero and which passes through
the doub le po le a t ( 1 , 0 ) . Fas t se t t l i ng w i l l
result if the closed-loop poles are placed at the



o r i g i n , i n w h i c h c a s e t h e r o o t l o c u s m u s t b e t a n

gent to the imaginary axis. The zero must be posi
t i o n e d a t z = . 5 , h e n c e

2KT - KmzT^ _
2KT + KuzTZ ■

By conventional root locus techniques, i t is appa
rent that the gain required to place the poles at
t h e o r i g i n i s g i v e n b y

^ 2 ( j j

Solving (5) and (6) for KT and UzT gives
K T = 3 / 2 ( 7 a )

0 ) ^ 1 = 2 / 3 ( 7 b )
C o m b i n i n g ( 4 ) a n d ( 7 ) y i e l d s

=2̂ f-R
p o

The response at the sampling instants to a unit

step added to Vref is given by

Th is response is i l lus t ra ted in F igure 3 . The
transient response is almost as predicted over the
entire frequency range from 100 Hz to 1 kHz.

HARMONIC DISTORTION DUE TO NON-IDEAL SAMPLING

Using the loop parameters given by (7), harmonic
dis tor t ion due to non- ideal proper t ies of the

sample/hold can now be assessed. First consider
the effect o f sampl ing the osc i l la tor output over
a fi n i t e i n t e r v a l . C l e a r l y i t i s d e s i r a b l e t o
make this interval as long as possible, to improve

sampling accuracy and to reduce the bandwidth
requirement of the sample/hold. Long sampling
times, however, cause the output of the sample/
hold to appear as shown in Figure 4. The sine-
wave tip superimposed on the dc hold output is
injected into the multiplier and causes harmonic
components to appear in the oscil lator output.

The sample/hold output of Figure 4 is given by

y = J ^ P ^ ( ^ t / T ) ]
[Vp cos (ttt/T) [(vt/T) < mot ^

where t is the interval over which the output is

sampled. The harmonic-frequency components of the
multiplier control voltage are derived almost
entirely from the proportional, rather than from

t h e i n t e g r a l , f e e d b a c k , s i n c e , f r o m e q u a t i o n ( 7 ) ,

u ) z i s m u c h s m a l l e r t h a n w q . T h e r e f o r e t h e m u l

t ip l ie r output cur rent is g iven approx imate ly by

(K sin u)ot cos coQt [0<(«»ots(TrT/T) ]: ( 1 1 )Kĵ Kjj,v2 sin ajflt cos (ttt/T) [ (irT/T)<a)otSTT]
T h e s e f u n c t i o n s a r e o d d , h e n c e t h e F o u r i e r s e r i e s

c o n s i s t s o n l y o f s i n e t e r m s . T h e c o e f fi c i e n t s a r e

g i v e n b y

b 2 = ( 1 2 m T r - 8 s i n 2 r a i r + s i n 4 m i r )

u „ KflKmVn̂  Fsin (n-2)mTT 2 sin nmvn 2 i r L ( n - 2 ) ( n - 1 ) ( n - l ) ( n + l )

. sin (n+2)m'ir"
( n+ l ) ( n+2 ) .

where m is the fraction of a cycle over which the

o u t p u t i s s a m p l e d . T h e h a r m o n i c d i s t o r t i o n c o m p o
n e n t s a r e g i v e n , i n p e r c e n t , b y

100 bn ^
°n = Vpo

Combining equations 10, 11, and 13,

(12mTT - 8 sin 2mTT + sin 4mTr)

n - 7 5^n - Tr2(n2-l) I ( n - 2 ) m i T 2 s i n n m i r
- 2 ) ( n - 1 ) ■ ( n - l ) ( n + l )

sin (n-»-2)mTr~

Total harmonic distortion can be computed by sum

ming Djj over n and taking the square root of the
resu l t . The resu l t , wh ich is p lo t ted aga ins t m in

Figure 5, can be approximated quite well by
T H D = 5 0 3 ( 1 5 )

F i g u r e 5 a l s o s h o w s m e a s u r e d d i s t o r t i o n , w h i c h

agrees reasonably well with equation (14) so long
as the p red ic ted d i s to r t i on i s subs tan t ia l l y

g r e a t e r t h a n t h e d i s t o r t i o n d u e t o o t h e r c a u s e s ,

such as amp l i fie r non- l i near i t i es . I t may be

surprising to note that the sampling pulse can be
a s w i d e a s . 0 5 T w i t h o u t i n c r e a s i n g t h e d i s t o r t i o n

g r e a t l y a b o v e i t s m i n i m u m v a l u e .

A n o t h e r s o u r c e o f d i s t o r t i o n i s t h e d e c a y o f t h e

sampled amplitude between samples. This decay can
be reduced by increasing the size of the storage

capaci tor in the sample/hold, but th is resul ts in
longer sett l ing t imes in the sample mode. I t is
t h e r e f o r e d e s i r a b l e t o k n o w h o w m u c h d e c a y i s t o l -



The sample/hold output is shown in Figure 6. If V
is small compared to Vpo, as it must be if distor
tion is to be small, the output decay is given

approximately by

V s H = - C 1 6 )
The mul t ip l ie r output cur rent is

I o ( t ) = s i n ( O Q t [ - i r < w o t s t t ] ( 1 7 )

U s i n g ( 8 ) ,

loCt) = 1̂ 2̂  sin (dot [-TT < (dot 5 tt] (18)
T h i s i s a n e v e n f u n c t i o n , a n d

I - 21.2^2-1)
The nth harmonic distortion component, in per cent
o f t h e f u n d a m e n t a l , i s

From equations (13), (19), and (20),
1 5 0 V nDn = Tr2Vpo(n2-l)2 ^^1)

Summing as be fore over n g ives

T H D = 2 . 7 7 3 ^ ( 2 2 )
Vpo

This expression has been found to agree quite well
w i t h e x p e r i m e n t a l r e s u l t s . I f t h i s d i s t o r t i o n i s
t o b e r e d u c e d t o t h e l e v e l o f t h e m e a s u r e d r e s i d

ual due to other causes (about .0005%), leakage
from the storage capacitor muist be very small.
For Vpo = 10, the decay over one cycle must be no
m o r e t h a n 1 . 8 m i l l i v o l t s .

Since the ampl i tude sett l ing t ime is l imited by
the sampling rate, one might reasonably consider

sanqpling more frequently, say twice per cycle.
This could be done by sampling Vq alternately
with the output of inverter A3. However, a small

amplitude difference or dc offset between the two
inputs to the sample/hold would be disastrous.
T h e m a x i m u m a l l o w a b l e v a l u e o f t h e d i f f e r e n c e

between alternate samples is of the same order of

m a g n i t u d e a s t h e a m o u n t o f a l l o w a b l e s a g , t h a t i s ,

n o t m o r e t h a n a f e w m i l l i v o l t s f o r a d i s t o r t i o n

contr ibut ion equal to the residual due to other
causes . I t wou ld be ra the r d i f fi cu l t i n p rac t i ce
t o a c h i e v e a d c o f f s e t t h i s s m a l l , a n d i t w o u l d b e

virtually impossible to match the two amplitudes
correspondingly wel l .

C O N C L U S I O N

In short, it appears that the sample/hold approach
is most suitable for appl ications where extremely
l o w d i s t o r t i o n i s d e s i r e d , a n d s e t t l i n g i n t w o

cyc les is adequate. Us ing th is techn ique, i t i s
possible to design an economical osci l lator for
audio frequencies whose noise and distortion
character ist ics are determined almost ent i re ly by
the operat ional ampl ifiers employed.
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Fig. 1, Simpl ified schemat ic d iagram of the
o s c i l l a t o r w i t h a m p l i t u d e s t a b i l i z a t i o n .

VfleF(«)0—•O-r-^*-* K(s>c je) 1
t s iVp(s)

Fig. 2. Block diagram of the amplitude stabili
z a t i o n s y s t e m .

Fig. 3. Step response of the stabilization loop.

. 0 1 - :

T H O

7 o

. 0 0 1 - -

. 0 0 0 1 -

M e a s u r e d

P r e d i c t e d

I I I I I I 1 1 1 1

. 0 1

F i g . 5 . D i s t o r t i o n v e r s u s n o r m a l i z e d s a m p l i n g
t i m e .

V p o C o s
i T - r

V p o

T T T I T

Fig. 4. Output of sample/hold for non-zero
s a m p l i n g t i m e .

Fig. 6. Output of sample/hold showing decay
between samples .
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