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ABSTRACT

This thesis presents an RC phase shift sinusoidal oscillator, which utilizes
an amplitude controlled technique by inputting initial conditions into a circuit
every cycle of oscillation. The oscillator has the potential to develop into a
practical continuously variable frequency sinusoidal oscillator, which will
continuously oscillate and maintain a constant amplitude over a wide frequency
range. Final analysis and results will reveal that a computable amount of time is
required for setting an initial value to the circuits producing alterations to the
amplitude, frequency and harmonic distortion of a given circuit. The result of
non-ideal parameters are also presented. Final analysis and experimental results

show an advantage of a good practical circuit.
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program CloseLoop;

uses
Dos,Crt,GDriver,GKemnel;
Label
Loop,Exit;

const
| w0 = 1 rad/sec. ---> period = 6.283 sec.)

m = 50000; {Number Of Total Sampling_point}
Gain = 1.0; {Loop Gain}
NoTrig = 10;
range = (.5; {+- 0.5 %)

var
i : Longlnt;
Tau : Real; {sec.}
ViNewl,ViOldl : Real;
VceNewl,VeOldl : Real;
ViNew2,ViOld2 : Real;
VcNew2,VcOld2 : Real;
ViNewL,ViOldL : Real;
VoNewL,VoOIdL : Real;
Vol : Real;
Vo2 : Real;
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Vi3 : Real;
Vo3 : Real;
VoL : Real;
Trig : Real;
Key : Char;
SW : Real;
swl,sw2 : Real;
fac : Real;
error ¥ Real;
e
{ MAIN PROGRAM
fo
begin
InitGraphic;

DefineWorld(1,0,0.6,m,-1.4);
SelectWorld(1);
SelectWindow(1);
DrawBorder;

| Drawline(0,0,m,0); }

ViOldl := 0;
VcOldl := 0;
ViOld2 := 0;
VeOld2 := 0;
ViOldL := 0;
VoOlIdL := 0;
VoL :=0;
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Tau  := 0.99/(0.04 * m);
fac :=0.99/m;

swW = 1;

Randomize;
fori:=0tomdo

begin

if frac(i*20/m) = 0 then

error  := (random(200)/100 - 1) * range/100;
SW = sw - fac;

swl = sw * (1 + error);

sw2 = sw * (1 - error);

(*Op_Amp 1%*)

ViNewl := VoL;
VceNewl := VcOld1*((sw1*2)/Tau-1)/((sw1*2)/Tau+1) + ViNew1/((sw1*2)/
Tau+1) + ViOld1/((sw1*2)/Tau+1);

if (VcOId2 >=0) and (VcOId2 <= 0.05) and (VcNewl >= 0) then

begin
VcNewl := 0.5;
Trig := 1;

end

else
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Trig := 0;
Vol :=2*VcNewl - ViNewl; (*Phase Shifter Stagel*)

(*Op_Amp 2%)
ViNew2 := Vol;
VeNew?2 = VceOIld2*((sw2*2)/Tau-1)/((sw2*2)/Tau+1) + ViNew2/((sw2*2)/
Tau+1) + ViOld2/((sw2*2)/Tau+1);

Vo2 :=2*V¢New2 - ViNew2; (*Phase Shifter Stage2*)

(*Op_Amp 3%)
Vi3 = Vo2;

Vo3 := (-Gain) * Vi3; (*Inverting Amplifier*)

(*Low_Pass 100W*)
ViNewL := Vo3;
VoNewL := VoOIdL*((sw*0.02)/Tau-1)/((sw*0.02)/Tau+1) + ViNewL/((sw*0.02)
[Tau+1) + ViOIdL/((sw*0.02)/Tau+1);

VoL, = 'VoNch; (*Low pass filter*)

DrawPoint(i,VcNew?2);
DrawPoint(i,sw/3 - 1.0);

DrawPoint(i,error*20 - 1.2);

ViOld1 := ViNewl;
VcOlIdl := VcNewl;
ViOld2 := ViNew2;
VcOld2 := VcNew2;
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ViOIldL := ViNewL;
VoOIdL := VoNewL;

if KeyPressed then

begin
Key := ReadKey;
if Key = AB then repeat until KeyPressed;
if Key = AP then HardCopy(False,1);

if Key = AQ then goto Exit;

end;

end;

Loop: Key := ReadKey;
if Key = AP then HardCopy(False,1);
if Key = AQ then goto Exit;
GoTo Loop;

Exit:
LeaveGraphic;

end.
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RC Phase-Shifter Variable Sinusoidal Oscillators
Using Initial Conditions-Restoration
Amplitude Control

SITTHICHAI POOKAIYAUDOM anp KANIT SAIVICHIT

Abstract—A low-distortion Instrumentation-quality variable sinu-
soldal osclllator using RC phase-shifters with Initial conditions-resto-
ration amplitude control technique has been developed. The variable
frequency range Is greater than five ofders of magnitude. Exact anal-
ysis of the oscillation and the distortion characteristics have been In-
vestigated, Including the effects of the finite time taken to restore the
Initial conditions upon the amplitude and the distortion. Discrete time
simulation technique has been used to Investigate the oscillation dy-
namics when the frequency s continuously changing. Experimental re-
sults confirming the validity of the theory are also presented.

I. INTRODUCTION

THE problem of maintaining constant amplitude over
the whole frequency range of oscillation in low-dis-
tortion sinusoidal variable oscillators is a difficult practi-
cal problem. As the frequency is varied, the loop-gain of
most RC oscillators deviates from unity, due mainly to
tuning component mismatchings, resulting in large
changes in the oscillation amplitude. The automatic gain
control (AGC) circuit then acts in such a way as 1o try to
restore the oscillation amplitude to the required level,
However, due to the delay time associated with the low-
pass filter in the AGC circuit, the amplitude correction
cannot be achieved instantaneously, resulting in transient
amplitude and frequency hunting responses. Such effects
are particularly obvious when the frequency of oscillation
is quite low, say, less than 50 Hz.

Recently, a fast and very effective method for oscilla-
tion amplitude control, by restoring the initial conditions
over every oscillation cycle, has been proposed [1], and
applied to the Wien bridge [2] and the twin-T bridge (3]
RC oscillators. However, the performance of such an am-
plitude control method is satisfactory, particularly in a
sinusoidal variable oscillator, only if the loop-gain can be
kept constant, at close to unity, as the frequency is varied,
which cannot be readily done in either of the two men-
tioned oscillators. Attempts to operate them as variable
oscillators can result in increases in the distortion levels
and, sometimes, can even cause oscillation stoppages. In

Manuscript received December 8, 1989; revised June 21, 1990,

S. Pookaiyaudom is with Mahanakom College, Bang-Khen, Bangkok
10900, Thailand.

K. Saivichit is with the Faculty of Engineering. King Mongkut's Insti-
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IEEE Log Number 9038738,

addition, only the cases of zero initial conditions-resto-
ration times have been considered in the references [1]-
[3]. However, in practical cases, finite restoration times
will always be present, due to various switching delays,
and it can be readily shown that the oscillation amplitude
and frequency are also dependent upon the durations of
the restoration times. Thus the influences of the finite du-
ration restoration times upon the oscillation characteris-
tics must also be determined before an effective applica-
tion of the initial conditions restoration strategy can be
made in a wide frequency range variable oscillator.

It is the purpose of this paper to discuss the use of an
RC phase-shifter oscillator [4], employing initial condi-
tions restoration as the amplitude control method, as a
high-performance low-distortion wide variable range si-
nusoidal oscillator. The RC phase-shifter oscillator has
been selected for this particular application because it can
be readily shown that the loop-gain is relatively indepen-
dent of the values of the frequency-determining compo-
nents [5]. Therefore, the initial conditions-restoration
technique can be employed successfully to control the os-
cillation amplitude, even when the frequency is varied
rapidly over a very wide range. Exact analysis of the os-
cillation and the distortion characteristics will be given,
including the effects of the restoration time, the nonunity
loop-gain, and the tuning component mismatchings, upon
the oscillation amplitude and the distortion. The discrete
time simulation method 6] is then used to investigate the
dynamics of oscillation when the frequency is continu-
ously changing. Finally, experimental results demonstrat-
ing the validity of the theory and the high performance
obtainable in practice will be given.

II. THEORY

In this section, the theoretical operation and perfor-
mance of a phase-shifter oscillator will be analyzed. The
basic oscillator circuit is shown in Fig. 1, where it is seen
that the intrinsic oscillator loop consists of three opera-
tional amplifiers (OA's), labeled as A to A, and the out-
put is taken as the voltage across the capacitor C,. An-
other OA (A), connected as a voltage follower, is used
as a buffered output stage. OA's A, and A, are connected
as first order RC phase-shifters [4]. The switch S, in
closed position, applies an intial dc voltage V; 1o the ca-

0018-9456/90/1200-1038501.00 © 1990 1EEE
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Fig. 1. Circuit diagram of the RC phase-shifter variable frequency sinu-
soidal oscillator, using initial conditions-restoration technique to control
the amplitude.

pacitor C,. All four OA’s are assumed to be ideal, namely,
possessing infinite input impedances, zero output imped-
ances, infinite loop-gains, and infinite bandwidths, The
voltage comparators As, A, and A, are part of a window
comparator circuit, generating a narrow voltage pulse to
close the switch S, whenever the voltage across C, is pos-
itive and the voltage across C, is less than V* but higher
than zero. An important property of such a window com-
parator is that the ratio of the time when the switch S, is
closed to the oscillation period is approximately constant
as the frequency is varied. Such a property is useful in
maintaining constant output signal amplitude, as will be
evident in later analysis. It can be readily shown that dur-
ing steady state oscillations, the two identical phase-
shifter sections introduce a total phase-shift of 7 and the
DA Ay, connected as an inverter, supplies the remaining
« phase-shift. ‘

It can be further shown that, under the above assump-
tions, and with R,, to R, equal to R,, the unity loop-gain
condition is achieved when m = 1|, independent of the
values of the time constants R, C, and R, C,. Therefore,
the loop-gain of the system does not depend upon the
matching of the frequency determining component values
as in most other practical RC sinusoidal oscillators.

In the practical circuit, a parallel combination of four
analog switches is used as §,, and the source voltages V;
and V" are taken from the outputs of OA’'s connected as
emitier followers. At the initial instant, when the oscil-
lator is turned on, the current to charge C, is limited by
the Ron resistance of each analog switch. However, at
steady state condition, the voltage drop across C | is usu-
ally almost equal to ¥, at each instant when S, is closed.
Therefore, the required charging or discharging currents
through §, are very small; consequently, in the present
analysis, the effect of the finite resistance of S, can be
neglected.

2.1 Phase-Shifier Transfer Functions

Consider a representative phase-shifter section, say, of
the OA A4,, where the input time domain voltage is v,(1),

1039

and the output time domain voltage is vy(r). The corre-
sponding relationship between the input and the output
voltages in the complex frequency domain can be readily
shown to be

Vi(s) = {(1 = sT)/(1 + sT3)} Wa(s)

+{21/(1 + sTy)} vea0) (1)

where V() and Vy(s) are the Laplace transforms of (1)
and vy(r), respectively, vc,(0) is the voltage drop across
C; at the initial time = 0, and the time constant T, equals
RCy

It can also be further shown that the voltage drop across
C; is related to the input voltage as

Veals) = {1/(1 + sTy)} Vils)
+{1/(1 +5T)} vea(0)  (2)

where V3(s) can also be denoted as Vo(s), which is the
Laplace tranform of the output voltage of the OA A,.

2.2, The Ideal Case Close-Loop Response

The close-loop response, for the ideal case when R =
Ry, C, = Gy, and m = 1, will be analyzed in this section,
where it will be convenient to let T, = T, =T.

From Fig. 1, the close-loop response can be derived by
following the signal in the counter-clockwise direction
around the oscillator loop, and using (1) to relate the input
and the output voltages of the two phase-shifters. It can
then be easily shown that

Wls) = {-T(1 = sT)/(1 + T} vey(0) + - -
+ {70 - sT)/(1 + T} vei(0)  (3)

where v¢c((0) and r'¢+(0) are the initial voltages across
C) and C,, respectively,
Upon substituting ¥5(s) in (2) by (3), we have

Veals) = {s/(s* + 1/T%)} ves(0)
+{(/T) /(s + 1/T)} vei(0).  (4)

The corresponding ves(1) c.:m then be found by taking
the inverse Laplace transform of (4), resulting in

vea(r) = [{UCI(O)}Z ¥ {l’cz(o)}:]”z sin (wor + A4,)
(5)

where wp 1/T and
{vea(0)/ve (0) ).

From (5), we can see that the amplitude of the output
signal depends upon the values of the initial voltages
across C, and C,, and that the starting phase-shift angle,
Ay, also depends upon the initial voltages ratio
{vex(0)/ve (0) ).

Therefore, it can be seen that if we can instantaneously
apply vc(0) at the start of every cycle, when Vea(0) =
0, we will have a pure sinusoidal oscillation of peak am-
plitude vc((0) and angular frequency wq, with zero initial
phase-shift angle.

the angle 4, = tan
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However, in practical oscillators, the following non-
ideal conditions can occur, namely:

(a) A finite time duration is needed to apply v¢,(0),
since the initial voltage across C, cannot be changed in-
stantaneously.

(b) The loop-gain can deviate slightly from unity,
which can be represented as a nonunity value for the pa-
rameter m.

(c) The two time constants, T, and T,, are not always
equal, especially in a variable frequency oscillator where
both T, and T, are changed simultaneously to vary the
frequency.

The nonideal conditions in (a) and (b) cause amplitude
variations and increase distortions and frequency inaccu-
racies, whereas the nonideal condition in (c) does not
cause distortion, but affects only the amplitude and the
frequency. The effects of these nonideal conditions will
now be analyzed separately, so that the relative contri-
bution of each effect can be clearly determined.

2.3. The Finite Initial Voliage Controlling Time

To investigate the effect of the finite initial voltage con-
trolling time, we will define 1 = 0 when both rea(1) =0
and the signal level is increasing. i.e., d{ vear) } /dr >
0. Let T, be the duration when the switch S, is closed,
imposing a voltage ¥, upon C,. Therefore. we can write

vei(r) = V. (6)

Using the condition as defined in (6). we can again fol-
low the signal in the circuit of Fig. I in the counter-clock-
wise direction, and it can be shown that

Va(s) = {(1 + sT)/sT} Verls) + (1/5) pes(0).
(7)

Upon substituting (7) into (2) and letting T, = 7, we
have

D)= 1] s

Veals) = (1/sT) Vey(s) + (1/5) rea(0).  (8)

Remembering that 1¢,(0) = 0, and using (6), we can
write the time-domain response of (8) as

vey(1) = (V,/T)e. (9)

Thus, at r = T,, the two voltages across C, and C, are
given by

vel(T)) =V, and velT)) = (v/T)T,. (10)

To find the expression for vea(t) fort > T, we can
use (5) by substituting ve(7;) and vey(Ty) for vey(0)
and vey(0), respectively, and substituting a shifted time
scale (r — T;) forr. The resulting complete cycle expres-
sion for vc,(1) can then be written as

veat) = (V/ T, for0=1sT, (11a)
verr) = Vi1 + (/1y}
* sin {wn(_r -T)+un"' (w.,T;)}.
forT,<1<T (11b)

JEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT. VOL. 19, NO. 6. DECEMBER 1990

where the symbol T at the end of (11b) has been taken as
the oscillation period.

Therefore, at 1 = T, we know that two simultaneous
conditions must be satisfied, namely, vc,(T) = 0 and
d{wvcy(1)} /dr > 0. Upon substituting r with Tin (11b),
it can be readily shown that the two conditions just men-
tioned can be simultaneously satisfied when the angle of
the sine term is equal to 2 7. Therefore, the oscillation
period T can then be written as

T=2xT+ T, - Tuan"'(T,/T) (12)

where we have used the condition w, = (1/T). as has
been previously defined in (5).

From (12), it is seen that when the ratio ( T/T) << 1,
the oscillation period can be approximately written as

T=27T="Ty=2n/w, (13)

Additionally, we can see from (11a) and (11b) that for
low-distortion condition, it is necessary that

(T,/T) << | (14)

so that the contribution from (1 1a) to the oscillation cycle
is very small compared 1o the contribution from (11b).

It can be further seen that under variable frequency op-
eration, the oscillation amplitude will be constant when

(15)

We will leave the distortion question for later analysis.
However, from (12), we can calculate the effect of the
ratio (7;/T) upon the oscillation frequency, as is shown
in Fig. 2(a). which shows the plot of (T,/T) versus
{A(w)/wy}, where we define

. Alw) =2 7/T = w,.

(7,/T) = constant.

(16)

From (11b), we can ulso calculate the effect of (T:/T)
upon the amplitude, as is displayed in Fig. 2(b), which
shows the plot of (7,/T) versus {A(A)/Ag}, where A4,
is-the oscillation amplitude when (7,/T) = 0, and we
define

A /A= {1+ (T/Ty} =1 (17)

2.4. Nonunity Loop-Gain

As we have mentioned earlier, another nonideal con-
dition is that the loop-gain cannot be maintained exactly
at unity. The most obvious consequence for deviations of
the loop-gain from unity is that the oscillation character-
istic per cycle either becomes damping or growing with
time, corresponding to the cases of the loop-gain being
less than or greater than unity, respectively. Therefore,
such effects cause both increased distortion and increased
frequency inaccuracy. The effect of nonunity loop-gain
will now be analyzed in this section.

In order for the effect of nonunity loop-gain, which can
be represented by nonunity m, to be clearly seen, we will
assume in the following analysis that the ratio (7,/T)
<< 1. The analygis procedure is also similar to the pre-
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Fig. 2. (a) Change in oscillation frequency versus initial condition appli-
cation time. (b) Change in amplitude versus initial condition application
time.

vious cases. The only difference is in the relation

Vi(s) = Vi(s) = —mWy(s). (18)

Thus, using (18) in the analysis, it can again be shown
that

Veals) = {Pa(s)/Py(5) Pi(s)} vea(0)
+ [ZT/‘PI(-’)} vei(0) (19)

where the polynomials P (s), P1(s), and Py(s) are given
by

Pis) = (1 +m) +s{2T(1 = m)} + s*{T3(1 + m)}

(20)

Pis) = {T(1 = m)} +s(27") + $*{T°(1 + m)}
‘ ‘ (21)
Pys) =1 + sT. (22)

Since in the present consideration we have let the switch
§) close when ve,(r) = 0; thus the term associated with
t'c2(0) in (19) disappears, and upon inverting the Laplace
transforms in the remaining part of (19), we have

vea(t) = {vei(0)/m' ) exp (=G1/T)
- sin {2m' g1 /(1 + m))
where we have let G = (1 = m)/(1 + m).

(23)
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From (23), it can be readily seen that for the case of
< |, G is positive and v¢a(1) becomes a damped oscil-
lation, whereas for the case of m > 1, G is negative and
vc,( 1) becomes a growing oscillation.

The period of oscillation can be readily found, using
the following conditions

vex(T) =0 and d{vcy(r)}/di| >0 (24)

atr=T
where it can then be seen from (23) that in order for the
condition (24) to be satisfied, the oscillation period, T is
given by :
T=7(1+m)T/m'’2 (25)

Remembering that wy = 1 /T, and letting A(w) = (w
— wp), we can show from (25) that

{A(w)/wo} = {2(m'?) /(1 + m) = 1}. (26)

The relationship between m and the frequency deviation
from the ideal case can be plotted as shown in Fig. 3,
where it can be observed that for nonunity m, the fre-
quency of oscillation always decrease from the frequency
of the ideal case, when m is exactly equal to unity.

We will again leave the effect of the nonunity m upon
the distortion until later.

2.5. Unequal Time Consiants

In the present oscillator, the frequency is varied by ad-
justing Ty and T; simultaneously. However, it is not likely
in practice to have both T, and T; perfectly tracking each
other. Thus it is also important to investigate the effect of
unequal time constants upon the oscillation characteris-
tics.

In the following analysis, it is convenient to initially
consider the case when the ratio (7,/T) << |, and it can
be readily shown that

Vesls) = {s/(s* + 1/T\Ty)} vea(0) + - - -
+ (1/T) {1/(s* + 1/T\T3)} vey(0).

(27)
From (27), we can again show that
ve(t) = {(T/T) (0e1(0)) + (Ve @)} - -
csin {1/(T 1) + a,,) (28)

where
A = an™' [(T,/T,)m t’c:(OJ/"c‘l(o)}' (29)

It can be seen from (28) and (29) that when T, = T, =
T. (28) properly reverses back to (5), and A, becomes A,
of the ideal case.

"It would also be noted that the oscillation amplitude
now depends upon the ratio (7,/T,). Therefore, as the
frequency is varied. and due to imperfect tracking,
(T,/Ty) deviates from unity, the oscillation amplitude
also changes. However, such amplitude variations are not
due to the change in the loop-gain, and no additional har-
monic distortion is generated.
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Fig. 3. Change in oscillation frequency versus loop-gain, where the ratio
(T,/T) = I in the experiment.

Next, we consider the case when (7;/T) is finite, and
following similar analysis as given in Section 2.3, we can
show that

(30a)

vea(1) = V/Ty, for0st1<T,
vea(r) = VJ’(TI/T2)”2 (1 + Tz/Tarz)m i
“sin [(r = T)/(T,T,)""
+an ' {1/ T)'?}]. forT,<isT
(30b)

Again, for the case of T, = T, = T, (30a) and (30b)
- properly revert back to (11a) and (11b), respectively.

Ifwelet T, =T+ {A(T)} /2, h=T- {a(T)}/2
and Aoy be the amplitude when A(T) = 0, then using
(30a) and (30b), we can show that the relationship be-
tween A(T)/T and A(A)/Ag can be plotied as given in
Fig. 4, where it is seen that in order to limit the amplitude
variations to a value of +1% the variations in the time-
constants must be controlled 1o a range of +1.5%.

2.6. Distortion Analysis

In the analysis up to now, the time domain waveforms
of cases of interest have been derived analytically, and
since the initial conditions are restored every cycle, these
waveforms are also periodic. Therefore, in principle, the
Fourier series coefficients can be readily evaluated. The
expected value of the level of the total harmonic distortion
(THD) can then be calculated, using the following defi-
nition

. 12
THD [%] = 100[‘;'1 (a} + bi)] /(af + b3)'?

(31)
where a;'s and b,'s, fork = 1,2, -, o, are the Fourier
coefficients of the cosine and sine terms, respectively.

In this section, however, we have chosen an equivalent
but more convenient method of evaluating the coefficients
of the harmonic frequencies, by direct numerical calcu-
lations using commercially available fast Fourier trans-
form (FFT) program,' and the resulting THD can then be

'Math CAD, version 2.5, MathSoft, Inc., Cambridge. MA 02139,
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Fig. 4. Change in amplitude versus differences between the two time con-
stants, where m = 1.000 in the experiment.
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Fig. 5. (a) Total harmonic distortion versus initial condition application
time, where m = 1,000 in the experiment. (b) Total harmonic distortion
versus loop“gain, where the ratio (T,/T) = 0.05 in the experiment,

calculated by using (31), where a;'s and b,'s are now the
coefficients of the resulting discrete Fourier transform.

Fig. 5(a) shows the plot of THD versus the ratio (T,/T)
of the case of Section 2.3, where it is seen that for the
THD to be less than 0.01 %, the ratio ( T,/T) must be less
than 0.1, which should be easily achievable in practical
oscillators.

Fig. 5(b) shows the plot of THD versus m, which is the
case of Section 2.4, where it is again seen that for the
THD to be less than 0.01%, the parameter m should not
deviate from unity by more than approximately +0.025%,
which can again be achieved in practice.

Both Fig. 5(a) and (b) are useful as guidelines in de-
signing low-distortion variable RC oscillators, and it can
be seen that an objective THD target of 0.01% appears to
be achievable in practice.
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Fig. 7. Discrete time simulated waveforms for frequency sweeping mode
of operation,

III. DiscrReTE TIME SIMULATIONS

In order to investigate the potential of the present RC
phase-shift oscillator in automatic frequency sweeping
applications, we have employed the discrete time simu-
lation technique [6] to investigate the oscillation dynam-
ics during the time when the time constant T, and T, are
simultaneously changing. Fig. 6 shows the block diagram
for the discrete time simulation of the present oscillator,
where the discrete low-pass filter, with a cutoff frequency
of two orders of magnitude higher than the oscillation fre-
quency, is used to prevent high-frequency spurious nu-
merical oscillations [7]. Using such a technique, it can be
readily shown that all the properties that we have inves-
tigated analytically in the previous sections can be accu-
rately predicted using the time domain simulations.

The main aim in the present simulation is to show that
there are no extraneous transients in the output waveforms
as the frequency tuning resistors R, and R, are varied con-
tinuously. Fig. 7 shows the result of the simulation, where
we have let

Ry =R+ A(R)/2 and R, =R - A(R)/2 (32)

where R is decreasing linearly with time from the initial
value of Ry to a final value of Ry/100, and A(R) repre-
sents the pseudorandom differences between R, and R,.
We have limited the maximum magnitude of A(R) to

+1% of the nominal value of R at each instant in time,
which are realistically achievable figures in practice. The
actual pseudorandom sequence of A(R)/R has also been
shown in Fig. 7. It can be seen from the simulated output
waveform that there is no undesirable transient in the en-
tire frequency sweeping range. More details conceming
the discrete time simulations of the present oscillator can
be found elsewhere [7).

IV. EXPERIMENTAL RESULTS

The oscillator circuit of Fig. 1 has been constructed
using NE5535 as OA’s, where their typical slew rates are
of the order of 25V /us; therefore, by limiting the oscil-
lation frequency to 100 kHz and the oscillation amplitude
to +1 V peak-to-peak, the distortions contributed by the
OA's are significantly reduced. Parallel connection of four
analog switches has been used as the switch S,, in order
to minimize the time constant in the charging of C, to the
required initial voltage at the start of each oscillation
cycle. LM319 voltage comparators have been used in the
window comparator circuit, where it can be readily shown
that the circuit possesses the valuable property of main-
taining an approximately constant (7,/T) ratio, so that
the condition as required in (15) is automatically satisfied
as the frequency is varied.

The experimental results have been superimposed upon
the analytical results in Figs. 2-5, and the particulars of
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the experimental conditions are given in the captions. It
is readily seen that the experimental results agreed quite
well with the results predicted by the theory of Section II.
In particular, two methods have been used to measure the
THD's in Fig. 5(a) and (b). Firstly, an HP334A distortion
analyzer was used to measure the THD, and the results
were checked by using an HP3581A wave analyzer to
measure each harmonic amplitude individually, and then
the THD was calculated by using (31). The results of
measurements from the two methods agreed with each
other to within a range of +2%. The oscillation fre-
quency where THD is measured has been set at 1.000
kHz. It is also apparent from Fig. 5(a) and (b) that the
minimum THD achievable in practice in the present ex-
perimental circuit is approximately 0.01%. This is due
mainly to the background distortions contributed by the
OA's, nonunity m, nonzero (T;/T) ratio, and other non-
ideal conditions.

The frequency range of operation in the present oscil-
lator is greater than five orders of magnitude, from less
than 1 Hz to slightly greater than 100 kHz. For higher
frequency of operation, higher slew rate operational am-
plifiers and faster comparators are needed. In some ex-
periments, where the ratio of (T;/T) must be adjusted,
we have used the output signal of a monostable multivi-
brator to close the switch §,, and the monostable is trig-
gered by the positive going edge of the output of the com-
parator circuit.

V1. CoNcLusIONS

We have shown in this paper that the initial conditions
restoration technique can be very advantageously applied
to phase-shifter RC oscillators. Using mutually comple-
mentary advantages of each technique, an instrumentation

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT. VOL. 19. NO. 6. DECEMBER 1990

quality variable sinusoidal oscillator can be constructed.
The salient properties of the resulting RC oscillators are
that fast amplitude settling as the frequency is varied, that
the usual frequency and amplitude hunting phenomena of
most RC oscillators are completely absent in the present
design, even at very low frequencies, and that the respect-
able value of THD of around 0.01% can be obtained. In
addition, we have used the discrete time simulaticn
method to show the potential of such an oscillator in swee~
frequency applications, where it has been shown that .0
extraneous transients occur. Good amplitude stabil’ ; can
also be obtained during the entire sweeping range, even
with realistic values of pseudorandom variations intro-
duced into the two time constants. The basic idea of the
present oscillator has been applied into a range of very
low-cost commercial signal generators [ 8].
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