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WALTER G. JUNG

The Signal Path: I
Sine Wave Oscillators

Sinusoidal oscillators come in various forms, producing a
variety of configurations, according to need.

N A PREVIOUS Signnl Path article I examined some
techniques for signal sources using waveform gen-
crators which produce triangle, square, sawtooth,
pulse, and sine waves. This time we ke o look at

methods for genmerating higher puniy sine waves, both
rudimentary and state-of-the-art in quality.

There are a scemingly endless variety of ways one can
configure circuits to produce sine waves! Seen from afar,
one can easily wonder why are there so many of them—
that is, what distinguishes them n terms of performance
The best general answer to that question would depend on
what 15 expected out of the circwt, what you want
it to do for you, how well you want it to perform, how
complicated, how easy to reproduce or manufaciure, how
stable, how expensive, and so on, As performance levels
increase, so do parts count and cost, aithough, it is not
always true that cost increases linearly with performance
Good design techniques which take advantape of mod-
ern high performance devices can really hold cost down
while wringing a lot of performance from an ic, or two
So, this article will attempt to discuss a bag of tricks use-
ful in oscillators of various complexitics and quality.

WIEN BRIDGE OSCILLATORS

One of the first types of sine wave oscillators to pop up
15 the family (and there are many members, believe me)
based on a Wien network Or, as it is more popularly
known in oscillator form, the Wien bridge oscillator For
starters, a single example is shown in FiGure |,

In operation, the Wien neciwork, consisting of Ri-Cl
and R2-C2 provides positive feedback from the amplifier

This is the second of a series of articles on the Signal
Path, as followed by Walter G. Jung.
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Figure 1. Lamp stabifized Wien-bridge osclliator.

output back to the plus mput terminal, This feedback
will oceur with zero phase shift at a frequency where
the time constant R1-Cl1 is equal to that of R2-C2. This
1s the basis of the Wien network used as a filter Note
that the values of R1-R2 and C1-C2 neced not be cqual,
if their time constants are cqual. For simplicity”s sake
however, R1 is normally set equal to R2, and C1-C2. With
this arrangement, resonance occurs at o frequency fo
which is simply

R 1
° = ZaRC
where R and C are the values of R1 (R2) and CI (C2).

As this frequency, the attenuation of the network will be
3/1; that is, one-thurd of the output 15 fed back to the
plus input, Therefore, oscillations will be sustained if the
amplifier gain is 3 to 1 or more (the value required to
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Figure 2. Zener stabliized Wlen-brldge osclfialor,

make up for the nelwork's loss). Here lies the key to a
successful and undistorted sine wave oscillator-—pgetting
the gain of the amplficr just right.

Gain must be precisely held ecqual to the Wien net-
work’s loss, for if it is too low the oscillator will never
start, if too gh it will build up until clipping occurs.
Any practical oscillator of this type must incorporate
some means of stabilizing the output by dynamically
changing the amplifier's gain. Many means exist of doing
this (for various reasons, as we'll see) but the example
shown here uses the non.inear resistance of lamp L1
Since incandescent lamps have the property of increas-
ing resistance with apphed voltage, an increase in out-
put voltage will be counteracted by a rise in Ll's re-
sistance, which lowers gan. Conversely, output which
tends to decrease will be stabilized by a decrease in L1's
resistance {an increase in gain), The net result is an out-
put sine wave which 1s stable at a level where L1's re-
sistance is half R3's nominal value,

What are the keys to making the ciremt work up to
s capability? The lamps specified are 10V, 14mA mod-
els, but will typically exhibit variance in impedance. So,
you will probably find it desirable to tnm R3 to adjust
the output to *=I0V. You cannot make it work properly
below the natural thermal time constant of the lamp
This allows use down through the audio range, but not
at 1 Hz, for instance. Also, since stabilization 15 mher-
ently acquired by thermal means, the lamp is sensitive to
temperature (and also shock), The main virtue of this
cirenit is its simplicity; it will work just as shown without
tweaking or coddling, with a thd content of 0.25 per cent
or less,

Counsiderations should also be given to the op amp used
and the Wien components (these comments will apply
to many of the circuits which follow, also). The 318
shown is an excellent audio range choice and has no limi-
tations, except for its input currents which will place an
upper range on R1 (and R2) values of about 100 k or so.
T741s, including 741 dual and quad derivation, will func-
twon up to a few kHz, but are best used below 1 kHz
The 356 15 also a good choice, and since 1t is an f e.t. input
unit, allows use of resistances up to hundreds of meg-
ohms if desired. Supply voltages for the op amp are
#15V and should be rf-bypassed at the socket, especially
with wider bandwidth units like the 318.

Don't slkimp on the quality of the Wien network and
you will be rewarded by trouble-free service. Stick to
poly-styrene and/or poly-carbonate caps if possible, and
stable low t.c. resistors. Both should match as well as
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Figure 3. Battery cpereled Wien-Bridge oscillalor.

practical, 1 per cent or better preferred. If R1-R2 are
used for tuning, the dual pot scctions should track weil.
And, if high impedance components are used, shield the
network to reduce noise pickup. Tuning may be via R1-
R2 or C1-C2 with, the other component pair switch se-
lected for ranpge in decade steps.

ZENER STABILIZED WIEN BRIDGE

A version of the Wien bridge which is quite similar,
differing only 1n its form of amplitude conirol, is shown
in FIGuRE 2. This one uses zener diodes as soft limiters
to control output amplitude. As the Wien network anid
amplifier constderations here are similar to that of FIGURE
2, the discussion will will he limited to the stabilization
method,

In this circuit, a pair of 4.7V diodes are connected
back-to-back as a symmetrical clipper. The advantage of
zeners is that they do not have a limiting time constant
and there is no theoretical lower limit on frequency of
operation. Also, they are smaller, liphter, and easier to
get your hands on than miniature lamps, The R4-R3 ra-
tio is set at 3.2, a value greater than 3, which ensures
starting of the oscillator by regeneration,

Once oscillations build up to a level where the zener
threshholds are excceded, stabilization occurs by reduc-
tron of the net gain to 3. For a =10V output, RS and
R6 reduce the level fed back to the zeners to scale their
clipping level upward. Although the clipping process is
inherently more non-linear than a lamp, thd is still reas-
onable, at 0.8 per cent. Best operation will be realized
with matched diodes, such as i.c. transistor E-B junc-
trons.® If a pair of diodes can be selected for low thermal
c]onduclwlty, the stage will be temperature-compensated
also

Quite often, n portable, battery-operated signal source
is o handy device to have around z studio or workbench.
Battery operation for low output levels is entirely feasible,
as illustrated in FiGurE 3.

This eirewit is a modification of FIGURE 2, using gen-
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Figuro 4. Low distortion f.a.t, stabliized Wien-bridge osciiialor.

eral purpose diodes for amplitude control. In general im-
pedances are scaled upward to munimize power wasie,
and a low voltage fet input op amp is used. This allows
operation from 6V batteries, and the low op amp mnput
current allows R1-R2 values up to 20 megs (or more), a
factor which allows a dual 400 pF miniature tuning capa-
citor to be used for C1-C2 If C1-C2 are padded for a
40-400 pF tuning range, R1-R2 can be switched, se-
lected to cover a 3 or more decade range {see TasLe I
for details).

Qutput is set at approximately +4 dBm by R5 (which
may be trimmed if desired). Distortion is shightly higher
than the zener version, measuring 0.9 per cent. The cir-
cuit may be used at higher supply voltages also, such as
9V or x15V, if higher voltage op amps are used, such
as the 356 or 8007, both fet types

A arcuit which improves constderably on the perform-
ance of the previously desembed “passively stabilized”
Wien briudge oscillators is shown in FIGURE 4, This 15 a
Wien bridge cirenit with active automatic gain control,
whtieh is provided by Ql, an fet Here the variable chan-
nel resistance of the fet is used to control the gain of
the amplifier about its nominnl value of 3,

There are several keys to making the ciremit work well
i this form, You may note that feedback resistors R3
and R4 are specified as close tolerance types with a ratio
only shghtly more than 2/1. The actual gain will be de.
termuned by the R3 resistance, plus that of Q1 in rela-
tion to that of R4. Tt is desived that this raue be very
close to {(but in excess}, of 2/1, The actual gain will be
determined by the R3 resistance, plus that of Q1 in re-
lation to that of R4. It 15 desired that this ratio be very
closc to (but in excess) of 2/1. It must be in excess to
ensure starting, but the closer 1t 1s to 2/1, the less the
channel resistance of Q1 nced be varied You may also
note that QI's nomunal resistance of 100 ohms is a very
small percentage of R3, so it provides only minimal cor-
rection, This ensures a low p-p voltage across Q1, a fac-
tor necessary for lowest distortion. The close tolerances
specified for R3-R4 may be dispensed with if 2 2 k or so
theostat 1s inserted in series with R4, and adjusted for
positive startup with lowest distortion Alternately, R3-
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Figure 5. Quadrailure (gina/cesine) osclliator,

R4 may be a 10k/22k pam, at the expense of higher dis-
tortion.

Local feedback around Qi, provided by R5-R6, lowers
s contnbution to distortion even further. Output distor-
tion 1s considerably below a figure of 0.1 per cent due to
these measures. At lower frequenctes, inteprator eapacitor
C3 should be increased in proportion, to maintain lowest
distortion.

D.c. bias for Q1 1s provided by from the ntegrator, A2.
The high d.c. gain of this stage automatically compen-
sates for umt-to-unit bias variations of Q1. The output 1s
rectified by D2, and compared against the —15 V supply
as a reference. R7 may be adjusted to scale the output,
if desired.

The op amp used is a new Harrs unit, the 2655, a
duat, 8 MHz bandwidth device with a 5V/x5 slew rate.
This is the best current choice in a single package dual,
Lower performance alternates are the Raytheon 4538,
and the standard 1458, a dual 741 type. All are pin-com-
patible.

Having discussed four different variabons on Wien
bridge oscillators and theirr ramificatrons, we've hardly
begun to seratch the surface of Wien bridge variations.
The Wien bridge is the most wrdely used and versatile
type—a good combination of simplicity and performance,
Other types, as we'll now see, sometimes sacrifice a fea-
ture 1o achieve another objective.

QUAPRATURE OSCILLATOR (S!NE/COSINE)

Figure 5 dlustrates an oscillator featuring two out-
puts which differ in phase by 90 degrees Thus, it is called
& quadrature, or sine/cosine oscillator. The man reason
for using this oscillator 1s the fixed phase difference; it is
quite cumbersome to tune because of the three tine con-
stants involved. Because of these three tme constants, it
requires closer tolerances for best performance.

The circuit consists of a regenerative loop consisting
of a conventional integrator A2, and a non-inverling
double integrator, Al. The three fime constants are
R1-Cl, R2-C2 and R3.C3. R1-Cl provide 45 degrees
of phase shift, as do R2-C2 and Al. An ndditional 270
degrees of phase shift through A2 (and R3-C3) provide
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Flgure 6. Three-phase osclifator.

the 360 degrees (or mm-phase) condition around the loop
necessary to sustain oscillation,

As illustrated previously, a zener clamping network 15
used to stabilize the output level at A2. R5 and R6 ad-
just output, and the values shown yicld =10 V. Limiting
such as this does introduce some distorion at the cosine
output, but because of the further filtenng at the sine
output, distortion here is lowered. With close tolerance
components, thd of considerably less than 1 per cent is
possible.

In the example shown, which operates at 100 Hz, a
1458, as indicated, is adequate for good performance.

THREE-PHASE OSCILLATOR

As may be already obvious from above, multi-phnse
oscillators of virtually any arbitrary phase angle may be
implemented, using op amps in phase shift stages with
defined gain(s). The nccessary coadition for oscillation
is net feedback in phase, and a gain of one or more at
the frequency where the phase shift is zero, Exactly how
you partition the phase shift(s) is really not limited to
any great extent, at least not in theory,

An example 15 the three-phase oscillator showing Fig-
URE 6, which divides the total 360 degree phase shift re-
quirement equally between threc similar stages. In a
sense, this one 15 remimscent of the famliar phase shift
oscillator, one main difference being that it delivers three
buffered outputs in a wye configuration (balanced to
ground),

This particular example splits the phase shift equally
between stages Al, A2 and A3, or a phase shift per stage
of —240 degrees. The totn] phase accumulation 15 then
720 degrees {or cquivalent to an in-phase conditron).
Each stage 1s also designed for an input/ouiput transfer
gatn of unity, making all three outputs equal in ampl-
tude.

To ensure siartup, the input resistor to one stage (A3)
15 lowered 10 per cent to give it mutial gain > 1. Then,
after oscillatory buildup, the zener network reduces gain
and stabilizes the output at the desired level,

A big virtue of this type of oscillator is the large re-
duction in distortion due to filtering of two siages. For
example, although distortion at the gc output is about
0.5 per cent due to limiting, this 15 reduced to well below
0.1 per cent at the ¢B output, This can be improved even
further if desired by using an active AGC network in se-
ries with R6 for amplitude control {similar to FIGURE 4)

Frequency of operation is set by three r-c networks,
R1-Cl, R2.C2, and R3-C3, To retan the 120 degree
phase difference, all time constants must be modified
simultancously when scaling, frequency wise. Hence this
s not an casily tunable oscillator, unless a 3-gang capaci-
tor 15 used (with good tracking). Resistors R4, RS, and
R6 sect the gain and should remain fixed, Stability and
accuracy of components is even more important in this
oscillator, since all those mentioned have » bearing on
performance Given proper ingredients, this oscillator is
capable of precision performance with output thd of 0.01
per cent or better.

A quad device is an excellent choice for the op amp
here, a 4136 as shown, or the Raytheon 4137, the Harris
4741, or the Exar 4212, all wideband quad units which
will perform well at audio frequencies,

STATE-VARIABLE-FILTER OSCILLATCRS

At this point, your appetite may be whetted for a
more highly developed form of multi-phase oscillator
which takes advantage of multiple stage filtenng and
high Q cperation. The next two circuits discussed refer to
just such an oseillator, in two different forms.

Figure 7 shows an oscillator circuit based on the state
variable filter, an actve filter configuration which is cap-
able of extremely high Q with excellent stability. It also
happens to be one which is easily tuned and programmed;
therefore circuits of this type are readily adapted to auto-
mated control. In this circuit, the state varible filter atself
consists of Al, A2, A3 and their associated elements, A4,
Q1-Q2 and R8-R9 are added to provide a positive
feedback path with amplitude stebilization.

This oscillator 15 different from the above previous
types in that the zencr amplitude control is not a soft
limiter, it actually truncates the sine wave at A2's out-
put, through the use of A4 and zener diodes Q1-Q2, The
resulting squared waveform is well outed in amplitude,
as applied to R7. A constant amplitude square wave fed
into & bandpass filter will result 1n a very stable output
sinc wave amphtude. With sufficicntly high Q in the
filter, the square wave harmonics can be removed, wilh
low resulting thd. This circuit 1s capable of thd well be-
low Q.1 per cent, with short term amplitude stability of
0.05 per cent or less.

Of course, as with the previous cirewits, performance
actunlly realized will be dependent upon the quality of
the components used, Tuning components are obviously

9281 Alnp qp

34



db July 1978

42

Rsg
WK 1%
Cs
| 3}F o $C -270°
pl
RS Rl * cl * RE* Cz*
! AR }: A }——o &B ~90° SINE
10K 1% 16K 0.01.F t6K 0QIuF
Ry Rg
R 2B O $4= 0" COSINE
= 46410 100K ¥
1% 1%
ggé tﬂ.tRzSF:. CyvCarl
b e,
S .29 fo* 5Re
Flgure 7. Zener-stablifzad lwf
slate-varlablo-lilter oscillator.

important, namely R1.C1 and R2.C2. If the excellent
amplitude stabihity mentioned 15 desired, the remaining
resistors should be close tolerance, low tc units, The
op amps used should be wide bandwidth for this kind
of performance at frequencies above a few hundred
hertz, Quad units should be a 4136 or onc of the others
mentroned, but even belter performance can be realized
with 318s or 301As operated feedforward

Three cutputs are provided, phased as shown—two n
quadrature with the complement of the sine output as a
bonus, The sine output will be the lowest of the three
in terms of distortion, for previously mentioned reasons.
All are equal in amphtude,

Tuming, as m the Wien bridge oscillator, 15 accom-
plished by simultancous (and tracked) varmation. You
can add an additional control as in FIGUuRe 8, namely
Ry and Ry, Here this Lincarly varied dual pot reduces
the per cent of signel apphed to R1 and R2, thus chang-
ing the frequency downward as R, (and Ry) are reduced.
The shift can be calibrated hinearly 1 terms of frequency
if care 15 taken that R1 and R2 do not load the output of
R,-Ry excessively. C1-C2 are then assigned as decade
range switches, The arrangement of R, and Ry may well
suggest an even further variation to many readers

Figure B. Tuning method
for slate-variabla-fitter.

%k MATCHED MONOLITHIC TRANSISTOR
ZENERS, CA3018 OR CA3046

FET STABILIZED STATE-VARIABLE-FILTER
OSCILLATOR

As a final touch, FIGuRE 9 illustrates an oscillator cir-
cut which 1s capable of state-of-the-art performance in
terms of distortion. It s similar to the device shown in
FiGUuRE 7 1n that it 5 based on the state vangble filter,
but has a lower distortion form of automatic gain con-
trol.

The osallator circmt itself 15 quite simular to the one
in FIGURE 7 except that a positive feedback path s
added, via R5. The positwve feedback is greater than the
negative at switch on, which ensures startup. After oscil-
Iations start, automatic gain control voltage 1s developed
to drive Q1 off and balance the loop at a stable low dis-
tortion operating point. When operating properly, thd at
the gC output is on the order of 0.02 per cent, while the
¢ga and gp owtputs are cven cleaner.

No selection of fets 15 necessary, due to the gan of
A4, which automatically adjusts to the required bias. If
desired, R7 can be trimmed to optimuze distortion per-
formance, but there 15 a tradeoff between lowest distor-
tron and fastest settling

A 4136 op amp 15 mndicated as an expensive single
chip which will work as well as described above, Even

; e m e 7= — TUNING
¢ /
AR )E 7
/
Ca
/_R2
Rg v o




put 19K

al

R4 A
10K %
3 41
JhgpF o ¢l
5 AAA
Nl TN I
'3“' 7! ’vs\‘:v i Q ¢B
0K 17 6K D OIF H0iF
Rg =3
AN o¢h
Ry & 10K 1%
4640 2
1% 1
< Rs IN914 {2}
o Ly {199 Re A—.L —K—0 ¢8
A I G T
c Figurp 9, F.e.l. stabllized
= 1 1% —Kr—oC stale-variable-fifter osclliator.
! Ry
QluF 150K
I 7.
INSI4
~15Y

better performance may be realized by using the wide
bandwidih upits mentioned for the FIGURE 7 circuit,

QUTPUT BUFFER STAGE

For the absolutc highest performance from any of the
oscillators described, particularly the state varable ver-
sions, o buffer stage 15 desirable. A sutable cireunt 15
shown 1n FiGure 10.

This cireurt will drive n level of +26 dBm wnto 150
ohms with diunimishing small distortion across the band,
beeause of its wide bandwidth, This 1s due to the 301A
i its feedforward mode, one which features a 30 MHz
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gamn-bandwidth Wideband buffer trangistors are also
used, and binsing to mimmuze parasitics Bypass capaei-
tors should be tantalom or other rf types. Short cireust
protection 15 provided by the 27 chm emutter resistors.

PRODUCT SOURCES

Resistors: Allen Bradley type CC metal film resistors (1)
Allen Bradley
Milwaukee, Wisconsin 53204

Capacitors; KEMET F300 series film capacitors (to 0.5%)
Kemet-Union Carbide
P.O. Box 5928
Greenvitle, 5.C, 29606

Op Amps.
Exar Intcgrated Systems 4212
750 Palomar Avenue
Sunnyvale, Ca, 24086

Intersil 8007
10900 N. Tantauz Avenue
Cupertino, Ca. 95014

Harris Senuconducior 4741
P.O. Box 883 2655
Melbourne, F1 32901

Nationa! Semiconductor
2500 Semiconductor Drive
Santa Clara, Ca 925051

Raytheon Semiconduclor
350 Ellis Street
Santa Clara, Cn. 95051

RCA 3130
Solid Stote Division

Route 202

Somerville, N,J. 08876
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