
Development of a low THD oscillator

Base concept
From all existing oscillator concepts, the Wien-Bridge-
Oscillator still reaches lowest possible distortions. In the 
future this may be obsolent by better DAC devices, but 
currently these are inferior. The base bridge is described 
in the following configuration:
In a simple approach all R anc C are the same value. The 
Output voltage over R2 at operating frequency is 1/3 of 
the input voltage.

To turn this into an oscillator the bridge is extended by 
an amplifier that feeds back the output voltage to the 

input:
At operating 
frequency, the 
differential 
voltage over 
the amplifier 
inputs is zero with 0 ° phase. This does 
not meet oscillation conditions, as an 
amplifier with zero on input has no 
signal on output. Oscillating condition 
can be met by tuning the bridge out of 
ideal frequency. This is done by 
increasing R4 by a small portion x. This 
way, the input on the amplifier is not 
zero, 

and can be amplified. This is the reason why this 
oscillator never operates exactly at the frequency 
of 1/2πRC. 

Improved variant 1
A variant of the Wien bridge uses different vaues 
for the R and C. Utilizing R and C and R/2 and 2C 
values can be easily implemented by combining 
identical parts. The result is a bridge that has ½ 
Ue instead of 1/3 Ue. The amplifier are run at 
amplification of 2 required in the total loop. This 
improves amplifier distortions.

Improved variant 2
Since 1985 there exists a variation of the base 
concept by Linsley Hood that splits this bridge in 
two separate parts and two amplifiers. Combined with the first variant, the 
amplification can be split to one amplifying +1 and one to −1, which adds up to 
the required factor of 2 over the loop. These conditions are optimum for low 
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image 1: Wien bridge

image 2: wien bridge with feedback

image 3: Modified wien bridge
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distortions of opamps.

The control loop
The control operating point is not stable, and therefore the ajustment of the 
resistance of R4 must be controlled by a loop. This can be done in several ways, 
most often by NTC, PTC, JFET, LDR or OTA. OTA with low distortions are very 
expensive, and fairly complex. LDR mainly introduce only odd harmonics, JFETs 
introduce odd and even harmonics. For low distortion both must be operated at a 
minimum voltage across them.

A minimum control loop requires a rectifier and a control amplifier, which can be 
an PI type. The control amplifier drives an LED which controls the LDR. In order to 
minimize the voltage over the LDR, the LDR must have a low resistance under 
light conditions, the upper resistance limit is not important in this application.

Rectifier
A rectifier gives a measure for the amplitude, which feeds the control amplifier as 
an input. For a fixed frequency oscillator the rectifier can be implemented as a 
one way rectifier with a simple diode. That will basically work, but a full rectifier 
has less harmonics on it’s output. The actuator in the control loop, the LED/LDR 
combination has only very little suppression for AC components. Therefore, the 
signal for the actuator must be pure dc. The harmonics of the rectifier must be 
perfectly suppressed. The control integrator does suppress these harmonics 
somewhat, but only with 3 dB/octave starting from it’s control loop frequency. This 
frequency can be low, but if it is too low, you may wait minutes until the 
amplitude has stabilized. If the frequency is 1 Hz, then the frequency distance to 
1000 Hz of the output frequency is 10 octaves, which gives roughly 30 dB 
suppression of the harmonics from the rectifier. A better subsequent filter is 
indispensable.
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image 4: wien bridge oscillator with rectifier and control amplifier
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Rectifier and filter concepts
The HP patent implements both rectifier and filter by a light bulb. This is difficult 
to optimize because it depends on the luck having a bulb with the right 
parameters available. Another problem is that the light bulb requires a 
considerable current, which is driven by the signal output. Current load generally 
causes distortion.
Another interesting concepts utilizes a sample and hold for filtering and rectifying 
(E. Vannerson & K.C. Smith 1975). The major advantage is, that the corner 
frequency of this filter can be easily adapted to the signal frequency. This is ideal 
for frequency variable oscillators. As a downside, a sample and hold is difficult to 
implement for low distortions, as the switching element always feeds switching 
signal into the signal path, which also results in distortion. 

High suppression Filter
After the rectifier, a higher order filter can be implemented, as long as it’s corner 
frequency is distant from the critical frequency of the control loop. 

For a control loop with critical frequency around 1 Hz, a filter of 4th order with 
100 Hz corner frequency, is able to suppress the 1 kHz by more than −170 dB 
and the 3rd harmonic by −200 dB. This filter consists of two simple RC cascades, 
followed by the integrating opamp. The fourth RC stage is behind the control loop, 
before the feeding to the LED. In total, this results in an acceptable harmonics 
suppression.
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This design works perfectly in a fixed frequency oscillator, but would not be 
suitable in a variable frequency oscillator, because the corner frequency can not 
be easily adjusted to the operating frequency.
The filter efficiency can be easily observed by measurement of signal path along 
s1, s2 and TP1 of the schematic:

At the output of the control amplifier the control signal is completely free of 
harmonics. The fourth RC stage with a corner frequency of 1 Hz reduces noise 
from the signal. Noise in the control signal causes intermodulation which results 
in a phase noise of the output signal, and weakens the control precision.

Capacitor distortion
It is known and understood that certain dielectric materials introduce distortions. I 
did not investigate that further and utilized polystyrene capacitors in the 
oscillator. If those are not available, my recomendation would be to pick the bulky 
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image 6: Transfer function of the filter stages

image 7: harmonics suppression in the filter for the rectified signal
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FKP types of higher voltage, like 630 V types.

Resistor distortion
Resistor distortion is caused by power dissipation and the resulting temperature 
change. Therefore it makes sense to utlize low Tk resistors. It is a good idea to 
keep the power in each resistor low. In cases where these distortion cancel out it 
is important to keep the power dissipation equal for the resistors. Therefore i 
utilized identical resistor values for R1…R4 and combined double and half values 
out of these. I utilized Tk 50 resistors and took care that the power dissipation in 
resistors is 4 mW. This is well below the max value of 600 mW. For maximum 
power load the distorion for 1 kHz can be calculated to be in the order of 
magnitude below −150 dB. With a power of 4 mW that goes down to theoretically 
another 87 dB and should result around −230 dB distortion. This distortion would 
be identified as an increase of 4th, 6th, 8th… harmonic from the rectifier 
harmonics 2nd, 3rd, 4th…, as i cannot measure that i rely on the caculation here 
which makes me confident that resistor distortion is not relevant.

The implementation and the result

Layout, shielding
The implementation requires a proper PCB layout. It is indispensable to properly 
separate the rectifier and the first two filter stages from the oscillator circuit. An 
optimum would be to place it in a completely separated sheet metal housing. A 
first layout with rectifier, filter and oscillator close to each other has never 
reached a THD below −90 dB. A proper sheet metal housing is necessary to stop 
the 50 Hz hum from appearing on the output.

Power supply
A precise, well stabilized power supply is necessary. Most OPAmps have smaller 
THD with higher supply voltage. I choosed DIL8 sockets in order to be able to test 
different opamps in this circuit. Because not all types can be supplied with more 
than ±15 V, this was the choice. In order to elimninate the 100 Hz hum 
completely i utilized cascaded regulator of ±20 V and then ±15 V.

JS page 5/8 ©2022 Dipl.-Ing(FH) Joachim Schwender

image 8: PCB with rectifier on the left side, separate from oscillator right
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The supply voltage, it’s stability and symmetry has influence on distortions. Close 
to the ICs i placed 470 nF ceramic SMD capacitors on the power supply lines.

Precision of electronic components
The oscillator capacitors are combined by components to archieve maximum 
precision and equal values up to <0.1 %. It has been tried to keep all resistors in 
the circuit the same value, in order not to diversify too much in procurement. The 
resistors for the time constant had to be 7870 Ohm values, therefore these 
resistors are used wherever possible. I bought 100 pieces and did hand select the 
most critical values to be equal.

Actuator in the amplitude control loop
In principle a voltage controlled variable resistor is required to adjust the 
amplification of the feedback amplifier. The HP patent from 1942 utilizes the 
positive temperature coefficient of a light bulb to adjust the amplification. 
Alternatively a NTC can be used in slightly modified circuit. Both rely on turning 
the sinus signal voltage over the device into power (P=U²/R). The resulting 
resistance of the device has higher order terms from power dissipation (T²), heat 
radiation (~T4) and heat conduction (T). The level of distortion depends on the 
thermal capacity, which acts as a low pass filter. So for low distortion, a large 
thermal capacity is required. From a 1 W NTC driven at 500 µW the distortion was 
unmeasurably low. This nonlinearity effect is only appearing if the temperature 
control is driven by the sinus signal itself. An idea would be to use the NTC not as 
a self heating component, but to control the temperature by an external heating 
resistor that is fed with a rectified and 
filtered amplitude signal. This reduces 
the distortion by the ratio of external 
heating to self heating, and even a small 
device could be used. This thermal 
actuator has always the problem that it 
results in very long time to stabilize the 
amplitude. Therefore this idea was not 
followed.
An LDR changes resistance by means of 
light. As they originally contain toxic 
substances, these devices are no more 
popular, but still available. Three different 
couplers were tested: One combination of 
a white LED and an LDR5506, a VTL5C9 
from Xvive, and a NSL-32SR3 from Luna 
Optoelectronics (Advanced Photonics). 
The test shows significant differences 
between the tested types.
The level (MES1) is different although the 
maximum current for all thee types is 
20 mA. The LDR5506 has dominating 2nd harmonic, the VTL5C9 has both 2nd 
and third harmonics. The lowest distortion has the NSL-32SR3 coupler, the THD 
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image 9: test circuit for THD
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level is on the noise level and in the magnitude of the measurement limit.
The amplitude control characteristic of such a coupler vs. control current is 
hyperbolic. Using a resistor in parallel to the coupler limit the maximum voltage 
over it to below 13 mV and flattens this curve a bit. 

Intermodulation distortion from control signal
The control signal must be perfectly free of any AC contents. Tests were 
performed by running an AC current with 2620 Hz into TP1 that causes an AC 
voltage of 18 mV over R2. This causes a modulation of the LED current, and 
thereby a modulation of the LDR resistance. The signal modulation appeared on 
the oscillator output with tree components: fi at a level around −108 dB, f−fi and  
f+fi about 10 dB lower. That means that any AC signal component that can be 
measured at TP4, is damped by 60 dB to the output and causes intermodulations. 
If not properly filtered, the control signal contains {2,4,6,8…}  kHz components. 
Those intermodulate with the base frequency of 1 kHz and results in {2,3} kHz, 
{4,5} kHz, {6,7} kHz … components in the output. Modulations with harmonics of 
the base frequency do also take place. As the H2… components are on a much 
lower level of below −100 dB they result in intermodulation products with levels 
below −160 dB.
Vojtěch Janásek, (www.janascard.cz) utilizes the LED in the emitter circuit section, 
which results in a dead zone for the control loop. This is generally not good for a 
control loop. This design here puts the LED in the collector circuit section that 
reduces the dead zone from 2.6 to 0.6 V and improves the oscillator start 
significantly.

Symmetric output
The design described earlier as variant 2 automatically results in a symmetric 
output, this was utilized and connected to two BNC output sockets and a XLR 
socket. The symmetry is not perfect, as the bridge is slightly out of tune, as 
described above. Therefore the amplitude differ slightly from each other. A 
mesurement shows that the synchronisation is below detection limit of 0.025%.

OPAMPs
Tested: OPA 1612 (bipolar) OPA 1656 (JFET), OPA 1632 (JFET), NJM4556A (bipolar). 
The OPA 1656 shows the lowest distortion in this application. The spec sheet 
specifies a THD of −131 dB @1kHz. This oscillator has THD of −133 dB, which is 
about the level that one would expect from the OPA 1656.

Frequency
The target frequency was 997 Hz, as required by AES. The frequency at the end 
was 995.5 Hz, which meets the target within a precision of <0.1%.
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http://www.janascard.cz/
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