Samuel Groner to Ed Simon in Vol 1

Letters to the editor

Dear Editor,
With great interest did I read the article by Ed Simon on resistor nonlinearity measurement (Linear Audio Vol 1, pp 138). I’ve spent considerable research in measurement techniques which allow
consistent evaluation of distortion in passives below the -130 dB level, and it is rare to find useful
contributions in this area. In the following I’d like to bring up a couple of points to contrast and
extend the article.
First of all it is helpful to appreciate that thermal self-modulation of resistors with non-zero temperature coefficient is not the only source of distortion in resistors. Resistors also show a voltage
coefficient which is typically independent from frequency. It is difficult to attribute this voltage coefficient to a specific source with high certainty; some resistive materials have an inherently non-zero
voltage coefficient [1], and possibly imperfect end-contacts contribute to some extent. According
to my own measurements resistor linearity at 1 kHz is mostly a result from voltage coefficient, not
thermal self-modulation. Hence we cannot expect higher power parts to show inherently superior
behavior at this frequency.
Regarding the bridge measurement setup it is very important to note that the chosen configuration
presents a substantial common-mode voltage (equivalent to half the excitation voltage level) to
the analyzer input. Despite the differential signal being small, this can cause distortion in the analyzer input circuitry which, if sufficiently high, will influence the measurement. To evaluate a given
measurement system for this distortion mechanism the generator should be connected directly to
the analyzer input and set to common-mode mode (which usually is used just for CMRR measurements). If the generator level is set to half the bridge excitation level, and the output impedance to
600 Ohms, the analyzer is exercised with a nearly identical condition as in the actual bridge measurement setup, and an FFT of the remaining (i.e. not rejected by the CMRR of the analyzer input
stage) signal may be done.
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Common−Mode Distortion SYS−2722, 40 mV range
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Fig 1: Common−Mode Distortion SYS−2722, 40 mV range
The observed distortion in this FFT will vary amongst different measurement systems, and possibly also from specimen to specimen. For the Audio Precision SYS-2722 I have access to, the level
of the 3rd harmonic was about -150 dBr (referenced to 15.81 Vrms as suggested by Simon) in the
most sensitive input level range, as shown in figure 1. Harmonics from the tested resistors and the
analyzer input may, depending on their phase relation, interact with a full cancellation or pure addition, or anything in between. This is very bad news for our resistor measurements, as this would
invalidate any result below about -140 dBr. I would be very interested to see the results of such a
common-mode distortion test for the measurement system Ed Simon used, such that we can verify
the significance of the presented measurements. I’m attaching a setup file for Audio Precision SYS2722 systems

It is possible to greatly reduce common-mode distortion by engaging the input attenuator of the
analyzer. According to [2] the 20 V range is the first range which engages the input attenuator of
the SYS-2722, and both common-mode and differential signal are attenuated by 12 dB. This is sufficient to make common-mode distortion negligible. Unfortunately the observed noise floor greatly
increases as now the analyzer input stage is not operated at highest possible differential gain anymore, and higher FFT resolution may be necessary to discriminate the harmonics from the noise
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floor.
A much better solution is the
use of a different bridge setup
which is inherently free from
significant
common-mode
output. Figure 2 depicts my
suggested circuit. The bridge is
now driven from two complementary sources (which is easily implemented by setting the
generator output to the “balanced grounded” mode). Only
one leg of the bridge is used for
the resistor under test (RDUT)
to allow testing of individual
samples; the other three legs
are implemented by several
series-connected resistors. As
noted by Ed Simon distortion
reduces drastically with falling
level, so this ensures negligible
contribution from these resistors. For best consistency and
low drift I recommend the use
of 0.1%, 25 ppm metal film/
thin film parts for R1-R15.
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Fig 2: Improved bridge topology

Balance of the bridge is achieved by selecting RBAL. Both RBAL and R16 can be standard metal film/
thin film parts, specified for 1%, 100 ppm. With the shown value of R16 1% tolerances of RDUT are
supported. By increasing R16 higher tolerances are accounted for; however this will also pronounce
distortion contribution from RBAL, and at some point this resistor should be synthesized with at
least two series-connected resistors as well.

By using five series-connected 200 Ohm metal film/thin film resistors for RDUT the distortion residual contribution of such a bridge may be evaluated. Figure 3 shows such a measurement with
+26.02 dBu excitation. The visible harmonics are at a very promising level of less than -170 dBr (with
0 dBr corresponding to the voltage across RDUT, +20 dBu). While full characterization of the bridge
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Bridge Measurement Residual, +26.02 dBu Excitation, 0 dBr = +20 dBu
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Fig 3: Bridge Measurement Residual, +26.02 dBu Excitation, 0 dBr = +20 dBu
must also include at least an analysis regarding sensitivity to imbalance, I anticipate that this setup
will allow measurements at the -140 dBr, and possibly -150 dBr, level with good accuracy and consistency.
However even with this improved measurement setup accurate evaluation of resistor nonlinearity
at -170 dBr is just hopeless.

At the exceedingly low distortion levels we’re investigating here I’d be very cautious with the use of
trimmers to balance the bridge. In particular the wiper contact resistance is very nonlinear. While
this nonlinearity is theoretically rejected by the common-mode rejection of the bridge it is prudent
to also reduce this contribution by minimizing the current flowing through the wiper. This may be
done by placing the trimmer at the bridge output rather than the bridge input; the bridge output
faces the high impedance analyzer input and hence the wiper current is very low. If my suggested
bridge setup shall be re-arranged to include a trimmer rather than a selected resistor for more convenient balancing the following changes are suggested:
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* short R16
* remove RBAL
* remove the connection between R5, R6 and the inverting analyzer input
* connect a 10 Ohm, 0.5 W, 25 turn cermet trimmer with the wiper to the inverting analyzer input,
and with the other ends to R5 and R6 respectively
Last but not least I’d like to suggest that the output of the bridge is passed through the THD+N
notch filter of the analyzer before it is digitized to perform the FFT. This ensures that the AD converter has lowest possible distortion contribution even if the bridge is poorly balanced.

References:
[1]
[2]

Voltage Coefficient of Resistance Application Note, Barth Electronics, Inc.
Personal communications with Bruce Hofer, Audio Precision Inc., April 2011

Samuel Groner
Zürich, Switzerland

Ed Simon replies:
Thank you for your interest in and detailed response to my article on resistor measurements.
I am afraid we disagree on a number of issues.
As I presume you are aware there is a standard method to measure resistor distortion. This requires
the precise generation of a very low distortion sine wave test signal and a low noise filter amplifier
to measure the resultant distortion. It seems that when using the test sets made for this purpose
monitoring the third harmonic distortion is used as a production line quality control standard.
The method I showed was designed to require what is by today’s standards almost no precision
equipment. A personal computer with a sound card can be used to equal results that were the cutting edge only a few years ago. With a bit more equipment results can be targeted to specific circuit
optimization.
You are correct that there can be a large common mode signal present on the differential inputs on
any analyzer used with the basic bridge setup, if a single ended output drives the bridge. This of
course is easily observed by connecting everything as shown in fig 1 in my article but also shorting
the inputs so they only have common mode signal. When I first did this it turned out my lead dress
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inside the test enclosure was not up to the task required. Twisting the conductors for as much as
possible and still connecting them to the devices under test was all that was required to get to the
levels shown. That was how I verified the entire test setup for unwanted EMI and other errors.
I recognize that figure 1 shows a single ended and grounded source. That is actually not how it was
done. I apologize for this error and any confusion it may have caused.
As you are aware and mention taking these shorted input errors and subtracting them from the
measured results is just plain wrong for many reasons including the signals are in decibels or a log
based system so the math is wrong, but also from the error in how distortion voltages combine.
The distortion in the resistors under test may be caused by a voltage coefficient to the resistance
material, a thermal coefficient that may or may not be linear with temperature, lead connection
thermo-electric voltages or other issues.
The distortion in the differential input may be due to resistor distortion but is more likely due to
nonlinear mechanisms in the semiconductors used or even to the input capacitors.
As the voltage distortion mechanisms are different even though both may produce second order
harmonic distortion of the same test signal, these distortions will not have the same phase so will
not even add arithmetically. (I have reinforced your mentioning of this because I have seen this
mistake all too often.)
The distortion in the resistors under test should all be by the same mechanisms although at different levels and should combine nicely. Another advantage of the bridge is that distortion in the test
signal is reduced by the same amount as the test signal. So that if the test signal has second order
distortion products at -40 dB re the 0 level, then the results may have a second order of the test
signal at say -100 dB and the distortion would show up as a fourth order at -140 dB. (Some small
variation due to other issues, but it seems most of these spurious signals are easily identified.)
This reduction in test signal distortion sensitivity compared to other methods allows a very simple
solution to the common mode signal problem A transformer may be used to isolate the input
signal. The best choice for this is a unit that allows for a capacitor to be inserted in the middle of
the windings to block any DC on the secondary from corrupting the transformer. I used the output
of my Audio Precision ATS-2 in the differential mode for the initial test signals. Trying a standard
Jensen JT-11SSP-6M (I have a bunch of these cased and with connectors on my bench) in line with
my source showed no noticeable difference on my setup. Although the isolation is not perfect a
transformer will allow a very significant reduction in common mode signal if it shows up as a problem. You may notice in both figures 4 and 9 the second harmonic approaches the noise level in my
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tests. As these are very different resistors this would seem to verify from the published results the
sensitivity of the measurement. In figures 5 and 6 are shown similar but not the same results for the
third harmonic.
Using an isolation transformer also allows conducting two other important tests. You can use an
audio power amplifier to run the resistors under test at signal levels they will actually see in use. This
is important as although a manufacturer may make a superior 1000 ohm resistor the process may
not work as well at 10 ohms or perhaps 100,000 ohms. This also allows for testing of higher power
resistors.
The second important test that can be done is to allow a DC current to flow through the resistors
under test to exactly duplicate operating conditions. This seems to increase second order harmonic
distortion.
I found on my samples that the third order distortion at 1000 cycles did increase with lowering the
test frequency as would be expected from thermal distortion although not perfectly following the
square law. This is shown in the article in Figures 3 and 4.
It would seem to be possible to do a precise measurement of this frequency dependant third order
distortion increase and identify how much can be allowed for by thermal issues and what does not
follow the square law and attribute this to perhaps voltage coefficient. As you know resistors are
rated for thermal resistance changes with a PPM rating. Unfortunately the resistance change with
temperature is not always truly linear. So a measurement of resistance change at two temperatures
only gives an approximation to the self heating thermal distortion. This is shown in figures 5 and 6
where three almost identical resistors are shown. The difference is the temperature coefficient rating. While the 50 and 100 PPM parts show the change expected the 25 PPM does not.
I believe we have another issue on making the measurement simpler. I selected eight of the best
resistors to cheat and make a simpler measurement of additional resistors. Using ten resistors of
the same type and hopefully of the same manufacturing conditions is essentially a self referenced
system. Of course using a group of resistors will automatically include some averaging and provide
a result pretty much independent of a number of other issues. Since it is self referenced one should
add 12db to the results when comparing them to the current standard method.
For a quick comparison it is easier to just change one or two resistors. When only one resistor is used
you lose 6db of sensitivity. With two resistors you can get reasonable readings but you are limited by
the accuracy of the reference resistors.
You chose to use five reference resistors in series for three of the bridge legs. This of course gives
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you slightly less distortion in the reference resistors. However it raises the inductance, lowers the
series capacitance, and raises the stray capacitance to the case. Using the series parallel method
only raises the stray capacitance. Of course as this is the less precise test, these most likely are not
important issues.
I chose to use a “WYE” resistor configuration for my balance adjustment. I expect any noise in this
to be averaged out by multiple averages. It also keeps any thermo-electric or distortion issues balanced. I recommend the use of a “Hybrid” or “Bulk Metal” trimmer for this position in the circuit. In
some current work I find reducing the current through a contact may actually increase the noise
contribution. (Results subject to further investigation.)
From what I have measured it seems your version of the bridge should work well and it will be interesting to compare results.
Of course the advantage of modern FFT technique is not only using large numbers of averages to
decrease the noise but also using a restricted frequency range with as many samples as possible.
I did not use any range extending techniques as I did when measuring distortion in audio cables.
Based on the data it seemed valid differences between samples could be observed.
We do however disagree on the use of a notch filter to remove the fundamental of the test signal. To
me this is throwing the baby out with the bath water.
The best example of why to keep the fundamental is shown in the article’s figure 13. This shows an
example of signal induced noise, also called excess noise or 1/F noise. Here you can clearly see that
the noise increases at low frequency (as expected from the 1/F description) but also that these low
frequency artifacts are mixed with the fundamental test tone through the nonlinear elements in
the resistor to produce sum and difference signals. This is shown as a widening at the base around
1000 hertz.
The second artifact you lose is the level of the nulled signal. When I set the null I use a fast measurement. As the final measurement takes several minutes a decrease in the depth of the null shows
longer term thermal drift. While this is related to the increase of third harmonic distortion with
decreasing frequency it is not exactly the same.
The third issue is the actual initial depth of the null. This is often due to construction issues, such
as lead material (inductance to some extent), design of the coating (capacitance to some extent),
terminal connection noise and other issues.
One of the interesting findings was that many modern op-amp designed systems are pushing the
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limit on the passive components used to complete them.
Thank you for pointing out some issues which were not clear. When I write an article I always hope it
will allow others to build on the work, so I wish you good luck in making your measurements.
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