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CONFIDENCE IN CRYOGENIC RE-
SISTANCE THERMOMETRY

Fig. 1: The AVS-48SI Picobridge is the fourth and the best resistance
bridge model that Picowatt has developed since it was founded in 1978.
Picobridge has neither display nor keyboard, because it is targeted

at modern computerized laboratories, and therefore its price is very
economical. However, it includes an analog P1D temperature controller
with many unique features. Picobridge is operated via a serial or USB
port. A full-function LabView virtual instrument is available for LV
users.

In order to prevent a significant rise of its tempera-
ture, resistive cryogenic sensors must be measured
with a current as low as 1nA or even picoamps. This
is typically less than 10-4 times the current needed
by ohmmeters designed for room-temperature use.

The tiny voltage drop across the sensor must be
measured using 4-wire technique and low-frequency
alternating current. Only special instruments, so-
called “cryogenic resistance bridges”, are designed
for this purpose. The result can be affected by many
different errors that are difficult to quantify, so how
can one be sure that a reading is reasonably correct?
However, you may want to get data that is as correct
as possible.

The AVS-48SI1 was developed for applications where
you need this confidence. In its design, number
and price of components, cheap manufacturing, ease
of use, or general utilities for managing a cryostat,
were not the primary design goals. Instead, special
attention was paid to maintaining calibration in the
field, and to the best attainable combination of low
input noise voltage, low noise current and low leak-
age current. We also included new features for mak-
ing it easier to check that the measurement is sound
and to recognize and reduce many error sources.

The AVS-48SlI is a precision instrument not only
for resistive thermometry, but it is also unsurpassed
when one needs to measure resistances accurately at

higher temperatures using very low current.

The following text does not consider the R/T
temperature calibration of the sensor nor the ther-
mal resistance between the sensor and the cryostat.
Instead, we concentrate on AVS-48SI features that
will help you to get better confidence in resistance
readings, be the sensor cooled or at the room tem-
perature.

TERMINOLOGY

A coarse division of factors affecting accuracy of
resistance thermometry could be: how well is the
resistance measured, how well is the resistance
converted to temperature, and how close is the sen-
sor’s temperature to that of the sample that is being
measured. There are probably no two applications,
where these parts are of equal importance.

The first part is correctness of the resistance
measurement. We use the word “correctness” to de-
scribe a combination of both systematic and random
errors.

* Accuracy. If the mean value of a sufficiently long
series of samples is close to the true resistance
of the sensor, the instrument is accurate. The
mean value is affected by systematic errors like
zero offset, calibration (scale) errror, nonlinear-
ity, lead resistance error, and capacitive shunting
of the sensor. The average can also be affected
by aging of the instrument or temperature drift, if
calibration was made long ago or under different
environmental circumstances. Such changes are
so difficult to estimate or predict that they should
be considered random. An instrument’s sensitiv-
ity to them is contributed by a large number of
components and therefore it can vary not only
between designs but also between individual
similar units.

* Resolution is the smallest change that can be
detected reliably. In case of cryogenic resistance
bridges, resolution may be limited by bits of A/D
conversion or digital display when excitation is
high, whereas random noise is surely the limiting
factor when excitation is low. When the operator
makes one measurement, he/she gets a reading
which is the mean value +/- something within the
peak-to-peak noise.
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R=12kQ, range 30kQ, exc 10uV
change 110Q

10mV=100Q

2 min

R=12kQ, range 30kQ, exc;10mV
change 1Q

100pV=1Q

Fig. 2: These graphs were taken with an old-fashioned analog graph
recorder from the rear panel ANALOG OUT connector. The upper
graph shows room-temperature peak-to-peak resolution better
than100Q when excitation is 10pV while resolution in the lower graph
is better than 0.2Q when excitation is 10mV on 30kQ range.

* Sensitivity. Sensitivity indicates the smallest
value that be detected reliably. Of course, sensi-
tivity depends on the selected measuring range.

* Noise and Interference. We make a difference
between noise and interference. Noise is com-
pletely random wheras interference is predict-
able, at least in principle. Electronic noise from
the preamplifier is random but obeys physical
laws. One important law is, that standard devia-
tion of a measurement can be reduced by sqrt(n)
by making n measurements and by calculating
their mean value. A second useful rule of thumb
is that the peak-to-peak noise within a long series
of samples is about 5 times the standard devia-
tion. These rules apply only to random white
noise.

A radio broadcast that disturbs a measurement
is not random. For example, a nearby AM (Am-
plitude Modulation) radio station sending Ravel’s

“Bolero” can be predicted to cause an interfer-
ence the strength of which grows continuously
as the volume of the music becomes gradually
louder. The reason for an unexplained variation
in data can be very difficult to find in practice.
Long ago, I tried in Finland headphones for lis-
tening to strange noise from my circuit. Hearing
news from BBC revealed that my preamplifier
was also a short-wave receiver.

The amount of random noise depends on circuit
design and component selection. If high resist-
ances are measured at room temperature, their
thermal noise will override the instrument's
own noise. The amount of external interference
depends mainly on how well everything has been
shielded.

* Precision does not seem to have a good gener-
ally accepted definition. The common expression
“precision instrument” could be used to describe
a desirable instrument that is accurate without
need to take a long average, is not sensitive to
common environmental changes, has low random
noise, and also has good readout resolution so
that each sample is close to the true value of the
unknown.

* R/T Conversion. Accuracy of conversion from
the sensor’s resistance to its temperature, the R/T
conversion, depends on the sensor’s calibration
and the method of using this calibration data. A
simple mathematical method, like linear inter-
polation with too few breakpoints, can degrade
accuracy, but nothing can improve accuracy to
better than that of the sensor’s R/T calibration.

¢ Self-heating. Finally, the temperature differ-
ence between the sensor and its surroundings
depends on how much various unwanted interfer-
ing signals and the measurement itself heat the
resistive sensor. This is called “sensor self-
heating”. A resistor is a wideband device and
it is therefore heated by any signals reaching it
inside the cryostat. DC heating is caused by the
instrument’s leakage current. Low-frequency
heating has typically 50/60Hz frequency. It can
be seen with an oscilloscope, which helps in
eliminating it. High-frequency signals cannot
be seen or measured, one can only try to make it
more difficult for them to enter the cryostat. If the
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bridge then shows a lower temperature, the trial
was successful provided, that it did not make the
meter inaccurate at the same time (e.g. because of
capacitive shunting by RF filters).

Self-heating is not a problem at room tempera-
ture, but it can limit resistive thermometry's use-
fulness at the lowest temperatures. This is due to
the rapidly increasing thermal resistance between
the sensor and the cryostat.

INSTRUMENT CALIBRATION

Calibration of the resistance bridge is seldom the
main cause of erroneous results in cryogenic resist-
ance thermometry. Things like heating by external
interference, excitation current or by the input leak-
age current from the instrument can be much higher,
not to forget the R/T calibration of the sensors.

However, before trying to improve the measure-
ment confidence as a whole, one must be sure that
the bridge measures resistances correctly. Tradition-
ally, the two ways to do this are: either send the
bridge to calibration or only make a check using
a set of resistors of known values. The first option
is seldom used, it is expensive and takes time. The
second option is sufficient for checking operation,
but may not help if some ranges or excitations need
recalibration.

The AVS-48SI has a very comprehensive cali-
bration system which includes calibration of both
the analog and digital outputs in situ, i.e. when the
bridge is in its normal operating environment and
temperature. In addition, checking the calibration
of the Picobridge is fast and easy and it can be done
without any external devices. This system, consist-
ing of 1-3 parts, is described below. Refer also to
Fig. 3.

REFERENCE RESISTOR CALIBRATION

The accuracy of the AVS-48Sl is based on seven
ultra-stable resistors (Precision Resistor Com-
pany, http://www.precisionresistor.com). These
wire-wound resistors have excellent temperature
(5ppm/°C) and long-term stabilities (assumed
35 ppm/year during first years, later usually even
less), but their initial tolerance is only 0.1%. There-
fore, they must be measured and their values must be
stored in the CPU’s non-volatile memory.

Fig. 4: Measuring the calibration references with a 4-wire precision
ohmmeter. A 4-way connector with short wires is supplied with the
Picobridge, but you have to provide the rest of the cable and a connector
that mates with your DVM.

These “calibration references” are located in
the preamplifier unit, which also has a multiplexer
for seven sensors numbered from 1 to 7. Channel
0 is reserved for measuring one of the calibration
references, and selection of that reference (0€2, 102,
10Q..1MQ) is made by a progam command.

One virtue of this arrangement is that the refer-
ences can also be measured just like any actual
sensors and the readings can be compared with
the saved values of the references. Checking the
operation using any range and excitation is fast and
simple.

It is easy to check — and if needed, to recalibrate- the
references. A program command exists for isolat-
ing the references from the bridge input so that they
can be measured. A 4-wire cable is connected to a
socket inside the preamp and to an external preci-
sion 4-wire ohmmeter (Fig 4.). Then the references
are selected, their values are read from the ohm-
meter and the results are input into the CPU. The
new values can be read back from the AVS-48SI for
checking that there were no typing errors, whereaf-
ter the new values can be saved into the EEPROM.
The cable is removed and the bridge is returned to
normal operation.

Calibration of the references cannot be more accu-
rate than the calibration of the external chmmeter.
We use an Agilent 34420A ohmmeter, whose calibra-
tion is maintained by Keysight Technologies.
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Some accident might make it necessary to re-
place the preamplifier. Then the values of the new
preamp’s references can be just entered into the firm-
ware and saved without need to measure them first.

The above procedure is called “Reference Resis-
tor Calibration” and it is the firm basis for the next
two phases, “Main Calibration” and “ADC and
DAC Calibration”. Reference Resistor Calibration
is not required unless there is a good reason to do it.

Picobridge Confidence: The AVS-48SI contains
very stable reference resistors which are used for
recalibrating the bridge in situ without external
standards. The references can be measured like
sensors for verifying that the bridge is well cali-
brated.

MAIN CALIBRATION

The idea of the “Main Calibration” process is to

a) connect the bridge input to a reference resistor,

b) measure the bridge output with the AVS-48Sl’s
own internal ADC,

c) calculate the difference between the reading and
the stored value of the reference

d) generate digital inputs from the difference for
driving offset and scale DACs

e) use the output voltages of these two DACs for
changing the operation of the bridge so, that

f) when any of the references is measured using any
excitation, the ADC output equals the saved value
of the reference.

The above sequence is automatically repeated for
each combination of 8 ranges and 8 excitations,
which makes a total of 64 combinations. Each RAN/
EXC pair must have its own correction for both
offset and scale. This makes a total of 128 measure-
ments. Long averages are necessary (from 50 to 800
samples) for suppressing calibration noise, especially
on low excitations.

Fig 3. shows the flow of the analog measurement
starting from a reference resistor, via the two-state
multiplexer to the self-balancing bridge, then to the
A/D converter, and then to firmware that calculates
deviations from the expected values and determines
required inputs for the D/A converters. The first
converter adjusts the Picobridge’s offset to zero, and
the other corrects the scale factor by changing the
excitation current.

Calibration Accuracy
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Fig. 5: At high excitations, calibration accuracy is worse than the
resolution because of the performance limits of the calibrating
ohmmeter. Accuracy at low excitations is better than resolution,
because very long averages are used for suppressing noise. The
30MQ range is calibrated using 1IMQ reference, whereas all other
ranges are calibrated using their corresponding references.

It is actually the analog output of the bridge
that is adjusted so that when it is measured by the
bridge’s own ADC, the result is the value of the
reference resistor. Full main calibration takes over
3 hours. When it is completed, one can check the
result by measuring some of the most interesting
references using desired excitations and compare the
results with the reference values. If everything looks
okay, let the AVS-48SI save the calibration into
EEPROM.

The automatic calibration process involves measur-
ing averages of long sets of data points using all
excitations and all ranges. The result is the standard
deviation STD ayg of the average. We would like to
find a coefficient that makes the average equal to the
corresponding reference resistor, but that average is
not known, we know only one instance of it. That
instance is within the peak-to-peak noise of the aver-
age, and because the only way is to determine the
scaling coefficient based on this instance's value, the
resulting scaled average can be too low or too high
by the amount of STDayg * 2.5 at most (the peak
value of the average is about STD ayg +/- 2.5 times
the standard deviation). The complete calibration
error is then

STDave » 2.5 + 0.00007*rdg

where 0.00007*rdg is 1-year error limit for the
34420A ohmmeter. This is how the curves of Fig 5.
have been obtained.
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The Main Calibration process does not yet calibrate
the rear panel analog outputs. If this is desired, a
third calibration process must be run before the main
calibration.

Picobridge Confidence: By running the Main Cali-
bration process every now and then, the bridge will
retain good calibration during its lifetime without
need to send it for calibration. The references can
be measured like actual sensors and if the readings
are near to the saved values of the references, the
Picobridge is in good calibration.

ADC AND DAC CALIBRATION

In most applications, it is only the digital, not the

analog, output of the AVS-48SI that is important.

However, all the analog outputs are very accurate,
too.

The analog-to-digital converter is calibrated before
delivery against Agilent’s 34420A voltmeter. This
process is called “ADC and DAC Calibration”.
Under firmware control, a digital-to-analog convert-
er produces a voltage, which is first about 100mV
and then about 1V. The voltage is measured both
with an external DVM and by the internal LTC2400
A/D converter. The DVM readings are input to the
firmware, which then calculates the required offset
and scale corrections from the results of the two me-
ters. This process can be repeated in the field, if one
wants to make the analog outputs and DAC outputs
compliant with the laboratory’s own precision DVM.

The AVS-48SI needs many digital-to-analog con-
verters e.g. for adjusting the analog bridge and

for providing set point for the analog temperature
controller. The LTC2600 16-bit converter is a handy
component with its 8 outputs, but its accuracy speci-
fications are only moderate. Therefore, the 48SI im-
proves its performance by using software feedback:
After a new digital input command, the correspondig
DAC output is measured by the much more accurate
ADC and if the result is not the same as the digital
input, a new input, changed by the amount of the
difference, is given. This slows down operation, but
makes all 8 DACs very accurate: Their accuracy is
about the same as that of the 24-bit ADC, but the 16-
bit resolution limits their settling step to S0uV.

The operator has access to the User DAC, which

is always available, and to the Set Point DAC, which
is available when it is not needed for temperature
control.

ADC and DAC Calibration is not necessary if only
the digital output is required. But if this calibration
is made, also the Main Calibration must follow.

Picobridge Confidence: The analog outputs from
the bridge and the two DAC outputs can be cali-
brated so that they comply with the laboratory’s
own precision DVM.

LEAD RESISTANCES

Wires from room-temperature to the cooled sensors
are usually very thin and their material is selected
on the basis of their high thermal resistance rather
than of their low electrical resistance. The leads are
typically equal in length and material, but in case

of the AVS-48SlI, symmetry of lead resistances is
not important. If each lead has a resistance of, say,
100€Q2, and the sensor itself is 20kQ, the total resist-
ance would be 20.2kQ when measured using only
two leads. It is a large error. Therefore, all cryogenic
bridges use four-wire measurement. There are two
leads, usually called 1+ and I-, that carry the excita-
tion current to and from the sensor. There are also
two leads, called V+ and V- for sensing the voltage
drop across the sensor. Because of the high input
impedance of the preamplifier, these "voltage leads"
do not carry any current so that they can sense the
voltage drop across the sensor without error caused
by lead resistances.

Because of the resistance of the I- lead, there is
a common-mode voltage in the V+ and V- signals.
All resistance bridges have a good common mode
rejection in 4-wire mode, so that lead resistances
can cause only an insignificant error as long as the
instrument works in its linear region, which means
that its specified lead resistance limits must not be
exceeded.

Sensor leads have thin insulation, they go in
bundles and are heat-sinked to metal parts of the
cryostat. This increases the risk of short circuits
from the leads to ground and also between leads.
Some shorts can affect the reading significantly,
some shorts may have no effect in 4-wire configura-
tion. Shorts can readily be found using an ordinary
ohmmeter when the cryostat is warm, but it is not
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possible when the cryostat is cold and an experiment
is in progress.

Is there any way to know, without disturbing the
experiment, whether the reading is possibly affected
by a short circuit?

The AVS-48SI can help you by its software-
selectable 4- and 2-wire modes. This checking can
be done without excessive measuring current and
without changing the wiring.

The idea is to monitor possible changes in the total
current lead resistance. Measure a sensor first in
2-wire mode and then in 4-wire mode when the
cryostat is cold. The difference between readings is
the sensor’s "current lead" resistance R| . Keep a
record of the lead resistances and if a change occurs,
something may have happened.

I+ V+ V- I1-

47R5 47R5 47R5 47R5
{7 7”{ simulated { {

S
lead

47R5 47R5 resistances ars | | 47rs
‘|;ummwnmm‘|r ‘|’ ‘|’

10R 10R 10R 10R

20K0
| S
sensor

I+ V+ \

47R5 [|] 47R5

47R5 47R5

short circuit

in A 47R5 47R5

—A —A — |
—A —A — |

10R

47R5 10R

Fig 6: Simplified example of the effects of a short-circuit between
two leads. Before making a short, 4-wire reads 20000Q2 and 2-wire
reads 105+20000+105=20210Q. The difference is 210Q=R .

The example shown by Figures 6 and 7 describe this
method in a simple and favourable case.

A 20 kQ sensor is measured in a configuration
that has four identical sensor leads. Each lead resist-
ance is simulated by three fixed resistors. In this
example, the initial 4-wire reading is 20000€2. A
short circuit at “A” changes the 4-wire reading Ry
to 20028.75Q introducing an error which is much
more than the Picobridge’s maximum error. Without
the knowledge that the lead resistance has changed
radically, one can only judge that the sensor’s resist-
ance (or temperature) has changed, which is not true.

Fig 7: The short changes the circuit this way. 4-wire reads
20028.75Q and 2-wire reads 47.5+20028.5+57.5=20133.5Q. The
difference is 104.75Q=R .

The farther is the short from the sensor, the great-
er is the effect to R|_and Ryy. The closer the short is
to the sensor, the smaller is the change in R, but so
is also the sensor’s deviation from its true value. If
the short were at “B”, R would change from 210 to
200Q and Rgyy from 20000 to 20005Q.

A change in R can indicate a short, but it cannot
tell where the problem is. Shorts in different places
generate different effects, but they all change R,.
Shorts reduce R|_ whereas poor contacts increase R| .
Also other things than short circuits or poor con-
tacts - e.g. a varying helium level - can change the
wire resistances. Therefore, they should be measured
under as similar conditions as possible every time.

Picobridge Confidence: Possibility to check the
condition of sensor wiring by measuring lead re-
sistances and monitoring their changes for detect-
ing short circuits and poor contacts. This can be
done without disturbing the on-going experiment.

INPUT CAPACITANCE

Cryogenic resistance sensors cannot be measured
using direct-current (DC) excitation, because there
always are some contact potentials and thermal volt-
ages between dissimilar metals and temperatures.
These unpredictably behaving voltages can be much
higher than the interesting microvolt voltage drop
across the sensor. Therefore, all cryogenic resist-
ance bridges use alternating current which makes it
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possible to block such slowly changing DC voltages
from the signal.

Of course, changing from DC to AC operation
makes the bridge much more complicated, but there
is also another drawback with AC: The shunting
effect of any stray capacitance in the input circuit
is seen as reduced resistance and it will make the
bridge’s response nonlinear. Stray capacitors from
the sensor's terminals to ground are inavoidable
because of the sensor leads. A typical coaxial cable
has a capacitance of 100pF per meter. If the pre-
amplifier is fixed close to the cryostat, the effective
input capacitance could be some hundred picofarads
at most and its effect to the reading is practically
invisible unless the resistance is near to one 1MCQ or
above it. The situation becomes drastically worse if
sensor leads are very long or if RC filters are re-
quired for protecting the sensor from being heated
by high-frequency interference that comes from
sources outside the cryostat.

AC bridges use a technique called “phase-
sensitive detection”, abbreviated by “PSD”, for
recovering the interesting signal from noise, and the
following is just an incomplete description of the
technique.

The AC voltage drop across a purely resistive
sensor has the exact frequency and phase of the exci-
tation current. If the positive half-cycles are multi-
plied by 1 and negative half-cycles by -1 and then
smoothed by filtering, the result is a DC voltage
that is proportional to the amplitude of the signal.
Synchronisation for the multiplication can be taken
from the excitation because phases are the same.
Noise at frequencies near to the PSD frequency add
to the signal, whereas much higher or lower fre-
guency noise, and the possible DC offset, are very
effectively rejected. Unfortunately, the PSD tech-
nique does not help in eliminating the nonlinearizing
effect of the capacitance.

There are a few things that can be done with capaci-
tive effects: a) Do nothing, b) bootstrap the cables,
c) use quadrature detection instead of a simple PSD
(available only for sine-wave based bridges) and d)
charge the capacitance in order to maintain square
waveform of the signal (available only for square-
wave based bridges).

DO NOTHING

The complex impedance of current-driven parallel-
connected resistor R and capacitor C is
1

1) z =A= Re+Imej
R+—
R+

where j is the imaginary unit. The complex voltage
drop is then

R ~ R%Cw j
(1+RC’’) (14 R’C’0?)

(2) Re+Imej=

where ® = 2xf is angular frequency

A phase-sensitive detector, working in phase with
the excitation, picks up only the real part Re, and
that is what the bridge will show. Resistance in the
denominator of Eq. (2) is squared, which makes Re
behave first linearly when R is small and gradually
approach 1/R behaviour as R grows. Below are
some calculated curves about what happens if noth-
ing is done.

Effect of input capacitance (sine wave)

Sensor resistance (ohms)
1.00£+03 1.00E+04 1.00E+05 1.00£+06 1.00+07 1.00E+08

0.0E400 /
-5.0E-01 I 0.00: \
[02%
00139

0.032%
-1.0E+00
x 0.009329
p 0.00$1%

n

Percentage error
I

uuuuuuu

Fig. 8: Calculated example on what happens to the resistance read-
ing in the presence of input capacitance. If capacitance stays at few
hundred picofarads, performance is good up to 1M, but InF would
make measurements above some hundred kQ almost useless. On the
other hand, some shunting or filtering could be useful for reducing
sensor self-heating caused by radio frequency interference.

If the resistance does not rise above 200 kQ and
capacitance is e.g. 200 pF, there should be no need
to worry. But if long cables or RF filtering make the
capacitance much larger, of if the resistance is in
the megaohm range, then the error becomes unac-
ceptable. If your application requires measurement
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of high resistances, test the instrument’s suitability
before using it.

BOOTSTRAPPING CABLES

Bootstrapping the sensor cables means that there
are special preamplifier outputs to which the cable
shields are connected. These outputs provide volt-
ages that are buffered versions of the voltages at the
two ends of the sensor. Instead of “seeing” cable
shields as capacitors to ground, the sensor sees ca-
pacitors whose far ends are connected back to itself.
They cannot load the signals, and thus capacitive
shunting by the cables more or less disappears. Boot-
strapping helps in nulling cable capacitances but it
is not useful in eliminating shunting caused by other
capacitances, like those for filtering.

Bootstrapping, or driven guards, makes wiring
more complicated, but it is not the only concern.
The buffer outputs driving the guards have non-zero
impedances that grow with frequency. Guards can
provide good shielding against mains frequency but
at radio frequencies they are inefficient compared
with firmly grounded shields. However, this prob-
lem can be overcome by using special triaxial cables
where the outer “shield” jacket is firmly grounded
and the inner “guard” jacket is bootstrapped. The
costs are even more complicated wiring, increased
space requirement inside the connector shells and
added price of the special cables.

Bootstrapping can be used with both sine-wave
and square-wave based bridges, but square-wave of-
fers an even better possibility, which helps also when
capacitance is due to RF filtering.

QUADRATURE DETECTION

The word “quadrature” means here that the signal
from the sensor is input to two separate phase-sensi-
tive detectors, one working in exact phase with the
excitation and the other with its phase delayed by 90
degrees. The second detector will then react only to
the imaginary part of the signal so that we have two
measured results, Re and Im. Quadrature detection
can be used in a sine-wave based bridge where the
signal from the sensor is amplified as such until it
reaches the two PSDs. Quadrature detection is not
suitable for a null-indicator bridge, like the AVS-
48Sl, that uses square-wave. Some manipulation of

(2) yields

2
3) R= Ii +Re
Re
where Re and Im are the real and imaginary outputs
from the PSDs and R is what the calculation claims
to be the true resistance of the sensor. Now that R
has been calculated, C can be solved as:

1 ,Im
4) C=—(—
(4) R (Re)
Quadrature detection can be a good method in some
cases, but like most good things, also it has limita-
tions.

If both excitation and sensor resistance are low,
division of two small but noisy readings, Im and
Re, makes R and C even more noisy. If the sensor
approaches zero, R and C can be anything — even
negative — because of noise. Therefore, one should
determine C using high excitation for low noise and
reasonable sensor resistance for keeping the denomi-
nator far from zero. The calculated C could then be
used for solving R after each new measured Re.

Quadrature is also very sensitive to phase-shift
between the PSD input signal and the excitation.

A cryogenic resistance bridge needs an AC ampli-
fier that has a very high gain: amplification of 10pV
across the sensor up to 1V level requires a gain of
105. Such an amplifier needs at least one high-pass
filter for blocking DC and possibly also a band-pass
filter for preventing wideband noise from saturat-
ing the amplifier if the measured resistance is high.
As a theoretical example, suppose that the amplifier
causes a small 1-degree phase shift. Measuring a
purely resistive 100k€ sensor, the real component
Re would be 100kQ*cos(1°)=99.984kQ whereas
the above equations would result in 100.015 kQ in
parallel with a 2nF capacitor! All the above results
are wrong. The measured and calculated resistance
values may still be within the instrument's specifica-
tions but the existence of such a high capacitance
would certainly be misinformation.

The conclusion is that using quadrature is not
always a reliable way to deal with input capacitance.
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COMPENSATING CAPACITANCE BY CHARG-
ING

When square wave current is used for measuring
resistance, input capacitance can be compensated by
charging it rapidly by a suitable amount so that the
voltage drop across the sensor becomes square. This
method requires both square excitation and null-
indicating preamplifier.

If square current is applied to a pure resistance, the
result is a perfect square-shaped voltage drop. A
null-indicating preamplifier compares this voltage
drop with a feedback, which is also perfect square
voltage. If these two voltages and waveforms are
equal, there will be no difference signal to amplify
and nothing to be rectified by the phase-sensitive
detector. Feedback does not change and the output
remains constant. If the resistance changes, the two
waveforms become unequal, comparison results in a
square signal that, after phase-sensitive rectification,
changes the output and the negative feedback until
equality is achieved again.

In practice, the low-frequency feedback square is
quite ideal in shape, whereas any capacitance at the
input tends to round the leading and trailing edges of
the square voltage drop across the sensor. When the
preamplifier compares ideal and rounded squares,
the result is exponentially decaying spikes after each
transition between positive and negative half-cycles.

18 ms

2 v
258 mv DC
310 mv DCcC 8.18 V
450 my

Fig. 9: The Picobridge preamplifier compares a pure square feedback
signal (trace 2) and a voltage across the sensor. The leading and trail-
ing edges of the latter are rounded by sensor capacitance. Comparison
results in spikes (trace 1). In this photo, the spikes have saturated the
amplifier causing a large error. This photo was taken with the automatic
compensation disabled (1IMQ || 2.2nF).

11-Mar-18 TRIGGER SETUP

( 7 2

1 | . P—
— | | ‘ EEFE sHArT ]
ms

18 ms
160 mV [ [ [ ==

—holdoFF—

186 ms
0.1 v o
250 mV DC§
316 mv DC
4 56 mV AC

2 0Co.18 V

Fig. 10: Capacitance compensation was enabled. The peaks are now
almost invisible. Please note that the scale of trace 1 was changed
from 2V/div to 20 times more sensitive 0.1V/div.

These spikes (Fig. 9) would make a simple square-
wave resistance bridge extremely sensitive to capaci-
tances, and even bootstrapping the cables would not
guarantee satisfactory performance.

The shape-based compensation circuit makes an
additional phase-sensitive rectification of the spikes
without including the rest of the waveform. If rectifi-
cation results in some voltage, a feedback is gener-
ated in the form of short spikes which rapidly charge
the input capacitance so much that the peaks disap-
pear and the rectification output remains zero. Fig.
10 shows how effectively the peaks were eliminated.

A 1MQ resistor without any additional input ca-
pacitance was measured to be 1000251Q. When 1nF
capacitance was added across the resistor, the read-
ing changed to 1000230. The change was 0.002%. It
is small compared with the 0.8% of a "do-nothing"
sine-wave bridge (see Fig. 8).

If the sensor resistance is very high, over 3MQ,

a lower PSD frequency improves the accuracy. An
external signal generator can be used for reducing
the frequency down to about 6Hz.

Picobridge Confidence: Shunting effect of input
capacitance up to 2nF is automatically compensat-
ed for all measuring ranges by a shape-based feed-
back circuit. Even 30 MQ) can be measured quite
reliably using reduced PSD frequency. Capacitance
is compensated for all multiplexed sensors, not
only for one of them.
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SETTLING TIME ERRORS

A resistance bridge needs some time to find new
balance after a change in measuring range or sensor
channel or if the sensor’s value has changed sud-
denly a lot. Usually there is also some digital filter-
ing, most typically simple averaging of many A/D
conversions. It takes from a few seconds to tens of
seconds until the reading is steady again, and it is
only then that the resistance value can be considered
a result. The question is, how can one know what

is a suitable time to wait. Waiting too long makes
measurements, especially scanning, slower than nec-
essary whereas a failure to wait enough means non-
settled results. Optimum delays can be hard to find
if several sensors of different values are scanned and
if temperatures and excitations change. The AVS-
48S| offers three solutions, two for serial operation
and one for LabView.

DC 16my

Fig. 11: Settling time of the analog bridge varies with excitation.
Low-excitation response has been made slower by reducing the
loop gain. The purpose is to prevent amplifiers from saturating
when high room-temperature resistances are measured on the low-
est excitation ranges. The photo shows response to steps between 0
and 100Q2 on 3mV and 3uV excitations.

For serial operation, the first solution is a simple
delay that is inserted between the changing com-
mand (RANx or CHy) and the ADCn command.
This is simple but not very clever. The delay must
always be sufficient, but then it is often unnecessar-
ily long. The second solution is a “sign-checking”
delay (SCKn).

SCK is a function that makes A/D conversions at
maximum speed and forms differences between two

successive readings. This continues until the sign of
the difference has changed a few times, for example
n=3 or 5 times. Then the bridge output is assumed to
be within the peak-to-peak noise of the signal from
that sensor, and it is time to start recording. Making
n larger improves accuracy but makes the function
slower. A large n together with a high excitation can
make SCK very slow but it will always finally work
as there are no totally noiseless readings. SCK is
inserted between the changing command and ADCn
command.

SCKn is useful for setting optimum delays after
changes in the range or channel, but it cannot warn
if a spike or a sudden change in data has made the
currently measured average invalid. Such a feature
is available for LabView users. SCK fails if there is
a trend in sensor value that prevents the difference
from changing sign.

The avs48si.vi LabView program has a unique
"Smart Filter" that prevents one from recording
immature data after a change in parameters and also
if the data itself contains exceptional values that
should not be included in the avegage.

The Smart Filter starts to fill an array with read-
ings. As long as the filter is not full up to its length
(5..1000 readings), it outputs the conversion values
as such, without averaging them. One can make in
seconds a good estimate of the final value, without
waiting for the filter to become full. Once filled, the
filter starts to fit a least squares line to the averaged
data points. Then it calculates the mean squared
error (MSE) using distances of the data points from
the best line and this MSE is normalized by the
filter length. The normalized MSE is compared with
values that are tabulated for each range and excita-
tion. If MSE is less than the tabulated value, data in
the filter is considered valid and a flag is set, indicat-
ing that data is ready for recording. A large change
or spike in the data, for example, resets the flag until
data in the filter is valid again. Because values in
the MSE are squared, this method is quite sensitive
to such phenomena.

The Smart Filter works also if there is a linear
trend in data. The average of a long filter would
then lag in time but the Smart Filter offers an alter-
native output. It is the last point of the best line and
its value is up to date even if there is a trend. Unfor-
tunately, noise performance of this method is second
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to normal average.

The avs48si.vi LabView program also speeds up
scanning by pre-loading the PSD integrator’s volt-
age from the previous scan measurement of a newly
selected channel. This reduces the time needed for
settling even further.

Picobridge Confidence: Smart Filter (LabView op-
eration) prevents one from recording data that has

not yet settled. It gives a rapid estimate of where the

data is going to and it works also in the presence
of a linear trend. Smart Filter reacts to spikes and
sudden changes in data.

Sign-checking delay (serial operation) excludes
unsettled data by forcing the program to wait until
data has come to within its peak-to-peak noise.

LEAKAGE CURRENT ERRORS

The AVS-48SI can feed two types of leakage cur-
rents into the sensor: Gate-Source leakage of the
input FETs and direct current superposed to the AC
excitation current.

The “ground everywhere” design principle of
the Picobridge makes it relatively easy to check the
input leakage. There is an internal input capacitance
of 2.2nF across the voltage inputs. The (I+ and V+)
pins and (V- and I-) pins of the input connector are
connected together. The oscilloscope probe is con-
nected to a source of the input FET. The preampli-
fier covers must be in place because light increases
the FET’s input current. A program command exists
for disabling injection of the excitation. The capaci-
tance is reset by shorting the input momentarily, and
then the curve of Fig. 12 can be obtained. From this
curve, from its tangent when rising starts, we can
approximate that the FET leakage is

IL=0.16V/100s * 2.2nF = 3.5pA

This figure includes, in addition to leakage from
the FETs and all multiplexer relays, also possible
surface currents on the circuit board. Assuming a
maximum of 5pA, Fig. 13 shows how this leakage
compares with the heating effect of various excita-
tions. As far as the sensor stays below 500k€2, gate
leakage heats less than the lowest selectable excita-
tion.

18 s
20.6mV

568 S/s

O STOPPED

Fig. 12: Measurement of input leakage current. The curvature of
the measured trace is due to the fact that the gate leakage current
depends on the drain-gate voltage, which grows smaller as the gate
voltage decreases. Therefore the tangent at zero is used.

Excitation and Input Leakage Current
Sensor resistance (Ohms)

1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

1.0£-01

1.0£-03

1.0E-05

ina exc \oltage

1.0€-07

1.06-09

10E-11

10613

Dissipated power (W)
A
B
3
<

1015

1.0E-17 e

2 ent 3y
10E-19 Y eAGEE

1.0€-21

10623

Fig. 13: This figure shows, how the input FETs leakage current
compares with various excitations as a function of sensor resist-
ance. Above 500kQ leakage starts to heat more than the lowest
3uV excitation.

DC in the excitation cannot be measured directly
to any useful accuracy. It can be estimated only from
the design. As far as DC is concerned, the excitation
supply is a voltage source followed by an injection
resistance. These resistances vary with range and
excitation. Example: if 30kQ<range<30MQ and
exc<30uV, injection resistor is 10MQ. Offset of the
low-drift voltage source will stay within £50uV so
that the DC current superposed to excitation will
stay within £5pA. On lower ranges and/or higher
excitations, DC current is higher, but the measured
resistance is lower and the heating effect is negligi-
ble compared with that of the excitation. Example:
3kQ range, ImV excitation, sensor 1kQ. Voltage rise
caused by DC is 0.5uV.
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Picobridge confidence: The leakage current of the
input FETs is lower than 5pA and it can be meas-
ured. The DC current from excitation depends on
selected range and excitation, but the design guar-
antees a maximum of +/-5pA for ranges >30kQ
and excitations <30uVrms, which cover the most
critical settings when measuring ultralow tempera-
tures.

RANDOM NOISE

Random noise - if it is really random - does not
degrade the accuracy of the average of an infinitely
long sample. In practice, however, noise degrades
the repeatability and the resolution that one can
achieve in a limited time. A two times higher noise
requires four times more samples for an equally reli-
able average.

This section will discuss four sources of random
noise: input noise voltage of the preamplifier, input
noise current of the preamplifier, voltage noise
generated by the sensor resistor and noise injected to
the sensor from the room temperature via the excita-
tion path. The sensor can also suffer from external
interference, like radio frequencies, but they are only
seemingly random and they are discussed separately.
In addition, such effects are, at least in principle,
possible to eliminate, whereas input noise and sensor
noise is physics and the instrument manufacturer can
only try to select optimal components and circuits in
order to get closer to the physical limits, but that is
all.

First decision is to select the input amplifier. It is the
key component, because it determines the attainable
signal-to-noise ratio. No circuit after the preampli-
fier or program code can improve this S/N without
reducing bandwidth, in other words, without slowing
down the measurement.

Because the possible sensors extend from Kilo-
ohms to over one hundred k€, the input amplifier
must have both low input noise voltage and low
input noise current. It is a generally accepted truth
that discrete junction FETSs can provide a better com-
bination of these two parameters than even the best
integrated low-noise operational amplifiers. Ultra
low-noise dual FETs are not the cheapest choice
although they consist of only two transistors. De-

sign with ICs is faster and easier than using discrete
FETSs, as one does not need to worry about biasing
and about large variations between samples. How-
ever, PICOWATT have learned to use FETs in our
bridges since 1978.

RECALL W’ FORM
—p ,

5 ms
.1 v oc
2 50 mV
3 50 mv AC 2 DC 1emv
50 mV A

Fig. 14: This is pure sound random noise as seen from the MONI-
TOR output. This noise is solely due to the input noise voltage as
the source resistance was only 10Q. Range 30Q and excitation
3uV.

RECALL W’ FORM

£ rom—

20 ms
100 mV

I

50 mV  AC 2 0C 18my
58 mV AC

1}
2 50 mV DC
3
4

Fig. 15: Different time scale but the same measurement as in Fig.
14 (upper trace). Then a 50Hz signal of 200nVpp (36nVrms) was
fed to the “sensor” (lower trace). This oscilloscope photo shows
how small an interference can be seen thanks to the null-indicator
principle of the Picobridge. Without null indication, the intererfer-
ence would have been superposed to the much larger carrier.
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3

Fig. 16: An FFT view of the previous measurement with the 50Hz
interefence (average of 50 sweeps). Even when interference is not
as clear as in this case, FFT offers a useful tool for determining the
frequency of the intefering signal(s).

NOISE VOLTAGE AND NOISE CURRENT OF
THE AMPLIFIER

The AVS-48SI preamplifier is based on two LSK389
FETs from Linear Systems, Tremont, USA. It

uses two almost identical, innovative 4-input null-
detector differential amplifier circuits that have been
optimised for an AC resistance bridge. This circuit
will be described in more detail in a separate article.

From a practical point of view, there are four
sources of random noise that affect the attainable
resolution and that can be quantified rather easily at
room temperature:

* input noise voltage, which is dominant when the
sensor resistance is low (<1kQ)

* sensor’s thermal noise, which is dominant at a high
(room) temperature and when the sensor’s resist-
ance is moderate (1kQ...1IMQ).

* input noise current, which is dominant for very
high sensor resistances (>1M£QQ) at room tempera-
ture. At 1K its dominance starts already when
Rs=100kQ.

® noise current superposed to the excitation current.

Three first are terms that need no prior knowlegde
of the internals of the bridge. They can be measured
roughly without any expensive external instruments
in the following way.

The AVS-48SlI input is connected to a well
shielded and grounded box that contains switch-
selectable resistors 1Q, 1kQ, 2kQ, 10kQ, 100kQ,
200kQ, 499kQ, IMQ, 2.2MQ and 4.7MQ. The
AVS-48SI bridge is used for measuring standard
deviations from sets of 1000 samples and such
measurements were repeated 3 times for an even
more reliable results. Query “STD?” returns the
standard deviation of each set. These experimen-
tal results are shown by the dark orange graph in
Fig 17. An important practical assumption is that
ratios of measured standard deviations are the same
as those of the total input noise. In other words,
STD4/STDjy=en;/en; irrespective of range, excita-
tion or gain.

Theoretically, the total noise et is calculated as fol-
lows:

@) e, :\/eA2 +ey’ +i, RS

() e, = JAKTRAF

where ep = amplifier’s input noise voltage
er = noise voltage generated by the sensor
ia = amplifiers input noise current
Rg = sensor resistance,
k=Boltzmann’s constant 1.38E-23, Af=1Hz,
T=300K

In order to plot both the measured STDs and calcu-
lated noise in the same graph area, the STD readings
must be scaled down by some factor C. We have
then three unknowns: input noise voltage, input
noise current and scaling factor but eg is something
that can be calculated.

The idea of this method is to handle ep, ia and C
as variables in the same spreadsheet with the ex-
perimental data. If there is only the calculated total
noise and no other interference, the theoretical and
experimental curves should coincide after correct
values for ep, ia and C have been found. This will
need some trial and error, but after a little manual
iteration, quite nice values were found for the three
parameters.

* changing C shifts the whole curve up or down,

* changing ea moves the 1Q starting point of the
calculated curve,
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Fig. 17: Room-temperature measurement of the AVS-48SI noise voltage and noise current. The orange trace represents measured
standard deviations that have been scaled down using a constant C. Curve calculated from Egs. (1) and (2) coincides with meas-
ured results when i,=0. Grey and yellow traces indicate the effects of setting i,=50fA and i,=100fA, respectively. These were for

room tempererature. When temperature in (2) is set to 1K, resistor noise disappears almost totally and the curve shape comes only

from noise voltage and noise current.

* changing ia changes steepness of the curve when
Rs is higher than the point where ea and i are
equally important.

A good match of the graphs was obtained for the
Picobridge by setting ea=5nV/sqrt(Hz), ia=0 and
with a suitable C. Does this mean that there is no
noise current at all? No. Setting io=10fA does not
yet make any visible change whereas 50fA starts to
be visible (grey colour). The effect of a 100fA noise
current is very clear (light orange colour). It can

be concluded, that within the limits of this simple
room-temperature method, noise voltage must be
about 5nV and noise current clearly much less than
100fA, possibly less than 50fA.

The above measurement was made at room
temperature, T=300K. The blue graph shows what
happens, if temperature were dropped down to
cryogenic range, T=1K. The curve starts to rise at
100 kQ which is due to the 50fA noise current in the
equation. Noise from the source resistor is almost
negligible at 1K.

NOISE IN EXCITATION

The last source of noise is the excitation-injection
resistor, which is required for measuring and adjust-
ing the excitation current. Its effect depends on
range and excitation. The injector resistor is 10MQ
for ranges >30k(2 and excitations <30uV, generating
a noise current of 40fA. Resulting noise voltage on
a 100kQ sensor would be 4nV. All noise figures are
per sqrt(Hz).

The above shows that even at 1K, noise from
the AVS-48SI is well optimised up to 100kQ. Most
cryogenic sensors seldom exceed this resistance.

DISCRETEORIC

It is interesting to compare these figures with a good
integrated circuit. Analog Devices recommends
their AD743 for low-frequency applications that
need both low input voltage and low input current.
The typical noise specifications for 10Hz are taken
from the datasheet:
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en: 6nV (but 3nV @ 1kHz) between inputs
in: 30fA (but 6.9fA @ 1kHz) from one input leg
Ig: 150pA from one input leg

These "typical" specs are for one IC. An input am-
plifier with two high-impedance inputs requires two
ICs, which increases the effective noise by a factor
of 1.4. Noise is at the same level with the AVS-
48S], but the bias current of only one IC is 15-30
times higher (total leakage current of the AVS-48SI:
5-10pA).

Picobridge Confidence: The discrete-FET pre-
amplifier guarantees low input noise voltage and
current together with an extremely low leakage
current. Thanks to the sound all-grounded design
of the amplifier, estimates for these parameters can
be measured reliably without external instruments.

MAINS FREQUENCY INTERFERENCE

Even a large mains (50 or 60Hz) hum in the signal
does not degrade accuracy of the AVS-48SI signifi-
cally unless it is large enough to cause nonlinear
operation of the AC amplifiers. This insensitivity
is due to phase-sensitive rectification of the signal,
to a 3" order low-pass filter cleaning the rectified
DC and to efficient digital filtering inside the A/D
converter. However, the operating frequency of the
bridge and a sub-multiple of the mains frequency
may cause the output to fluctuate periodically (beat)
at a frequency that is the difference between fpgp
and fsyg-muLTIPLE - FOr example, if vibration from
an electric induction motor is fsyg-MULTIPLE =
12.4Hz and fpgp =12.5Hz then beating would be
0.1Hz. Filtering such a slow fluctuation in a reason-
able time is difficult. Therefore, the AVS-48SI offers
three alternative PSD frequencies. The default
13.64Hz, which works in both 50 and 60Hz coun-
tries, increases beating frequency in this example
to over 1Hz. Using 12.5Hz in a 60Hz country and
15.0Hz in a 50Hz country increases beating to
2.5Hz. This is easier to filter off by averaging.

If the offending interference cannot be removed
and if selection of another frequency does not help
enough, the AVS-48SlI offers an input for an external
clock. By applying a suitable signal to this input,
beating frequency can be increased much more and
this will also reduce the beating amplitude. One can
go down to about fpgp = 6Hz without sacrificing the
accuracy of the bridge essentially. Increasing fpgp a
lot is not a good idea, as it will affect bridge opera-
tion adversely.

Mains interference can be an important source
of sensor heating only if it heats as much as or more
than other heating sources. The system is sound only
if the dominant heating source is the excitation cur-
rent.

Compare the mains hum with excitation. In
order to estimate mains hum at the sensor, connect
an oscilloscope to the MONITOR output. A normal
grounded coaxial cable can be used because the
AVS-48SI does not rely on floating circuits. The user
manual contains a table listing the AC gains from the
input to the MONITOR output. For example, if the
scope shows 1Vpp mains hum on the lowest excita-
tion of 3V, there is about 1V/350000=3uVpp inter-
ference across the sensor. This hum would heat ten
times less than the 3puVrms excitation. If you see
mains hum, disconnect the oscilloscope and measure
the signal amplitude also with an AC DVM. This
reduces the possibility that the ground path via the
oscilloscope has changed the situation. (Remem-
ber: the scope shows peak-to-peak amplitude while
the DVM shows RMS amplitude. The latter is about
one third of the former).

Please note that at least one grounding point for
the I- lead is necessary. If the sensor floats, keep the
preamplifier grounded to the cryostat. If the sensor
itself is grounded, one can - but perhaps should not -
keep the preamp grounded only via the shields of the
sensor leads.

Sensitivity of the Picobridge to low-frequency
ground currents in the cable between the main and
the preamplifier units has been reduced by a factor
of 100 by sending all sensitive signals in differential
form.
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The AVS-48SI provides also an easy way to check
whether mains hum is caused by a ground current
from the safety ground of the mains socket via the
bridge to the cryostat. Replace the AC mains power
input by one single 12V battery and check that the
main 19” console does not touch any ground and
that there are no other ground paths, either. Without
a way for the ground current, the hum should disap-
pear. If it did not, something else must be suspected.
If it disappeared, try to do changes to the ground-
ing scheme. If the final conclusion is that the mains
connection causes the problem, you can supply the
required 12V from a laboratory power supply, or you
can buy a 1:1 isolation transformer, or you can use

a mains-to-18V transformer and feed this voltage to
the Picobridge’s safety AC connection.

Picobridge Confidence: The sound all-grounded
design of the AVS-48SI lets you see even very
small mains hum at the sensor. Because of the
null-indicator principle, mains hum does not ride
superposed to excitation and therefore its ampli-
tude is simple to estimate. The optional 12V DC
and 18V AC power inputs are available for check-
ing whether using the Picobridge without a mains
connection improves the situation. Beating caused
by a sub-multiple of the mains frequency can be
made faster and more easy to filter off either by
selecting another fixed PSD frequency or by using
an external clock signal.

SENSOR HEATING

The usual way how a heating problem appears, is
that the cryostat does not seem to achieve its expect-
ed lowest temperature, or some other thermometer
shows a lower value. Self-heating can be divided

in three types: Heating by a direct current (DC), by
low-frequency interference and by high-frequency
interference.

DC HEATING

Only leakage current of the resistance bridge can
cause DC heating of the sensor. Leakage current
from the input FET is typically less than 5pA. DC
current from the excitation source is its offset volt-
age divided by the value of the excitation injection
resistor. For the most critical excitations <30uV and

ranges >30kQ, this value is 10MQ. A maximum
drift of £50puV of the source would result in a £5pA
maximum current, which is about the same as gate
leakage from the FETs. See also "Leakage current
Errors".

LOW-FREQUENCY HEATING

The two possible sources of low-frequency heating
are the 50-60Hz mains interference and the excita-
tion current. Because of the null-indicator principle,
even very small mains hum can be seen with an
oscilloscope. Such a signal that is comparable with
the excitation is large and very clear, which makes
it easier to find the cause and eliminate most of it.
If interference is very large, the overload indicator
light will warn. Refer also to section "Mains Fre-
quency Interference".

Heating by excitation cannot be avoided. It is
the basic compromise: a lower excitation means
less self-heating but worse resolution, which in turn
means lower confidence level unless more time is
given for averaging. Excitation current is the nomi-
nal excitation voltage divided by 1/3 of the range.
For example, ImV excitation and 30kQ2 range means
ImV/10kQ=100nA excitation current.

Whether the excitation current is heating or not
can be found by changing the excitation and compar-
ing the readings. You can also select a higher meas-
uring range which reduces excitation current by one
decade. Try both methods and go lower in excitation
as long as it gives a clearly lower temperature.

Do not select excitation, which heats less than the
other heating sources. It would sacrifice resolution
without any advantages.

Other low-frequencies than the excitation are
very unlikely candidates for heating sources.

HIGH-FREQUENCY HEATING

Self-heating by high frequencies is the difficult prob-
lem to deal with. First of all, their existence cannot
be found by measuring. Because low frequencies are
so easy to see, check them first just to be sure.

Resistance bridges are low-frequency instruments
and they do not amplify radio frequencies to a vis-
ible level. The only solution is to try to improve the
situation. Radio frequencies (RF) can couple to the
sensor from other wiring inside the cryostat, which
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is not very likely. More probably the interference
reaches the sensor via its measuring leads. They,
in turn, have picked it up either capacitively or as
antennas outside the cryostat.

* Ground the preamplifier to the cryostat with the
lowest possible impedance,
* improve shielding of the sensor leads,

* make wiring shorter and eliminate magnetic
pickup loops,
e filter the sensor leads.

It is self-evident that every millimeter of the sensor
leads must have good, firmly grounded shielding
jackets. The connectors must have metal or metal-
lized shells. The AVS-48SI does not require four in-
dividually shielded cables for each sensor. Wires can
be within one common shield, preferably twisted,
which reduces the area of magnetic pickup loops
but also saves space inside connector shells. Triaxial
cables are not used with the AVS-48SI.

Fix the preamplifier directly and well to the cryostat,
if possible. This prevents currents from flowing
in the shields of the sensor cables and so helps in
avoiding ground current problems at all frequencies.

Make the input wiring as short as convenient,
but please notice the following limitations: The reed
relays in the preamplifier are not shielded against
magnetic fields and the aluminum box does not
protect them, either. A very high field can cause the
relays to close or open, resulting in a total misfunc-
tion of the bridge. The preamp must not be in a fast
changing magnetic field that can induce voltages
to the circuit board or to the wire-wound calibrator
reference resistors. Neither the preamplifier nor the
input leads must vibrate. This problem is the worse
the higher resistances are being measured.

The AVS-48SI works well with long sensor
cables, but if cables are long, high-frequency ground
currents in the shields couple easier to the sensor and
heat it.

Thanks to the Picobridge's capacitance compensa-
tion, the sensor leads can be equipped with small RF
filters. The capacitance limit of 2nF, allows filters
consisting of 100€2 resistors and low-loss InF ce-
ramic capacitors from the 1+ and V+ leads to ground.
Alternatively, you can try to simply add a capacitor

between the VV+ and V- nodes.

The AVS-48SI has a 2.2nF polystyrene capacitor
across its input. Its purpose is to prevent saturation
of the amplifier when very high room-temperature
resistances are measured. Polystyrene is used
because of its low losses but it is not efficient in sup-
pressing interference at high frequencies. Use low-
loss ceramic capacitors and resistors, not inductors,
in the filters.

Picobridge Confidence: Automatic compensation
of input capacitance allows reasonable filtering

of the sensor leads when they enter the cryostat.
Alternatively, shunting the sensor is possible.
Some shunting and filtering is also provided by the
preamplifier’s input capacitor. Both floating and
grounded sensor connections are avaible. “Float-
ing” is better against low frequency ground cur-
rents, “grounded” may turn out better against RF
heating.

SUMMARY

This article gives insight into what kind of error
sources exist when measuring resistances that are
cooled to very low temperatures - how such sources
can be identified, estimated or reduced.

Estimation of the confidence limits can be based

on design and experimental results. It is impor-

tant to know how various specifications have been
obtained. Have they been measured, calculated,
estimated or just guessed. If the user has a realistic
possibility to somehow verify the specifications, he/
she can better rely on them, and it also prevents us
manufacturers from being too optimistic.

Designing a cryogenic resistance bridge is mak-
ing compromises between a myriad of good things.
The most striking compromise was to leave off
display and keyboard, and design the AVS-48SlI for
a modern computerized laboratory. Because of this
decision, Picowatt is able to offer this performance
at a very economical price.
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