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Results
In the data sheet, the repeatability of the indus-
trial robot is specified as ±0.05 mm. The re-
peatability achieved with our system was
0.027 mm (S ±0.006 mm). In comparison to the
reported repeatability of the cobot, which was
found to be ±0.04 mm, we were able to deter-
mine a value of 0.037 mm (S ±0.008 mm).

Fig. 2 shows 30 measurements of the respec-
tive axes. The setup was aligned with the axes
of the robot's base coordinate system to avoid
possible error propagation that might occur 
during a required coordinate transformation.

Fig. 2. Distance to sensors over 30 measurements
shown in X-, Y- and Z-coordinates in mm. The upper
boxplots show the values of the industrial robot and
the lower boxplots those of the cobot.

Discussion
In our work, an easy to integrate process for 
evaluating the 3D position performance for our 
application has been demonstrated. Both robots
are suitable for this application as they achieve 
the minimum tolerance. Although the test re-
vealed that the industrial robot was more pre-
cise, we chose the cobot for our application
based on the necessity to collaborate with hu-
mans.

The supposedly better repeatability of the 
cobots [5] was refuted in our test setup. This
might indicate more restrictive requirements for 
purely industrial applications.

It is noticeable that the measured values of the
Z-axis of the industrial robot show a significantly
lower scatter. This could be due to the control
structure of the robot’s axes. Looking at the
measured values of the Y-axis, there are clear
outliers for the cobot. The reflective sphere’s
surface could also be a possible cause in addi-
tion. The potential impact of external factors,
e.g. surface reflections, sphere smoothness, 
and varying loads at the robot flange, should be
considered.

It is well known that accuracy critical processes
like fitting are easier to realize with a robot.
Therefore, additional values to determine the 
absolute accuracy and repeatability are im-
portant depending on the process in question.
Table 1 provides an overview of the most im-
portant criteria of ISO 9283, which should be 
focused in further studies.  
Tab. 1: Criteria of ISO 9283 as far as absolute ac-
curacy and repeatability are concerned

Absolute
accuracy

Repeatability

Pose x x

Path x x

Distance x x

Multidirectional x

Exchangeability x

Drift of pose x x
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Summary: A practical realization of a thermometer utilizing Johnson’s noise is presented. At 2019 new definition
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Introduction

The goal of the project was to construct a two-
channel noise thermometer. This is a thermome-
ter that must be calibrated using a single temper-
ature point (e.g., the triple point of water), and
thereafter, it is capable of measuring any other
temperature. The range is limited only by the
thermal endurance of the materials used, which
can easily be selected so that the thermometer
operates reliably from any cryogenic tempera-
tures up to approximately 200°C or even higher.

The temperature measurement is uniquely de-
termined by fundamental physical principles, and
thus any temperature point can be verified, which
makes the noise thermometer well-suited for use
in metrology.

The basic phenomenon utilized is the thermal
noise of a resistor, which was first described in
1926 by John B. Johnson and further clarified in
1928 by Harry Nyquist. Ignoring the details, we
can say that the principle is quite simple and eas-
ily applicable.

From the described properties, it might seem
that the noise thermometer has excellent charac-
teristics, its principle has been known for nearly
a hundred years, and one might expect it to be
widely adopted. However, the opposite is true.
The noise thermometer is rarely used, almost
exclusively in specialized applications—such as
measuring the Boltzmann constant. In industrial
practice, noise thermometers are a rare excep-
tion, found only in certain cryogenic temperature
measurements.

The reason for the limited use of noise ther-
mometers could be their slow response time,
which is their main disadvantage. In principle,
measurements need to be taken over an ex-
tended period to gather enough data. The un-
certainty in the measured temperature depends
on the measurement time, so measuring a sin-
gle temperature can take several hours, which
is a significant barrier for industrial applications.

However, in metrology, long measurement times
are quite common.

A noise thermometer is primarily an extremely
sensitive device that cannot function properly
if exposed to external electromagnetic interfer-
ence. The measured values are so small that the
main challenge in its implementation is design-
ing the best possible shielding. As demonstrated
during the research, mechanical vibrations are
also highly detrimental.

Theory
A noise thermometer measures temperature
based on the fact that the voltage noise of a re-
sistor is proportional to the thermodynamic tem-
perature T . Specifically, the average power on
a resistor, resulting from the chaotic motion of
electrons, can be expressed as:

P = 4kT∆f

where ∆f is the bandwidth, and k is the Boltz-
mann constant, k = 1.380649 × 10−23 J/K. Elec-
trical power can be expressed using the resis-
tance R and voltage U , with P = U2/R, which,
together with the previous equation, leads to

Ueff =
√

4kTR∆f

where Ueff is the effective value of the resistor’s
noise voltage.

For a resistor of 1 kΩ at a room temperature
of around 300 K, and a measuring device oper-
ating with a bandwidth of 125 kHz, the effective
noise voltage is approximately 1.29 microvolts.
This voltage, after amplification, is supplied to
the input of a measuring card with a range of
±5 V. The amplifier gain should be such that the
measuring range is optimally utilized without ex-
ceeding limit values. The peak value is signifi-
cantly higher than the effective value. Assuming
a factor of ten, this results in an exceedance in
a statistically negligible number of cases. Then,
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the amplifier gain is calculated as A = 387597.
If we require measurements at higher tempera-
tures than 300 K, the gain must be lower.

Two channel measurement
Every amplifier is a source of noise, which adds
to the resistor’s noise. In further processing, it
is no longer possible to distinguish the level of
noise produced solely by the resistor. Therefore,
a dual-channel variant was assembled, allowing
the resistor noise to be measured independently
of the amplifiers, using two independent ampli-
fiers. The principle relies on the fact that am-
plifier noises are completely independent, while
the resistor noise affects both amplifiers simulta-
neously. It can be proven that the product of both
channels has a mean value proportional only to
the resistor noise. Based on this principle, a cor-
relator (see Fig. 1) was programmed to calcu-
late the mean value of the product of both chan-
nels, process blocks of digitized data, and output
a value theoretically proportional to the thermo-
dynamic temperature. Using two channels offers

Fig. 1: A correlator made of two independent
amplifiers

significant advantages. Not only is the correla-
tor’s response linear with respect to the resis-
tor’s temperature, but the line also starts from
zero. Therefore, only a single temperature point
is needed to calibrate the entire setup. Moreover,
the temperature of the amplifiers does not need
to be controlled, as their noise — dependent on
the electronics’ temperature — cancels out.

Results
The setup needs to be calibrated using one
fixed temperature point. For this purpose an ice
bath has been used to get proportionality con-
stant. Afted this step the sensing resistor was im-
mersed in liquid nitrogen with table value of tem-
perature −195.8◦ C. The response of the ther-
mometer was monitored and the lowest mea-
sured stable value was 180 mK lower than the
correct value, see Fig. 2.
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Fig. 2: The time dependence of the measured
temperature of liquid nitrogen shows a stable
minimum temperature of −195.98◦C.
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Conclusion
A practical implementation of a Johnson noise
thermometer has been presented. Despite sig-
nificant challenges related to shielding and over-
all noise immunity, results surpassing those of
industry-standard Class AA platinum thermome-
ters (Pt-100) have been achieved. Not only is
the uncertainty lower across most temperature
ranges, but the main advantage is that the ther-
mometer’s principle is derived directly from the
Boltzmann constant, aligning with the redefined
Kelvin in the SI system since 2019.
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