13" International Conference on Electrical, Electronics and Computer Engineering (ICETRAN), Silver Lake, 8-11 June 2026

Comparative Experimental Analysis of Load and
Temperature Effects on Precision Resistors under
Different Thermal Stabilization Conditions

1t Slobodan Subotié
Metrological Laboratory
Department of Metrology
Technical Test Center
Belgrade, Serbia
slobodansubotic80@gmail.com &
0009-0008-3389-2451

4™ Dragan Lazié
Metrological Laboratory
Department of Metrology
Technical Test Center
Belgrade, Serbia
astazu.lazic@gmail.com &
0009-0005-1800-7838

Abstract—This paper presents an experimental investigation of
self-heating effects in precision resistors under different thermal
environments, with a focus on 1 Q and 10 Q standards. The study
examines resistor behavior under load levels ranging from 2% to
80% of rated power at a controlled ambient temperature of 23 °C.
Measurements were performed in both a temperature-controlled
oil bath and an air chamber in order to evaluate the influence of
heat dissipation conditions. In addition to steady-state analysis,
particular attention is given to how resistance and temperature
change over time during extended exposure to constant load.
Simultaneous monitoring of resistance and internal temperature
enabled a detailed assessment of temperature rise (AT), resistance
variation (AR), thermal resistance (Rt) and thermal stabilization
processes. The results reveal distinct differences between the two
environments and highlight the importance of time-dependent
effects in understanding self-heating and resistance stability in
precision resistors.

Keywords— precision resistor, temperature effect, power loading
effect, temperature coefficient, thermal resistance, thermal
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I. INTRODUCTION

Precision resistors are widely used in high-accuracy
electrical measurements and calibration systems, where their
stability directly affects measurement uncertainty. In practical
applications, their behavior is influenced not only by ambient
conditions but also by power loading, which introduces self-
heating and time-dependent effects. These phenomena can lead
to temperature rise, resistance drift, and delayed thermal
stabilization, particularly under prolonged operating conditions.

Previous studies have primarily focused on the
characterization of precision resistors through parameters such
as the Temperature Coefficient of Resistance (TCR), load
coefficient, and thermal resistance, typically using controlled
temperature variation and steady-state measurement approaches
[1-5]. While such methods provide valuable information about
resistor performance, they do not fully capture the dynamic
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behavior associated with self-heating under realistic operating
conditions. A general overview of these approaches was
presented in [1].

In precision measurements, resistors are often operated in
controlled thermal environments, such as oil baths or
temperature-controlled air chambers. These environments differ
significantly in their heat dissipation characteristics, which
directly affects temperature rise and stabilization behavior. Qil
baths provide high thermal stability and uniformity, whereas air
chambers more closely represent practical operating conditions.

Motivated by these considerations, this paper investigates
temperature rise and resistance variation in precision resistors
under different load conditions, with particular emphasis on the
comparison between oil bath and air chamber environments, as
well as on the analysis of time-dependent behavior during
extended exposure to constant load.

This paper presents a comparative experimental investigation
of precision resistors with nominal values of 1 Q and 10 Q. The
study focuses on resistance and temperature behavior under
varying load levels, as well as on time-dependent effects during
sustained power loading. Measurements are performed under
two thermal stabilization conditions: an oil bath and a
temperature-controlled air chamber, allowing direct comparison
of their influence on resistor performance. The main
contributions of this work include the analysis of load-induced
resistance variations, evaluation of temperature rise and its
correlation with resistance change, comparison of thermal
stabilization characteristics in different environments, and
investigation of resistance drift under prolonged loading
conditions.

Il. EXPERIMENTAL MEASUREMENT SETUP AND TEST

CONDITIONS

All measurements in this study were performed using a high-
accuracy resistance comparison setup based on a Direct Current

This work is licensed under CC BY-NC-ND 4.0 International @



Comparator (DCC) bridge, enabling precise evaluation of
resistance changes under controlled loading conditions. The
system is designed for high-stability measurements and allows
simultaneous monitoring of electrical and thermal behavior of
the tested resistors.

A. Tested and Reference Resistors

Two precision standard resistors were selected as devices
under test: a 1 Q Leeds & Northrup (LN) 4210B Thomas-type
resistor [6] and a 10 Q Guildline (GUID) 9330 oil-filled
hermetically sealed resistor [7]. These resistors represent distinct
design approaches with different thermal characteristics relevant
for high-accuracy measurements.

For comparison, corresponding reference resistors of the
same nominal values were used. All reference resistors were
continuously maintained in a temperature-controlled oil bath at
23 °C in order to ensure stable reference conditions throughout
the experiments. An illustration of the thermal stabilization
conditions is provided in Fig. 1, where the 1 Q Leeds & Northrup
42108 resistor is shown during stabilization in both the oil bath
and the temperature-controlled air chamber.

Fig. 1. Thermal stabilization of the 1 Q LN 4210B resistor in an oil bath and
temperature-controlled chamber

B. Measurement System and Instrumentation

Resistance measurements were carried out using a high-
accuracy resistance measurement system manufactured by
Measurement International (MI), based on a Direct Current
Comparator (DCC) bridge. The system enables precise
determination of resistance ratios under controlled loading
conditions, ensuring high repeatability and low measurement
uncertainty.

The resistance measurement setup is illustrated in Fig. 2 and
consists of an Automated Primary Resistance Bridge MI 6010D
[8] and a Low Thermal Matrix Scanner MI 4220A [9]. This
configuration allows automated switching between measurement
channels while minimizing thermal electromotive forces, which
is essential for high-precision resistance measurements. The
system also enables flexible configuration of measurement ratios
and supports long-term automated measurement sequences with
high measurement repeatability.
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Fig. 2. Automated resistance measurement system (M1 6010D Resistance
Bridge and M1 4220A Low Thermal Matrix Scanner)

Temperature monitoring was performed using precision
platinum resistance thermometers Fluke 1560 [10] and Fluke
Y2307 [11], connected to a Fluke 1560 Black Stack
measurement system [12], shown in Fig. 3. The temperature
sensors were positioned in close proximity to the tested resistors
in order to accurately capture their thermal response during load
application.

Fig. 3. Temperature monitoring system based on Fluke 1560 Black Stack
with PRT sensors



This measurement arrangement enables simultaneous
acquisition of resistance and temperature data, allowing detailed
analysis of self-heating effects and their influence on resistance
stability under different operating conditions.

C. Thermal Stabilization Conditions

Two different thermal stabilization conditions were
considered in this study. In the first case, the tested resistors were
stabilized in a temperature-controlled oil bath Guildline
Instruments (GUID) 9730CR-1 [13], providing a highly uniform
and stable thermal environment. In the second case, the resistors
were stabilized in a temperature-controlled chamber

Measurement International 9300A [14], representing a more
realistic operating environment with reduced heat dissipation
capability. An overview of the complete oil bath stabilization
setup is shown in Fig. 4, providing a general view of the
measurement configuration during thermal stabilization.

Fig. 4. Overview of thermal stabilization in oil bath

All measurements were performed at a nominal temperature
of 23 °C. The tested resistors were first stabilized in the
temperature-controlled oil bath and subsequently in the
temperature-controlled chamber, allowing a direct comparison
of their behavior under different thermal environments. While
the tested resistors were alternately stabilized in these conditions,
the reference resistors remained continuously stabilized in the oil
bath at 23 °C to ensure consistent and stable reference conditions
throughout all measurements.

D. Measurement Procedure

The experimental procedure consisted of two measurement
regimes: load-level testing and long-duration testing.

In the load-level measurements, each resistor was subjected
to load levels of 80%, 60%, 50%, 40%, 20%, 10%, and 2% of
the rated power, where the 2% level was considered a near no-
load condition. For each load level, measurements were recorded
over approximately 30 samples within a duration of about
5 minutes, while both resistance and temperature were
continuously monitored. To eliminate residual thermal effects
and ensure repeatability, recovery intervals between successive
load levels were defined based on the thermal characteristics of
each resistor. A stabilization period of 30 minutes was applied
for the 1 Q resistor and 2 hours for the 10 Q resistor.

In addition, a long-duration test was performed at a constant
load level of 50% of the rated power. In this case, approximately
250 samples were recorded over a period of about 30 minutes in
order to analyze self-heating effects, resistance drift, and thermal
stabilization behavior over time.

I1l. EXPERIMENTAL ANALYSIS OF LOAD-INDUCED RESISTANCE
AND TEMPERATURE VARIATIONS

The experimental results presented in this section focus on
the analysis of temperature rise and resistance variations of the
tested precision resistors under different power loading
conditions. Special attention is given to the influence of thermal
stabilization environments, namely oil bath and temperature-
controlled air chamber, on the observed behavior.

Results include load-dependent temperature rise, resistance
changes, and time effects under sustained loading, allowing
analysis of self-heating and stability in realistic operating
conditions.

A. Temperature Rise under Power Loading

The temperature rise of the tested resistors under different
load levels was analyzed for both thermal stabilization
environments. The measured temperature increase (AT), together
with the corresponding thermal resistance (Rr) for each resistor
in the oil bath and in the temperature-controlled chamber, is
summarized in Table 1., allowing direct comparison of self-
heating effects under identical loading conditions.

TABLE I. COMPARATIVE TEMPERATURE RISE AND THERMAL RESISTANCE UNDER DIFFERENT THERMAL STABILIZATION CONDITIONS

Load L&N 4210B (1 Q) GUID 9330 (10 Q)

Level Qil Bath Air Chamber Qil Bath Air Chamber

(%) AT (MK) Rt (°C/W) AT (MK) Rt (°C/W) AT (MK) Rt (°C/W) AT (MK) Rt (°C/W)
80 13 0.16 0.8 0.10 14.7 0.18 24.9 0.31
60 13 0.22 0.5 0.08 10.5 0.17 19.0 0.32
50 1.0 0.20 0.8 0.16 9.5 0.19 174 0.35
40 15 0.38 0.3 0.08 8.1 0.20 14.2 0.36
20 1.8 0.90 0.2 0.10 4.3 0.22 8.8 0.44
10 15 1.50 0.2 0.20 2.3 0.23 42 0.42
2 1.8 9.05 0.0 0.00 1.8 0.91 2.8 14
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For the 1 Q LN 4210B resistor, no significant temperature
rise is observed across all load levels in either thermal
environment. The recorded temperature variations remain within
+1.5 mK, which corresponds to the uncertainty limits of
temperature stabilization in both the oil bath and the air chamber.
As a result, the measured AT values do not exhibit a consistent
dependence on load level, and occasional higher values at lower
loads (e.g., at 2%) are attributed to measurement uncertainty
rather than actual self-heating effects. Consequently, the
calculated thermal resistance values for this resistor should be
interpreted with caution, particularly at low load levels where the
dissipated power is minimal. Under such conditions, even small
temperature fluctuations can lead to disproportionately large Rt
values that do not represent physically meaningful thermal
behavior.

In contrast, the 10 Q GUID 9330 resistor exhibits a clear and
consistent temperature rise with increasing load. At 80% load,
the temperature increase reaches approximately 25 mK in the
temperature-controlled air chamber, compared to about 15 mK
in the oil bath. This difference is also reflected in higher thermal
resistance values in the air chamber, indicating less efficient heat
dissipation compared to the oil bath environment. The same
trend is observed across load levels down to 10%, confirming the
influence of the surrounding medium on heat transfer. At the
lowest load level (2%), both AT and Rt values become very
small, and the influence of measurement uncertainty becomes
more pronounced.

Overall, the results show that the impact of thermal
stabilization conditions on temperature rise and thermal
resistance strongly depends on the resistor design and the level
of dissipated power, with more pronounced effects observed for
resistors exhibiting higher self-heating.

B. Resistance Variation under Power Loading

The resistance variation of the tested resistors as a function
of applied load is evaluated relative to the reference condition
defined at 2% of rated power. The corresponding changes in
resistance, expressed in parts per million (ppm), are presented in
Fig. 5, where AR is shown as a function of load level (%) for each
resistor under both thermal stabilization conditions.

For the 1 Q LN 4210B resistor, only minor resistance
variations are observed across all load levels. In the temperature-
controlled chamber, the resistance change generally remains
very small. However, a slightly higher deviation of 0.028 ppm is
observed at 60% load, which exceeds the value at 80% load
(0.018 ppm). This non-monotonic behavior suggests that the
observed variations are within the measurement uncertainty and
not strictly correlated with load level. In the oil bath, the variation
remains even lower, within the range of 0.009 ppm to 0.002 ppm.
These values are very small and consistent with the previously
observed negligible temperature rise, indicating minimal
sensitivity to load-induced effects.

The 10 Q GUID 9330 resistor exhibits a clear negative
resistance deviation with increasing load. In the temperature-
controlled chamber, the resistance change varies from -0.25 ppm
at 80% load to -0.02 ppm at 10% load, while in the oil bath the
corresponding values are slightly lower in magnitude,
from -0.22 ppm to -0.02 ppm. The negative trend suggests a
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decrease in resistance with increasing power, which is consistent
with the observed temperature rise and indicates a negative
effective temperature coefficient under load conditions.
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Fig. 5. Resistance variation due to power loading for the (a) LN 4210B (1 Q)
and (b) GUID 9330 (10 Q)

Overall, the results demonstrate that resistance variation
under power loading strongly depends on resistor type and
construction. While the Leeds & Northrup resistor shows
excellent stability, the Guildline resistor exhibits more
pronounced and systematic load-dependent behavior.

C. Resistance Drift and Thermal Stabilization under Sustained
Load

The dynamic thermal behavior of the tested resistors was
further investigated under a constant load of 50% of rated power
over an extended measurement period of approximately
30 minutes. The objective was to analyze temperature rise,
transient effects, and post-load stabilization characteristics under
different thermal environments. The corresponding temperature
profiles and thermal response of each resistor are presented in
Fig. 6.

For the 1 Q LN 4210B resistor, no significant temperature
rise was observed in the oil bath, with fluctuations remaining
within +1 mK, which is within the temperature control
uncertainty. In the temperature-controlled chamber, a small
temperature increase of approximately 5 mK was recorded. This
increase occurred immediately after load application, while



temperature decay began immediately after load removal. The
resistor returned to its initial thermal state within approximately
30 minutes, indicating very fast thermal response and minimal
heat accumulation.
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Fig. 6. Temperature rise (AT) versus time under 50% load for the (a) LN
4210B (1 ©) and (b) GUID 9330 (10 Q)) resistors

The 10 Q GUID 9330 resistor exhibits markedly different
behavior depending on the stabilization environment. In the oil
bath, the temperature rise begins approximately 3 minutes after
load application, reaching a steady-state value of about 17 mK
after 13 minutes. This level is maintained until the load is
removed, after which the temperature decreases and stabilizes
within approximately 15 minutes. In contrast, in the temperature-
controlled chamber, the temperature continuously increases
throughout the entire loading period, reaching approximately
77 mK at the end of the measurement. The cooling process is
significantly slower, requiring around 50 minutes for full
stabilization.

These results clearly demonstrate that both the magnitude
and dynamics of self-heating strongly depend on the resistor
construction and the thermal environment. While the oil bath
effectively limits temperature rise and accelerates stabilization,
the temperature-controlled chamber allows more pronounced
heat accumulation and slower thermal dissipation, particularly
for resistors with higher nominal values and larger thermal mass.
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The dynamic response of the tested resistors under a constant
load of 50% of rated power over approximately 30 minutes was
analyzed in terms of both temperature rise and resistance change
(AR). For this analysis, AR is defined relative to the mean
resistance value calculated over the last 230 samples, excluding
the first 20 samples to focus on the stabilized portion of the
measurement. The corresponding resistance variation as a
function of time under constant 50% load power is presented in
Fig. 7, for each tested resistor, providing a clear view of the
transient behavior and stabilization process.

LN 42108 (1 Q)
0.06

Oil Bath

—— Air Chamber

0.04
0.02

0.00

AR (ppm)

-0.02

-0.04

-0.06

-0.08
Time (min)

@

GUID 9330 (10 Q)

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00
-0.02
-0.04

0 5 10 15 20 25 30

Time (min)

= Air Chamber ———QOil Bath

AR (ppm)

(b)

Fig. 7. Resistance variation due to sustained power loading under 50% load
power for the (a) LN 4210B (1 ) and (b) GUID 9330 (10 Q)

For the 1 Q LN 4210B resistor, AR remains negligible
throughout the measurement in both the oil bath and the
temperature-controlled chamber, with variations within
+0.01 ppm. This confirms that the device is minimally affected
by self-heating under 50% of the nominal power rating.

The 10 Q GUID 9330 exhibits a more pronounced resistance
drift. In the oil bath, AR starts at 0.15 ppm and decays
exponentially to approximately 0 ppm within the first
10 minutes, then slowly transitions to -0.02 ppm. In the
temperature-controlled chamber, the initial AR is 0.10 ppm,
decays to -0.03 ppm within the first 5 minutes, then gradually
increases, reaching O ppm at 15 minutes and eventually
stabilizing at 0.03 ppm by the end of the measurement period.



These results indicate that, while the LN 4210B remains
effectively stable, GUID 9330 show measurable transient AR
effects under sustained load, with the magnitude and dynamics
dependent on both the resistor construction and the thermal
environment.

IV. CONCLUSION

This paper presented a comparative experimental study of
precision resistors under varying power loads and different
thermal stabilization conditions at 23 °C. Two standard resistors,
1 Q LN 4210B and 10 Q GUID 9330, were investigated in both
an oil bath and a temperature-controlled chamber. The analysis
focused on temperature rise (AT), resistance change (AR), and
the corresponding thermal resistance (Ry) under stepped load
levels, as well as on time-dependent behavior under sustained
50% load.

The results show that the LN 4210B exhibits negligible self-
heating and no measurable resistance drift. The observed
temperature variations remain within the limits of measurement
uncertainty, and no consistent dependence on load level or
thermal environment can be established. Consequently, the
calculated thermal resistance values for this resistor, particularly
at low load levels, should be interpreted with caution. In contrast,
the GUID 9330 resistor demonstrates a clear dependence of both
temperature rise and resistance variation on the applied load and
thermal environment. Higher AT and Rt values are observed in
the air chamber, indicating reduced heat dissipation compared to
the oil bath. These results confirm that the influence of the
surrounding medium becomes significant when self-heating
effects are sufficiently pronounced.

The analysis under sustained loading further highlights
differences in thermal response, revealing time-dependent
resistance behavior and delayed stabilization, particularly in the
air chamber environment.

Overall, the combined analysis of AT and AR confirms that
thermal stabilization conditions play a critical role in precision
resistance measurements. The results indicate that oil bath
stabilization provides superior thermal damping and faster
equilibrium, while temperature-controlled chambers may
introduce larger transient effects and longer stabilization times.
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These findings provide practical guidance for calibration
laboratories in selecting appropriate stabilization methods to
ensure high-accuracy resistance measurements. Future research
may focus on long-term drift behavior and uncertainty evaluation
under varying thermal and loading conditions.
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