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1. Introduction

The thermal characteristics of an object in a dynamic state is 
of interest to many fields, e.g. electronics and electrical engine-
ering [1–4], automation and control [5–12] and others. In many 
cases, the measurement of thermal impedance over a large 
frequency range is a problem. Most often, thermal impedance 
estimation is done by inverse modelling of the object or other 
indirect methods, including advance image and signal proces-
sing. Several notable methods can be distinguished, such as 
network identification by deconvolution (NID) [1–3], a com-
puter-aided program for analysing time series and identify-
ing disturbed systems (CAPTAIN) [20, 13], transfer function 
estimation (TFEST) [14] or the Vector Fitting algorithm to 
solve the inverse problem of heat exchange [13, 15, 4]. There 
are also commercial systems available for measuring the ther-
mal impedance of objects [16]. High resolution IR cameras 
with a high frame-rate of at least 1000 FPS are required to 
measure high-frequency thermal impedance. In addition, spe-
cial equipment must be used to synchronize temperature and 
power. Such a device is mainly used in electronics for thermal 
characterization of packaged semiconductor devices (diodes, 
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BJTs, power MOSFETs, IGBTs, power LEDs) and multi-die 
power devices.

This paper presents one of the first experimental attempts 
to estimate thermal impedance by non-contact temperature 
measurement using a low-cost IR system. The presented appro-
ach allows obtaining results for a wide frequency range up to 
hundreds of Hz. 

In order to confirm the correctness of proposed measurement 
procedure of thermal impedance, simple RC thermal model was 
developed. It is based on the thermo-electrical analogy which 
is well known for estimation the thermal parameters since 1936 
[16–19]. 

2. Thermal compact model of  
the thick-film resistor

A simple thermal model was developed for a surface mounted 
resistor in the 1206 package. The cross-section of its structure 
is shown in Fig. 1. 

It consists of a layered structure with a thick resistive layer 
deposited on an alumina substrate by screen printing. The resi-

Fig. 1. Cross section of the resistor with marked nodes
Rys. 1. Przekrój rezystora z zaznaczonymi węzłami

81

Pomiary Automatyka Robotyka,  ISSN 1427-9126, R. 28, Nr 1/2024, 81–87, DOI: 10.14313/PAR_251/81



stance value depends on the shape of the resistive layer, which 
does not cover the entire alumina substrate. Electrodes and 
connecting wires that play an important role in heat dissipation 
were included in the modelling.

A simple compact thermal model of such a resistor consisting 
of a network of thermal resistances Rth and heat capacities Cth is 
shown in Fig. 2. The resistor is stimulated by an electrical power 
supplied to the heat source located on top of its structure. The 
power is then transferred to the ambient via free convection, 
modeled with R1a at the top. At the bottom, heat is transfer-
red through the alumina substrate and then to the ambient via 

Fig. 2. RthCth network of the compact thermal model of a thick-film 
resistor
Rys. 2. Sieć RthCth kompaktowego modelu termicznego rezystora 
grubowarstwowego

Table 1. Parameters of the compact model of the resistor
Tabela 1. Parametry kompaktowego modelu rezystora grubowarstwowego

Parameter Value Unit Description

kr 10 W/(m·K) Thermal conductivity of the resistive layer

ka 15 W/(m·K) Thermal conductivity of the alumina layer

k 300 W/(m·K) Thermal conductivity of the wire 

kpin 20 W/(m·K) Thermal conductivity of the soldered pin

lr, la 10–3 m Length of the resistive and alumina part 

lpin 2∙10–3 m Length of the soldered connector and the wire

wr, wa 10–3 m Width of the resistive and alumina part

hr 5∙10–5 m Height of the resistive part

ha 4.4∙10–4 m Height of the alumina part

Spin 10–6 m2 Surface of the soldered connector and wire

hup 20 W/(m2K) Heat transfer coefficient for the top surface

hbot 15 W/(m2K) Heat transfer coefficient for the bottom surface

hwire 30 W/(m2K) Heat transfer coefficient for wire

cvth_res 2∙106 J/(m3K) Volumetric thermal capacity of resistor

cvth_alu 1.9∙106 J/(m3K) Volumetric thermal capacity of alumina

cvth_pin 2∙106 J/(m3K) Volumetric thermal capacity of the pins

convection represented by resistor R2a. Resistor R3a is responsible 
for cooling by convection through connecting wires. Due to the 
axial symmetry, only half of the resistor is modelled.

The dissipated power P in the resistive layer (node 1) is trans-
ferred by conduction down to the alumina substrate (node  2) 
and then horizontally to the electrodes (node 3). The thermal 
resistances are named R12 and R23. They correspond to the half 
the thickness of the resistor and an alumina layer in the verti-
cal and horizontal directions as it is shown by (2) and (3). In 
addition, power is transferred to the ambient through electrical 
connectors soldered to the pins of the resistor. Material param-
eters, their descriptions and dimensions are in table 1.

The compact RthCth model of the resistor consists of three 
nodes. In result, the mathematical form of the model is repre-
sented by the set of three linear equations (1) that can be solved 
analytically using the node potential method.

 

 (1)

Resistor R12 is associated to the surface Sav = Srv where the 
heat flows vertically. Similarly, resistor R23 correspond to the 
horizontal heat flow through the surface Sah, as shown in (2).
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Table 2. Estimated values of thermal resistances and capacitances of 
compact thermal model RthCth of the thick-film resistor
Tabela 2. Wyznaczone wartości rezystancji I pojemności termicznych 
kompaktowego modelu RthCth rezystora grubowarstwowego

Parameter Value Unit

R12 31.83

K/W

R23 133.33

R1a 1.0∙105

R2a 1.3∙105

R3a 212.21

Cres 1.0∙10–4

J/K
Calu 8.38∙10–4

Cpin 0.04

Fig. 3. Simulated thermal impedance Zth(jω) for compact heat transfer 
model of the SMD1206 resistor
Rys. 3. Wykres impedancji termicznej Zth(jω) dla kompaktowego modelu 
przepływu ciepła w rezystorze SMD1206 uzyskany za pomocą symulacji

Fig. 4. Zoomed part of the Nyquist plot for high range of the 
frequencies showing the crossing points with –45° line
Rys. 4. Wykres Nyquista powiększony w zakresie dużych częstotliwości 
przedstawiający przecięcie z linią nachyloną pod kątem –45° 
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The convection cooling is applied to the top and bottom sides 
of the resistor. Resistor R1a describes convective cooling on the 
top while R2a on the bottom side (3). 
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Resistor R3a is associated to the convective cooling of the wire 
that transfer heat to the environment. The value of R3a resi-
stance is derived assuming the infinite length of the external 
connection and takes a form (4).
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where r, k are radius and thermal conductivity of a wire, 
respectively and hwire denotes the convective heat transfer coef-
ficient for the wire.   

The thermal capacitances related to the resistive layer, alu-
mina, and soldered part can be expressed by (5).
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where cvth_res, cvth_alu, cvth_pin corresponding to the volumetric 
thermal capacitances and Vres, Valu, Vpin denote the volumes of 
the resistive layer, alumina substrate and the pin parts of the 
modelled resistor, respectively. 

The values of model parameters, like surface areas, length, 
volumes, thermal conductivities and capacitance of the material 
were determined through experimental means due to the fact 
that the exact dimensions are not available in the literature. 
Heat is conducted along the resistive layer; thus the assumed 
length is also smaller than the dimension of the entire resistor. 
Furthermore, the cooper connector is assumed to be not only the 
metal pad but also the solder and the wire so its parameters are 
also estimated. Such assumptions and obtained values are not so 
important due to the fact that the resistor is just the example 
to present the method of the thermal impedance measurement 
in high-frequency and confirmed that it agrees with the thermal 
modelling results of the measured object. 

The resistances and capacitances obtained using above values 
of parameters are listed in table 2. 

During the fundamental research, it is always recommended 
to simulate the heat transfer in a sample prior in order to predict 
the results of experiments. The graph in Fig. 3 presents the plot 
of thermal impedance Zth(jω) – Nyquist plot. Each of the half 
circles corresponds to each of the node of the RthCth network of 
the proposed compact model that correspond to resistive, alu-
mina and solder layers in the physical device. 

For the high frequency range, the Nyquist plot follows the 
–45° line crossing it at two points for the frequencies 41.38 Hz 
and 6.02 Hz, as shown in Fig. 4.

83

Maria Strąkowska, Bogusław Więcek, Gilbert De Mey



3.  Measurement methodology and 
experimental results

The measured object is thermally excited with electrical cur-
rent of the appropriate frequency by switching the current on 
and off. Both current and power take the form of a square 
wave signal as shown in Fig. 5a. The thermal response to such 
excitation is measured using a single-detector infrared head as 
shown in Fig. 5b. The frequency of the input signal changes to 
characterize the object in the selected frequency range. In order 
to limit analysis errors, a single period is taken into account for 
further processing – Fig. 5c and Fig. 5d. The Fourier transform 
is applied to both the input and output signal to calculated the 
fundamental harmonics for estimation the thermal impedance. 

It is also possible to consider more harmonics to estimate the 
thermal impedance for a higher frequency range, but it can 
generate unexpected errors because these signals are quite small.

Having the first harmonics one can estimate the real and 
imaginary part of the thermal impedance and directly plot the 
Nyquist plot for the measured object.
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where T(jω) is the value of fundamental harmonic of the out-
put signal (thermal response), and P(jω) is the fundamental 
harmonic of the input power signal. 

Fig. 5. 10 Hz input power signal (a) and measurement result for such excitation (b). 0ne cut period for input signal (c) and for the output (d)
Rys. 5. Sygnał wejściowy o częstotliwości 10 Hz (a) oraz wynik pomiaru dla takiego pobudzenia (b). Jeden okres sygnału wejściowego (c) oraz wyjściowego (d)

Fig. 6. Following steps in measurement procedure
Rys. 6. Następujące po sobie kroki w procedurze pomiaru

Fig. 7. Scheme of the measurement 
setup
Rys. 7. Schemat stanowiska 
pomiarowego

The scheme of the following steps in measurement procedure 
shows Figure 6.

Measurement stand consist of programmable frequency signal 
generator that sends the signal for conditioning by the power 
driver to heat up the thick-film resistor. Power outputs were 
connected by the thin wires to the resistor. The IR head with 
the single photovoltaic detector generates the temperature signal 
varying in time synchronously with the power excitation, as pre-
sented in Fig. 7. Finally, the Fourier transform is used to calcu-
late the fundamental harmonics of both signals. 

The measured resistor was heated by the power obtained 
from the voltage signal of around 7 V amplitude and current 
limit at 150 mA. The frequency was changing by a microcon-
troller connected to power driver made of MOS transistors. Fre-
quency generator is used for changing the power signal frequency 
in the range 2–100 Hz. Analog-to-digital conversion was done 
with the sampling frequency fs = 10 kHz. The 27 Ω resistor in 
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1206 case was the measured object. The measurement setup 
with single photovoltaic sensor registering oscillating power and 
temperature is presented in Fig. 8.

The part of the Nyquist plot of thermal impedance measured 
in the high frequency range is presented in Fig. 9.

The obtained shape of the Nyquist plot for the high fre-
quency range (Fig. 9) is similar to that obtained from the sim-
ulation (Fig. 4). The thermal impedance curve crosses the –45° 
line for frequencies around 41 Hz and 6 Hz. This confirmed 
that the proposed thermal model corresponds to the measured 
thermal object. Finally, it can be concluded that using this 
method, the correct thermal impedance can be measured sim-
ply and reliably.

4. Conclusions

The article presents a simple method of measuring thermal 
impedance for the high frequency range. It consists in sup-
plying the tested device with rectangular excitation of varia-
ble frequency and calculating the first harmonics of power 
and temperature. Temperature measurement is carried out in 
a non-contact way, using an inexpensive, single-detector IR 
system. The main result of the measurement – the Nyquist 
plot of thermal impedance in the frequency range 2–100 Hz, 
agrees with the modeling results.

The presented results confirmed that both the model and the 
measurement generate convergent results. The proposed method 
of measuring thermal impedance is fast, reliable, non-invasive 
and non-contact. It can also be used in biomedical applica-
tions, e.g. for screening and diagnosis of skin tissue diseases. 
This method simplifies the identification of thermal objects in 
dynamic states and can be an alternative to the use of expen-
sive, cooled laboratory thermal imaging cameras.
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Streszczenie: Artykuł przedstawia nową, prostą metodę pomiaru impedancji termicznej 
 w zakresie dużych częstotliwości przy wykorzystaniu technik podczerwieni. W tym celu zastosowano 
transformację Fouriera sygnału wejściowego oraz odpowiedzi termicznej badanego obiektu po 
pobudzeniu go źródłem ciepła w postaci prądu o kształcie prostokątnym i o różnej częstotliwości. 
Eksperyment został przeprowadzony przy użyciu taniego systemu termowizyjnego z pojedynczym 
fotowoltaicznym detektorem podczerwieni w celu pomiaru impedancji termicznej grubowarstwowego 
rezystora SMD. Badana próbka pobudzana była sygnałem prostokątnym o różnych częstotliwościach 
z zakresu 2–100 Hz, a system IR rejestrował zmianę wartości jego temperatury. W celu potwierdzenia 
poprawności uzyskanych wyników badań opracowano model kompaktowy RthCth struktury rezystora 
oraz podłączonych do niego wyprowadzeń. Przeprowadzone symulacje potwierdziły poprawność 
zarówno metody pomiaru jak i opracowanego modelu termicznego. Kształt wykresów Nyquista 
impedancji termicznej dla modelu jak i pomiaru jest zbliżony. W zakresie dużych częstotliwości 
oba wykresy zbliżają się do linii o nachyleniu –45° przekraczając tę linię w dwóch punktach. 
Zaproponowana metoda pomiaru impedancji termicznej jest szybka, niezawodna, nieinwazyjna 
i bezkontaktowa. Może być wykorzystana również do zastosowań biomedycznych np. do diagnostyki 
chorób skóry. Metoda ta upraszcza identyfikację termiczną obiektów w stanie dynamicznym i może 
być alternatywą dla stosowania do tego celu drogich systemów termowizyjnych z detektorami 
chłodzonymi.

Słowa kluczowe: termografia w podczerwieni, impedancja cieplna, przekształcenie Fouriera, pomiary termograficzne

Pomiar impedancji termicznej rezystora grubowarstwowego 
w zakresie dużych częstotliwości przy zastosowaniu systemu 
termowizyjnego z pojedynczym detektorem
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