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ABSTRACT Wide-band gap semiconductor devices based on GaN materials, such as high electron mobility
transistors (HEMT), are gradually replacing traditional Si devices in industrial applications owing to their
excellent electrothermal properties. Nonetheless, reliability concerns and accurate junction temperature
estimation remain critical in the deployment of these devices. This paper proposes an enhancedCauer thermal
network model accounting for bidirectional heat transfer. The improved model takes into account the path
from the junction via the top case to the ambient. Additionally, it utilizes the top case temperature rise to
identify thermal parameters and establishes the relationship between the top case temperature time constant
and the Cauer model’s thermal parameters. This method eliminates the need for measuring power losses or
invasively modifying the original devices, nor does it require detailed structural and material parameters of
the packaged device. The feasibility and reliability of the obtained thermal network parameters are verified
through simulation and validated through experimentation.

INDEX TERMS Case temperature, Cauer thermal network model, high electron mobility transistor, thermal
network parameter.

I. INTRODUCTION
With the advancement of power electronics technology,
wide-bandgap semiconductor devices have found extensive
applications in numerous high-reliability scenarios, such as
5G communication applications [1] and microwave sys-
tems [2]. Among emerging wide-bandgap semiconductor
materials, gallium nitride (GaN) has undoubtedly been one
of the most notable in recent years. A high electron mobility
transistor (HEMT) is formed from AlGaN/GaN heterostruc-
ture. Owing to the spontaneous and piezoelectric polarization
effect of nitride materials, a high-density two-dimensional
electron gas (2DEG) is generated at the interface of the
undoped AlGaN/GaN heterojunction. Due to the high current
density, high voltage withstand capability of GaN materi-
als, GaN devices exhibit lower on-resistance, lower junction
capacitance, higher switching speed, and higher junction tem-
perature tolerance, attracting increasing attention [3], [4], [5].
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Most power devices typically operate at high temperatures
and undergo frequent switching cycles, causing the device
junction to reach very high temperatures, which may result
in the failure of the power device [6], [7], [8]. Ensuring
the reliability of both the device and system necessitates
accurate prediction of the junction temperature, which is
crucial for enhancing the overall power electronic system.
However, direct measurement using traditional methods is
often impractical due to the encapsulated nature of power
device chips. Consequently, devising a simple and effective
method to extract junction temperature information from
semiconductor devices presents a significant challenge for
power electronics research.

Currently, several challenges arise when usingGaNHEMT
instead of traditional Si devices in power electronics. First,
owing to the sealed packaging, the junction temperature of
the device cannot be directly measured from the outside [9].
For Si devices, a common method to measure the junction
temperature involves measuring temperature-sensitive elec-
trical parameters (TSEP). However, measuring the TSEP
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requires additional equipment, high-precision instruments,
and circuits [10]. Additionally, the traditional TSEP methods
used for Si devices exhibit different linearity and sensitivity
characteristics in GaN devices [11], posing significant chal-
lenges for junction temperature estimation [12]. Furthermore,
several experimental techniques such as infrared thermal
imaging and Raman spectroscopy, can be used to measure
the junction temperature, but they also have limitations [13].
First, they typically have specific requirements for device
geometry, such as large grid-drain gaps, restricted field plates,
and air bridges directly entering the device from the top,
making it difficult tomeasure fully encapsulated devices [14].
Moreover, optical techniques can be used to measure the
vertical average temperature of GaN layers [15]. In recent
years, Raman spectroscopy has been successfully used to
measure the temperatures of AlGaN/GaN HEMT, allowing
for accurate measurement of GaN device channel tempera-
tures with a high spatial resolution [16], [17], [18]. However,
Raman spectroscopy is slow and requires long integration
times to achieve an optimal resolution. Estimating the thermal
network parameters is one of the most effective methods for
solving these problems.

There are two common thermal network models: Foster
and Cauer. The Foster model can be directly obtained through
numerical calculations, whereas the Cauer model has specific
physical significance [19], [20]. Therefore, for the applica-
tion of thermal network models in reliability analysis, the
Cauer model is typically selected as the target thermal net-
work model [21]. The Cauer thermal network model for
junction temperature estimation is mostly focused on the
silicon devices. Rencz propose a nonlinear compact thermal
model with thermal parameters that vary with internal tem-
perature [23]. Hua et al. derived a semi-empirical thermal
resistance model with fitting parameters, which can accu-
rately address the issues of thermal spreading and the ballistic
effect [24]. Górecki and Zarebski proposes a nonlinear com-
pact thermal model for power semiconductor devices based
on the Cauer network [25]. Górecki and Zarȩbski presents a
thermal model for power semiconductor devices considering
multipath heat transfer phenomena and nonlinearity [26].
Hua et al. proposed a GP-resistor–capacitor compact ther-
mal model to handle the nonlinear problems attributed to
the temperature-dependent properties of GaN HEMTs under
large-signal working conditions [27]. Yang introduces a
temperature-dependent Cauer model with an analytical ther-
mal impedance characterization [28]. The entire device is
typically treated as a single entity for calculation in the Cauer
thermal network model, and the heat dissipated path from
the top case of is often ignored. To improve the accuracy
of junction temperature predictions and better reflect actual
conditions, it is necessary to study the devices in layers
when using the Cauer thermal network model for junction
temperature estimation.

This paper proposes an improved Cauer thermal network
model considering bidirectional heat transfer paths and estab-
lishes the device’s Cauer thermal network parameters based

on the time constant of the top case temperature. First, this
method considers two different heat transfer paths from the
junction to the ambient, thus more accurately reflecting the
actual heat transfer situation of the device. Second, aging
of the cooling system is considered to ensure that it does
not affect the measurement of the GaN HEMT thermal
parameters. Moreover, this method can be performed without
requiring power loss parameters, making it applicable to a
wider range of applications. Additionally, the results of this
method can be used to address reliability issues such as
condition monitoring and junction temperature estimation.

The remainder of this paper is organized as follows.
In Section II, the proposed calculation method is introduced.
The specific experiments and validations are discussed in
Sections III and IV, respectively. Finally, conclusions are
presented in Section V.

II. THE PROPOSED METHOD
Fig.1 shows the cross-section of a GaN device with a cooling
system. The GaN devices with cooling systems typically
consist of a top case, junction, bottom case, PCB, thermal
interface material (TIM), and heatsink. There are multiple
thermal pathways within the device when heat flows from the
junction to the ambient during chip operation, which can be
represented by multiple thermal networks.

FIGURE 1. Cross section view of GaN device containing cooling system.

For GaN devices, the heat primarily dissipates vertically
through the junction, bottom case, PCB, TIM, and heatsink
into the ambient. A portion of the heat generated in the device
also directly dissipates through the top case into the ambient.
Fig.2 illustrates the proposed Cauer thermal network model
considering bidirectional heat transfer. The improved Cauer
thermal network model considers an additional heat transfer
path compared to the traditional Cauer model, reflecting the
actual heat dissipation of the device more comprehensively.

The proposed method is used in the heating stage of the
GaN device, where the variation in the top case temperature is
Tcta = Tct −Ta. During device operation, the heating process
can be compared to the zero-state response of the circuit
using electrothermal analogy theory. The thermal parameters
of each layer of the device are calculated, and the junction
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FIGURE 2. RC Cauer thermal network model considering bidirectional
heat transfer.

TABLE 1. Partial electric-thermal equivalent parameters.

temperature is predicted. Table 1 lists the partial electric-
thermal equivalent parameters.

To simplify the analysis process, the relevant derivation
steps are transformed into the Laplace domain. The Laplace
transformation of the equivalent thermal network model is
illustrated in Fig.3.

FIGURE 3. Cauer model of the thermal equivalent circuit in the heating
phase of GaN device with cooling system.

According to Kirchhoff’s law and the nodal voltage
method, the following equations can be derived:

Tcta
R0

+

(
Tcta − Tja

)
R0

+ sC0Tcta = U0C0(
Tja − Tcta

)
R1

+

(
Tja − Tcba

)
R2

+ sC1Tja + sC2Tja

−
Is
s

= U1C1 + U2C2(
Tcba − Tja

)
R2

+
(Tcba − Tha)

R3
+ sC3Tcba = U3C3

(Tha − Tcba)
R3

+
Tha
R4

+ sC4Tja = U4C4

(1)

By solving equation (1), the time-domain expression of the
difference Tcta = Tct − Ta between the top case temperature
and ambient temperature can be obtained:

Tcta = α1e
−

t
τ1 + α2e

−
t
τ2 + α3e

−
t
τ3 + α4e

−
t
τ4 + α (2)

where τ is the time constant of the temperature change. From
the correlation between the roots and the coefficients of the
characteristic equation, the equation (3), as shown at the
bottom of the next page, is obtained.

By fitting the measured temperature, the time constants
τ1 ∼ τ4 is obtained, and the left side of equation (3) is
regarded as known quantities. R0 and R4 on the right side of
the system are calculated and regarded as known quantities,
in addition to eight unknowns. The four constraint equations
that can be obtained from the temperature change are not suf-
ficient to calculate all thermal parameters. In Equation (3),R4

and C4 are closely related to the convection characteristics
of the radiator. If the heatsink dissipation wind speed of the
radiator changes, the corresponding thermal parameters R4

and C4 also change, whereas the other thermal parameters
R0∼R3 and C0∼C3 do not change. Therefore, according
to the relationship between the amount of the unknowns
and the equations, a total of 12 equations and 10 unknowns
can be obtained under the three types of thermal dissipation
conditions, and all the thermal parameters in the thermal
network model in Fig. 2 can be calculated. When the thermal
dissipation conditions change, two new sets of constraint
equations between the time constants and thermal parameters
are obtained as shown in appendix (A-1) and (A-2). Thermal
conditions can be adjusted by changing the voltage applied
to the cooling fan, where thermal condition 1 corresponds
to an applied voltage of 12V, at which the heatsink operates
at maximum wind speed for cooling. Thermal condition 2
corresponds to an applied voltage of 7V. Thermal condition 3
corresponds to an applied voltage of 1V, where the heatsink
operates at the lowest wind speed among the three conditions.
The input voltages of the cooling fan under the three thermal
conditions are shown in TABLE 2.

TABLE 2. The input voltages of the cooling fan under three thermal
conditions.

The implementation flowchart of the method for identi-
fying thermal parameters is shown in Fig.4. First, the fiber
optic temperature sensors are connected to the top case, and
the device is operated under thermal dissipation condition 1.
Tct and Ta are measured during the heating period of the
device and then the temperature Tcta = Tct − Ta to obtain
time constants τ1 ∼ τ4. After turning off the device and
waiting until the temperature of all its nodes has returned
to ambient, the thermal dissipation condition of the heatsink
is adjusted to operate the device under thermal dissipation
condition 2. The above steps are repeated to obtain the second
top case temperature and the second set of time constants.
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FIGURE 4. Flowchart of the thermal parameter identifying method.

Once again, the device is turned off and allowed to cool to
ambient temperature. Then, the heatsink is operated under
thermal dissipation condition 3. Similar to the previous steps,
the third top case temperature and the third set of time con-
stants are obtained. By substituting these time constants into
Equations (3), (A-1), (A-2), the thermal parameters can be
identified, and the junction temperature can be predicted.

III. CASE STUDY
To validate the proposed model and method, a test circuit
is constructed as shown in Fig.5; at T = T0 the switch S is

turned off, the device under test (DUT) is turned on, resulting
in a temperature increase. A schematic diagram of the tem-
perature measurement point and the depackaging diagram of
the device under test are shown in Fig.6. Based on Fig.5 and
Fig.6, an experimental platform is built as shown in Fig.7. The
platform includes signal conditioner, fiber optic temperature
sensors, handheld thermograph, and heating current source.
The data acquisition frequency was 1kHz, the GaN chip used
in the test is obtained from Infineon’s GaN Systems company,
model GS66508B. The DUT is mounted on an air-cooled
heatsink coated with a layer of thermal grease to reduce the



1
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=
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+
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τ1τ2τ3τ4
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R0R1C0 + R0R2C0 + R0R2C1 + R0R2C2 + R1R2C1 + R1R2C2

R0R1R2C0C1 + R0R1R2C0C2
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R3C1 + R3C2 + R4C1 + R4C2

R3R4C1C4 + R3R4C2C4
+
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(3)
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FIGURE 5. Device test circuit diagram.

FIGURE 6. Schematic diagram of the temperature measurement point.

FIGURE 7. Experimental setup.

FIGURE 8. Tct and Ta under different operating conditions.

contact thermal resistance between the PCB board and the
heat sink surface in the GaN device.

During the device’s heating process, the top case and
ambient temperatures are measured using the fiber-optic tem-
perature sensors. Fig.8 shows the temperature waveforms of

FIGURE 9. Tcta curve of GaN device in heating stage.

TABLE 3. Time constant at different thermal dissipation conditions.

TABLE 4. Thermal parameters under different thermal dissipation
conditions.

the top case under three thermal dissipation conditions. It can
be observed that the ambient temperature fluctuates slightly
during the test process, and thus can be approximated as a
constant. Based on the test results, the heating of the top case
temperature Tcta = Tct − Ta is obtained, as shown in Fig.9.
By fitting the Tcta obtained in Fig.9, the corresponding time

constants under the three thermal dissipation conditions are
obtained. Table 3 lists the time constants obtained through the
fitting. By introducing these time constants into equations (3),
(A-1) and (A-2), all thermal parameters can be calculated.
The thermal parameters determined from the calculations are
listed in Table 4.
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FIGURE 10. Simulation circuit diagram.

FIGURE 11. Comparison of actual test and simulation results of top case
temperature under three thermal dissipation conditions (a) condition 1
(b) condition 2 (c) condition 3.

IV. METHOD VERIFICATION
The dynamic characteristics of the node temperature are
closely related to the thermal resistance and thermal capac-
itance. To verify the accuracy of the identified thermal
parameters, the circuit simulation software and a handheld
thermograph are used for the experiments, the thermal param-
eters calculated in Table 4 are established based on the Pspice,

FIGURE 12. The comparative validation results of junction temperature.

FIGURE 13. Devices with thermal grease of different sizes.

and the circuit is shown in Fig.10. The temperature of the top
case is measured, and the measured temperature is compared
with the temperature of the corresponding node obtained
from actual tests and circuit simulations, and the results are
shown in Fig.11. The simulation results are consistent with
the measured results, indicating that the proposed method has
high accuracy.

The temperature is directly measured using fiber optic tem-
perature sensors. The measured results are compared with the
predictions from the proposed model, conventional models,
and the model in reference [29], as shown in Figure 12.
The comparison results indicate that the proposed thermal
network model closely aligns with the actual measurements,
with an error of about 0.13◦C, while the error of the conven-
tional model is about 2.21◦C, and the error in reference [29]
is about 1.1◦C. The experimental results demonstrate the high
accuracy of the thermal network model proposed.

In practical device applications, the aging of thermal grease
cannot be ignored. Existing thermal parameter identification
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FIGURE 14. Comparison of actual test and simulation results of top case temperature under three thermal dissipation conditions with different aging
degrees.

TABLE 5. Identification results of thermal parameters under different aging conditions.

methods are easily influenced by the aging of the thermal
grease. The aging of thermal grease is simulated by reducing
the area of the applied thermal grease [30]. Fig.13 shows the
top view of the devices with different areas of applied thermal
grease.

The experimental procedures are similar to those described
in Section III. The change of the top case temperature of the
device at different degrees of aging under different thermal
dissipation conditions is shown in Fig.14. Table 5 lists the
identification results for the thermal parameters under the
corresponding conditions. As shown in Table 5, with aging of
the thermal grease, R3 increases and C3 decreases. The sim-
ulation results of the model match well with the experiments,
demonstrating that the proposed method can accurately iden-
tify the thermal parameters of both healthy devices and aging
devices.

V. CONCLUSION
This paper proposes an improved Cauer thermal network
model considering bidirectional heat transfer and utilizes the
fitting of the time constant of the top case temperature to
calculate the thermal network parameters and predict the
junction temperature. The method involves obtaining the
top case temperature time constant under different thermal
dissipation conditions when the GaN chip begins operation
and deriving the time constant to establish a Cauer thermal
network model with bidirectional heat transfer. This method
is easy to implement, and does not require knowledge of
the power consumption. Moreover, the proposed improved
Cauer thermal network model that considers bidirectional
heat transfer can more accurately reflect the actual heat trans-
fer path of the device. By comparing the actual test results
of the top case temperature with the simulation results, it is

VOLUME 12, 2024 90531



Q. Li et al.: Study on Cauer Thermal Network Model Considering Bidirectional Heat Transfer

demonstrated that this method can obtain the corresponding
thermal parameters of each part of the device without the
need to damage the chip package, and can effectively estimate
the junction temperature and temperatures of various nodes.
The experimental results show that the predicted junction
temperature of the Cauer thermal network model considering

bidirectional heat transfer closely aligns with the measured
result, with an error of about 0.13◦C. In contrast, the tra-
ditional model and other improved thermal network models
show errors exceeding 1◦C. The high accuracy of the junction
temperature predictions obtained with the proposed thermal
network model is validated by the experiments.


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APPENDIX
In Section II, the relationship between two sets of thermal
network parameters and time constants obtained by chang-
ing different cooling conditions is shown in equations (A-1)
and (A-2), as shown at the bottom of the previous page. Here,
R

′
4, C

′
4, R

′′
4 and C

′′
4 are the thermal parameters of the con-

vection characteristics of the radiator after changing the two
thermal dissipation conditions, while τ

′
1∼τ

′
4 and τ

′′
1∼τ

′′
4

are the time constants after altering the thermal dissipation
conditions.
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