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ABSTRACT
This study attempts to characterize the heat dissipation capability of the board-level electronic packaging under natural
convection based on JEDEC specification. To attain the goal, theoretical analysis together with experimental validation is
applied. The board-level electronic packaging - a plastic ball grid array (PBGA) package attached to a printed circuit board
(PCB) is considered as the test vehicle. For the theoretical analysis, a direct finite element (FE) modeling technique is
applied, which employs an effective 3D heat conduction FE model and empirical heat transfer coefficient correlation models
for describing the package’s surface natural convection and radiation heat transfers. The validity of the numerical modelling
is confirmed by an infrared (IR) thermography-based technique that employs the black paint coating technique and a
thermal test die measurement approach. The emissivity and optimal thickness of the specific black paint applied in the
current study are explored through simple experiments. Besides, an uncertainty analysis is also performed to assess the
measured chip junction temperature from the thermal test die measurement. It turns out that the direct FE modelling can be
quite effective in characterizing the heat dissipation of the electronic packaging under natural convection.
Introduction
Typically, the board-level electronic packaging consists of two basic components: electronic packages and a PCB. Due to
the favor of electronic devices with diverse functions, portability and very high performance, the design of electronic
components has being pushed to a new domain that mainly considers higher I/O densities, smaller packaging size, and
faster operation frequency. This inevitably increases the consumption of power in electronic devices. Thus, the thermal
performance of these electronic applications is becoming more and more critical and challenging. In general, package’s
maximum device junction temperature and power dissipation limit are the most common design rules used in IC packages.
The military standardization handbook [1] indicated that the fatigue life of the electronic components can be reduced by
10% with a 2 oC increment at a threshold design temperature. The thermal issues can be basically relieved through robust
and rigorous thermal management, which certainly relies on dependable thermal characterization of the electronic
components.
Many experimental techniques, such as thermocouples, infrared (IR) thermometers and thermal test dies, are available for
examining the thermal performance of the board-level electronic packaging. In the area of electronic packaging, the
relevant references can be referred to such as Graebner and Azar [2], who set up a thermal measurement method to
investigate the thermal conductance of PCBs, Lohan et al. [3], conducted IR thermography measurement to characterize
the surface temperature of a small outline package attached to various PCB with a different structure, and Chen et al. [4],
characterized the chip junction temperature of various electronic packages through a proposed IR-thermography based
thermal characterization technique. Without a doubt, experimental techniques can be very robust, effective and
straightforward. Unfortunately, when a thermal design rule is of demand and when testing specimens are no longer
available, particularly during the initial design stage. Under the circumstances, theoretical approaches can be more efficient
and cost effective [5-6]. Theoretical approaches include numerical modeling or analytical derivation. For a complicated
problem as the current investigation, the derivation of the thermal performance through an analytical approach is not very
practical. This makes numerical modeling more attractive. Numerical estimations of the thermal performance of electronic
packages are often carried out through a CFD code (see, e.g., [3]). However, it requires an excessive computational effort
to deal with the conjugate problems. Alternatively, the problems can be solved in a more simple way by de-coupling the
system if either the surface temperature of packages or heat transfer coefficients for describing the surface thermal
boundary conditions are known apriori. It should be mentioned that effective numerical modeling would rely on the detailed
geometry parameters, materials properties and boundary conditions. However, they might not be readily available in hand
and with a great uncertainty and variation. In other words, the derived numerical results may not be convincing unless the
numerical modeling has been extensively validated in advance.
In this study, the thermal performance of the board-level electronic packaging under natural convection based on JEDEC
specification [7-10] is first investigated through the incorporation of one theoretical and two experimental thermal
characterization approaches. The PBGA package mounted on a piece of a PCB is considered as the test vehicle. In
addition, the thermal performance is namely defined in terms of the chip junction temperature as well as the
junction-to-ambient (J/A) thermal resistance. The 3-D thermal FE modeling technique is introduced for theoretical prediction.
The modeling employs a heat conduction FE model and existing empirical heat transfer coefficient correlation models
[11,12] for describing the assembly’s surface natural convection and radiation heat transfers. This approach is alternatively
termed as the direct FE modeling (DFEM) approach throughout the paper. Prior to undertaking thermal characterization of
the board-level electronic packaging, its validity must be confirmed. In this study, it is accomplished through two
experimental approaches. The first one is the IR thermography-based technique (IRT) [4] that makes use of a heat
conduction FE model together with IR-thermography measurement technique. To facilitate the IR thermography
measurement, the black paint coating technique is applied. The emissivity and optimal thickness of the specific black paint
are explored through simply experiments. The other is the so-called thermal test die measurement (TTDM) technique that
utilizes a specifically-designed thermal test die for the chip junction temperature assessment. In the thermal test die
measurement, their worse possible uncertainty of the measured chip junction temperature is also evaluated. These two
experimental approaches are, respectively, applied for the validation of the established heat conduction FE model and the
applied empirical heat transfer coefficient correlation models. The validated numerical modeling can be further used for
thermal parametric design to explore the essential factors affecting the thermal performance of the board-level packaging
Problem Descriptions
As mentioned earlier, the board-level electronic packaging consists of a typical PBGA package assembled to a four-layer
PCB, as shown in Figure 1(a), termed as the PBGA assembly throughout the paper. The PBGA assembly includes a chip,
molding compound (MC), gold wire, die attach, a bismaleimide triazine (BT) substrate, 256 solder joints (termed as
electrical balls) for signaling and electrical conducting and 16 thermal balls for thermal transfer and dissipation. The BT
substrate is made of a stacked composite material, including a top solder mask, a top and bottom copper trace planes for
signaling (Figure 1(b)), a BT core material, a low copper trace plane, a low solder mask, and13 thermal vias used for
electrical connection from the top signal layer to the bottom one. A four-layer PCB, i.e., a thermal test board, comprises two
copper runners used for signaling (termed “2s” hereinafter, shown in Figure 1(c) and (d)) and the other two power and
ground planes (termed “2p”). The thickness of the signal layers is 0.07 mm, and that of the ground and power planes 0.035
mm. The fraction of the copper traces in the top signal layer is 26.5 % and 1.6% in the bottom. On the other hand, the
copper content in the power and ground planes is more considerable, where it is 91.4% and 91.7%, respectively. The PCB
is fabricated according to the EIA/JEDEC standard [51-9] [10]. In the PCB, internal through hole vias, spread in the
periphery of the board, are utilized for electrical connection across these copper planes; on the other hand, 100 thermal
vias is dispersed at the central area of the PCB for heat conduction from the top side of the PCB to the bottom or to the
circumferential. They are round vias with a diameter of 0.2 mm. The inner wall of the vias is electroplated with a layer of
copper of 0.015 mm thick. The detailed geometry dimension and thermal conductivity of the major components in the PBGA
assembly are listed in Table 1.
It should be noted that a specifically-designed thermal test die rather a real function die is embedded in the PBGA assembly
for facilitating the chip junction temperature measurement using the thermal test die measurement technique and for
controlling the heating powers.
y
x
PBGA
PCB
(a)
(b)
(c)
(d)
Figure 1. (a) the PBGA assembly; (b) the copper runners in the substrate; and (c) and (d) the top/bottom copper runners in
PCB
Table 1: The geometry and thermal conductivity of the components
Dimension (mm)
Materials
Thermal Conductivity(W/m-K)
TTD
7.5×7.5×0.28
Silicon
148
Die attach
7.5×7.5×0.038
Epoxy
1.5
Components
Molding compound
24.0×24.0×1.17
Epoxy
0.7
Solder balls
Max. ∅:0.8/Hight:0.5/Pitch: 1.27
63 Sb/37 Pb
45
Air
0.03
Air layer
BT substrate
PCB
27.0×27.0×0.56
114.3×101.6×1.57
Copper
BT
380
0.34
Solder mask
0.2
Copper
380
FR4
0.2
Thermal Measurement
Two experimental approaches are performed to characterize the thermal performance of the board-level packaging, the IR
thermography-based technique and the thermal test die measurement. Both these two experiments apply the same
measurement environment set up and the test specimen. According to EIA/JEDEC standard [51-2] [9], a cubic box with an
edge length of 304.8 mm, made of black acrylic, is used for natural convection testing. The test specimen-the PBGA
assembly is placed in the cubic box so as to keep it from external thermal disturbances. To make easy IR thermography
measurement, the top surface of the box is opened with a hole of a diameter of 85.3 mm. Moreover, a thermocouple is
attached at one inch below the bottom of the test specimen to assess the ambient temperature. Both the chip junction
temperature and the J/A thermal resistance parameter are used to quantitatively define the thermal performance of the
board-level electronic packaging. The J/A parameter defines the resistance of heat dissipation from the chip to the ambient
in a natural convection environment, which is obtained from dividing the temperature difference between the chip junction
temperature and the ambient by the power dissipation of the chip.
The first experimental approach is the IR thermography-based technique that integrates both IR thermography
measurement and FE modeling. IR thermography measurement has been extensively applied in the literature for
characterizing the surface temperature of the objects measured. In this study, by incorporating with FE modeling, it is
further transformed into the exploration of the thermal performance of electronic assemblies. The basic idea behind the
thermal characterization technique attempts to transform the captured surface temperature into an essential thermal
boundary condition for the heat conduction FE modeling, which can be then applied for calculating the junction temperature
of the chip. Since the heat conduction FE model applied in the present technique is also utilized in the direct FE modeling
approach, it can be then used to examine the validity of these empirical heat transfer correlation models. The process flow
of the thermal characterization technique can be mainly categorized into three steps. First, an IR thermometer is applied to
take the thermal images of both the top and bottom surfaces of the specimen under a given chip power dissipation rate. The
captured thermal images represent the actual surface temperature under both radiation and natural convection heat
transfer. Next, these thermal images are further translated into surface nodal temperatures of the associated heat
conduction FE model by way of numerical interpolation and/or extrapolation schemes. Lastly, thermal FE analysis can be
then conducted to calculate the temperature distribution of the assembly under the enforced surface nodal temperatures
and a given chip power dissipation rate. Evidently, this thermal characterization technique comprises several valuable
features over the direct FE modeling approach. For example, it is neither necessary for the technique to perform the
cost-ineffective FE modeling of the nonlinear, surface natural convection and radiation heat transfers, nor to model the top
and bottom metallization planes of the PCB in details since their effect has been taken into consideration in the captured
thermal images.
The success of the IR thermography measurement relies on an accurate calibration of the surface emissivity of the
materials in the assembly. Noticeably, the assembly is basically constructed by a variety of components with a different
material; as a result, their surface emissivity would not be unique. To solve the problem, the study employs the so-called
black paint coating method. This technique manages the surface radiation of heat by uniformly coating a thin layer of black
paint all over the entire surface of the test specimen. In this investigation, a flat and quick-dry type of black paint is used.
However, the emissivity of the specific black paint is still unknown. It is characterized through a simple characterization
experiment. The experiment is applied to determine an appropriate thickness for the black paint coating.
The second experimental approach is the thermal test tie measurement. Since the measurement applies the same test
vehicle, chip power and measurement environment set up as the IR thermography-based technique, it can be used to verify
the validity of the heat conduction FE model applied in the IR thermography-based technique and the direct FE modeling
approach. To facilitate the thermal characterization, the measurement requires a specifically-designed thermal test die for
characterizing the associated chip junction temperature. The principle of the thermal test die measurement is by virtue of
the relationship between voltage and temperature, expressed as the temperature sensitive parameter (TSP) curve. The
formulation of the TSP cure can be denoted as,
T j = T0 + (V0 − V ) / C
(1)
where T j represents the temperature ( oC ) of diodes, V forward biased voltage (volt), C the slope of the TSP curve and
T0 the initial temperature associated with the initial forward biased voltage V0 in the TSP curve. Thus, to facilitate the
thermal characterization using the applied thermal test die, its TSP curve must be calibrated. The TSP curve can be
basically derived through a controlled-temperature oil bath, a power supply that can precisely provide a 1mA current as well
as a thermocouple attached to the specimen. Based on the EIA/JEDEC standard, the temperature of the thermocouple
during calibration must not alter more than 0.5 oC per 5 minutes. Furthermore, at each setting, the oven is enforced to
keep steady for about 20 minutes to ensure that the exterior case temperature is identical to the diode junction temperature.
Once the TSP curve is obtained, the junction temperature of the chip in the specimen can be estimated based on the
forward biased voltage, measured from supplying a specific power to the thermal test die and a current of 1mA to the
diodes by way of an accurate multi-channel power supply.
IR Camera
Natural
Convection
Environment
Figure 2. IR thermography measurement set up
Finite Element Modeling
Numerical modeling employs two types of FE modeling, each of which is composed of the same heat conduction FE model
but a different definition of thermal boundary condition. The first one that employs the enforced surface nodal temperatures,
an essential type of thermal boundary condition, obtained from the IR thermography measurement is applied for the IR
thermography-based technique. The other is used for the direct FE modeling approach, which makes use of existing
empirical heat transfer coefficient correlation models, a natural type of thermal boundary condition, for describing heat
transfer from the surface to the ambient through natural convection and radiation. The thermal FE modeling assumes that
the assembly consists of one-eighth symmetry, with adiabatic boundary conditions defined on the symmetric planes. The
heat conduction FE model of the test vehicle is shown in Figure 2, which consists of all the major components, including die,
die attach, molding compound, BT substrate, electrical balls, solder mask, thermal vias, air gap, thermal balls and PCB with
four layers of copper traces. The air zone trapped among the BT substrate, the solder balls and the PCB is inconsiderably
about 0.5 mm thick. Heat loss due to natural convection and radiation through this region could be neglected. It is, instead,
modeled by way of conduction heat transfer, where typical air conductivity 0.03 (W/m-K) is applied. The amount of heat
dissipating from the region is also investigated in the study. The FE modeling of the PCB, BT substrate, thermal vias, and
the empirical heat transfer coefficient correlation models applied are introduced in the following.
Effective Thermal Conductance
The PCB and BT substrate mainly serve as a major thermal passage to transport heat generated from the chip to the
ambient by means of conduction, convection and radiation heat transfers. Thus, they are crucial to the thermal performance
of the board-level electronic packaging. Thorough understanding of the thermal performance the board-level PBGA
assembly relies on dependable numerical characterization of the BT substrate and the PCB, which in general require
detailed modeling. However, both PCB and BT contain a very intricate, internal structure, where the PCB consists of solder
mask and FR-4 for isolation and layers of complex copper traces for electrical conduction, and the BT substrate comprises
BT core, solder mask and layers of copper runners. Thoroughly carrying out a detailed modeling of these components in
geometry- or material-wise while still managing to maintain a considerable size of FE mesh may present great challenges.
For simplification of numerical modeling but meanwhile retaining solution accuracy, an effective modeling is performed only
at some local areas.
The effective modeling is simply carried out on the power and ground planes of the PCB and on the top and bottom signal
layers of the BT substrate. For the remaining copper signal layers in the PCB (Figure 1(c) and (d)), a detailed modeling is
performed based on the copper runner geometry. Furthermore, Figure 1(b) shows the top/bottom signal layer of the BT
substrate. Based on the distribution of the copper runners, roughly three zones can be distinguished, i.e., “A”, “B” and “C”
marked in the figure. Since zone “A” is nothing but a copper die pad and zone “B” is purely a solder mask, only zone “C” is
required to perform effective modeling. It can be further observed in Figure 1(b) that zone “C” consists of fan-out copper
runners and roughly exhibits transverse isotropy. Thus its effective thermal conductance can be approximately classified
into two parameters: the axial (kxx), along the x-dir, and the transverse (kyy), along the y-dir (see, Figure 1(b)). To
characterize the associated effective thermal conductance, the rule of mixture (ROM) technique based on mechanics of
materials is applied. The ROM technique represents a simple linear variation of seeming material properties from the
mixture of materials as the volume (or thickness, area) goes from 0.0 to 1.0. The effective thermal conductivity along the
x-direction k xx assumes that the total amount of heat flowing through the “x” cross section of the layer at one time is the
sum of the heat passing through each material in the same cross section at the same time. This implies that the copper
runners are aligned in parallel. On the other hand, the effective thermal conductivity along the y-direction k yy assumes
that these copper runners are oriented in series; as a result, the amount of heat flowing through the y cross section of the
layer at one time is equal to that passing through the other “y” cross sections of the layer. The copper content of the ground
and power planes exceeds 91% of the total volume of the layer, and more importantly, they are distributed uniformly across
the entire PCB, and thus do not possess a transversely isotropic thermal conductance. The average thermal conductivity of
these two planes can be also derived likewise based on the ROM technique.
The effective thermal conductivity of the round thermal vias is theoretically derived based on the Fourier’s law. When
calculating the axial effective thermal conductivity, the outer circumferential surface of the thermal vias is assumed
adiabatic. By enforcing a different constant temperature on the top ( T1 ) and bottom sides ( T2 ) of the thermal vias, the axial
effective thermal conductivity can be denoted as
k zvia =
LQz
πr02 (T1 − T2 )
,
(2)
where k zvia is the effective thermal conductivity of the thermal vias along the axial direction, r0 and L the length and
thickness of the thermal vias and Qz , equal to πr02qz , represents the total heat passing through the cross section of the
thermal vias. Likewise the effective radial thermal conductivity k rvia can be also derived as
k rvia =
Qr
,
2πL(T1 − T2 )
(3)
where k rvia is the effective thermal conductivity of the thermal vias along the radial direction, Qr the total heat flowing
along the radius direction. In the present study, the total heat Qz and Qr are simply estimated through FE modeling.
Based on either an isothermal or an isoflux assumption, several heat transfer coefficient correlation models have been
introduced. The effectiveness of some of these correlation models have been also substantially examined [4]. For a small
package, the convective heat transfer coefficient correlation model hc suggested by Ellison [11] can be very effective in
predicting the surface heat transfer activity [5]. Thus, the Ellison’s empirical model is applied herein to describe the
package’s surface natural convection while the radiative heat transfer coefficient correlation model hr [12] is adopted for
describing surface radiation.
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Figure 3. The voltage-temperature relationship of the thermal test die
Results and Discussions
In both the IR thermography and thermal test die measurements, the ambient temperature in the cubic box is controlled at
o
25 C. Upon the thermal test die measurement, a thermal test die is embedded in the test vehicle, with a forward bipolar
diode serving as a temperature sensor and diffused resistors of resistance of 23.2 Ohm ( Ω ) serving as a heat generator
such that uniform heating can be provided across the entire die. The calibrated TSP curve for the specific thermal test die is
derived and presented in Figure 3. Based on the curve, T0 in Eq. (1) is 30.0 oC and V0 0.83 volt. Moreover, the
temperature is linearly and inversely proportional to the forward voltage, and the higher the temperature of the diode, the
lower the forward voltage. The slope of the curve is 1.3157E-03. With a measured forward voltage, the corresponding chip
junction temperature is derived through the TSP curve. The measured chip junction temperature ( T j ) and J/A thermal
resistance ( R ja ) at a different chip power dissipation rate (0.7 watt ~2.3 watt (W)) are shown in Table 3. The chip junction
temperature changes from 44.6 to 85.5 ( oC ) and the J/A thermal resistance from 28.0 to 26.3( oC /W). It turns out that
larger power supplied would result in higher chip junction temperature but less J/A thermal resistance. This is probably due
to that the increase of the chip power would induce more significant surface temperature, leading to better surface
convection and radiation heat transfers owing to that they are function of surface temperature.
The uncertainty of the measured chip junction temperature from the thermal test die measurement technique can be
assessed based on Holman [13]. Assume that if the same chance is assumed for the variation of each conducted
measurement, the uncertainty of a specific result could be examined based on the uncertainty in the preliminary
measurement. If the desired result Ψ is function of the independent variables ( a1, a2,......, an ), the associated
uncertainties are εa1 , εa2 ,...., εan and all present the same odds, then the uncertainty ε F for the particular result having
these odds can be expressed as
2
2
⎛ ∂Ψ
⎞ ⎛ ∂Ψ
⎞
⎛ ∂Ψ
⎞
εΨ = ⎜⎜
εa1 ⎟⎟ + ⎜⎜
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∂
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(6)
Based on the electric-power relation ( Q = I × V ), the uncertainty of the calculated power dissipation of the thermal test die
can be obtained by virtue of Eq. (6). It should be noted that the worst uncertainty would occur with the maximum chip power
dissipation rate in the present investigation. Furthermore, based on Eq. (1), the variation in the thermal test die
measurement originates from two main sources. The first is the possible variation in the measured forward voltage and the
other is the uncertainty in the calibrated TSP curve. The uncertainty in the calibrated TSP curve is resulted from the gauging
error in the controlled-temperature oil bath testing for determining the experimental data shown in Figure 3, including the
thermocouple measurement for determining the temperature of the oil bath oven and the power supply for assessing the
voltage, and the regression error in the regression analysis for deriving the slope of the TSP curve shown in Figure 3.
Noticeably the worst possible variation in the thermal test die measurement would take place with the maximum testing
range in the forward biased voltage during the TSP calibration.
To calibrate the temperature in the controlled-temperature oil bath testing, a T-type thermocouple with a possible variation
± 0.1 oC is employed. In addition, the maximum chip power dissipation rate applied in the present study is 2.3 W. By the
dissipating power, the measured voltage V and current I together with the associated possible variation are
9.7870 ± 0.0005 (volt) and 0.2350 ± 0.0005 (Amp) correspondingly. The uncertainty analysis shows that the calculated
power uncertainty is about 0.005W, and the worst possible variation in the thermal test die measurement is 0.57 oC .
Source side (1.1W)
Non-source side (1.1W)
Source side (1.9W)
Non-source side (1.9W)
Figure 4. Thermal images captured from IR thermography measurement
For the IR-thermography measurement, the emissivity and the optimal thickness of the specific black paint are found to be
0.95 and 33.91 μg/mm2, respectively. The emissivity data is exactly consistent with that presented in Ellison [11] for a flat
and quick-dry type of black paint. The thermal images at both source (denoting the top surface of the assembly) and
non-source (representing the bottom surface) sides of the electronic assembly are taken in the measurement. The thermal
images of the test vehicle associated with the chip power dissipation rates 1.1 and 1.9 (W) are shown in Figure 4. It shows
that the hot spot zone is located at the central region of the assembly and composed of significant temperature gradient. In
addition, the temperature on the source side is much higher than that of the non-source side. This is due to that the central
region of the source side is where the PBGA package is attached. Besides, an isotropic temperature distribution in the
in-plane direction can be observed. This indicates that the top signal plane of the PCB consists of a very uniform copper
trace distribution, and also confirms the validity of the assumption of a uniform volumetric power dissipation rate across the
die. With the essential boundary conditions and the corresponding chip power supplies, the associated chip junction
temperatures and J/A thermal resistances are then computed using thermal FE analysis. They are also listed in Table 3 and
4, where the chip junction temperature varies from 43.7 to 84.4 ( oC ) and the J/A thermal resistance from 26.7 to
25.8( oC /W).
The surface-to-the-ambient heat flux of those components directly exposed to the air is calculated in order to get a close
picture of the main thermal passages of the PBGA assembly under natural convection, and the results are shown in Figure
5(a). Take the 1.5 W design case for example. It is found that 13.3% of the total heat is taken away by convection and
radiation heat transfers while the remaining 86.7% by the PCB. This demonstrates that the PCB basically functions as an
essential heat sink to the attached package. Thus, its thermal conductance would have a great impact on the thermal
performance of the entire assembly. Besides, as a result of natural convection testing, relatively small amount of heat is
dissipated to the ambient through convection and radiation heat transfers. The story would be totally different if it is forced
convection. By further analyzing the 86.7% heat conducted to the PCB, Figure 5(b) shows that 52.4% of them conveys
through the 256 electrical balls, 40.1% through those 16 thermal balls, and 7.5% through the air layer. This reveals that the
air layer exhibits a nontrivial impact on the heat dissipation of the assembly, and thus should not be neglected in the
modeling if a more precise modeled result is of preference. In the investigation, it is surprising to find that the effect of the
thermal balls on the thermal performance of the PBGA package. In spit of barely 16 thermal balls, they can take away as
much as 34.8% of the total heat generated from the chip. Their effect is almost equivalent to that of those 256 electrical
balls. Furthermore, it is also interesting to detect that the larger the chip power dissipation rate, the more the heat
dissipation through the convection and radiation heat transfers. In other words, less heat is conducted to the PCB. This is
probably due to that when the chip power dissipation rate is increased, the surface temperature of the package, e.g., the
hot-spot zone, would correspondingly be raised, resulting in better surface convection and radiation heat transfers.
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Figure 5. Heat dissipation ratio for the 272 PBGA attached to a 2s2p PCB (a) ratio between the convection/radiation and
the PCB; (b) ratio among electrical balls, thermal balls and air layer
There is an excellent agreement in the results between the IR thermography-based technique and thermal test die
measurement. Evidently, only 2% difference in the chip junction temperature and 4.6% in the J/A thermal resistance can be
detected. It should be noted that these two approaches employ the same measurement environment set up, indicating that
they would hold an identical thermal boundary condition. As a result, the effective comparison results prove the
effectiveness of the established heat conduction FE model.
Table 3: The results obtained from the TTDM and IRT
Chip Junction Temperature
J/A thermal resistance
Power (W) TTDM(oC) IRT(oC) Difference(%) TTDM (oC /W) IRT(oC /W) Difference(%)
0.7
44.6
43.7
-2.0
28.0
26.7
-4.6
1.1
55.1
54.1
-1.8
27.4
26.5
-3.3
1.5
65.3
64.3
-1.5
26.9
26.2
-2.5
1.9
75.3
74.3
-1.3
26.5
25.9
-2.0
2.3
85.5
84.4
-1.3
26.3
25.8
-1.8
Based on the validated heat conduction FE model and empirical heat transfer coefficients, the direct FE modeling is also
performed under the chip power dissipation rates. Their results in terms of the modeled chip junction temperatures and J/A
thermal resistances are also listed in Table 4. The results obtained from the direct FE modeling are then extensively
compared against those of the IR thermography-based technique. It is evident that these two results match extensively well
with each other. As much as only about 0.8% difference in the chip junction temperature and 1.1% in the J/A thermal
resistance can be observed. Since these two approaches employ the same heat conduction FE model, the effective
comparison can demonstrate the validity of the empirical heat transfer coefficient correlation models applied.
So far, since both the validity of the heat conduction FE model and the existing heat transfer coefficient correlation models
are confirmed, the effectiveness of the direct FE modeling is eventually verified. Even though these two experimental
thermal characterization approaches could be effective means for assessing the thermal performance of the board-level
electronic packaging, the efficient and cost-effective direct FE modeling would be still more preferred when dealing with
parametric thermal design.
Table 4: The results obtained from the IRT and DFEM
Chip Junction Temperature
J/A thermal resistance
Power (W) IRT(oC) DFEM(oC) Difference(%) IRT(oC /W) DFEM(oC /W) Difference(%)
0.7
43.7
43.8
0.2
26.7
26.9
0.7
1.1
54.1
54.0
-0.2
26.5
26.4
-0.3
1.5
64.3
64.0
-0.5
26.2
26.0
-0.7
1.9
74.3
73.9
-0.5
25.9
25.7
-0.7
2.3
84.4
83.7
-0.8
25.8
25.5
-1.1
Conclusions
In the study, the thermal performance of the board-level PBGA assembly under natural convection is extensively
characterized through FE modeling and experimental validation. The results show that these two experimental techniques,
the IR thermography-based technique and the thermal test die measurement are quite effective in thermal characterization
of the board-level electronic packaging. More importantly, through the validation of these two approaches, the direct FE
modeling approach that employs an effective heat conduction FE model and empirical heat transfer coefficient correlation
models turns out to be quite robust and efficient in characterizing the thermal performance of the PBGA assembly. Besides,
the results show that under natural convection testing, the PCB mainly serves as an essential, external heat sink to the
attached electronic packages since the majority of heat (more than 86%) is conducted to the PCB but only less than 14% is
taken away to the ambient through convection and radiation heat transfers.
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