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Abstract—This paper presents a compact thermal modeling
approach, which is fully parameterized according to design
geometries and material physical properties. While most com-
pact modeling approaches facilitate thermal characterization
of existing package designs, our method is better suited for
preliminary exploration of the design space at both the silicon
level and the package level. We show that our modeling method
achieves reasonable boundary condition independence (BCI) by
comparing an example compact thermal model with a BCI
model for a benchmark BGA single-chip package under the same
standard set of boundary conditions. In essence, the presented
compact thermal modeling method can act as a convenient
medium for enhanced interactions and collaborations among

designers at the package, circuit and computer architecture levels, 2)

leading to efficient early evaluations of different thermally-related
design trade-offs at all the above levels of abstraction before
the actual detailed design is available. The presented modeling
method can be easily extended to model emerging packaging
schemes such as stacked chip-scale packaging (SCP) and 3-D
integration.

Index Terms—compact thermal model, boundary condition
independence (BCI), package design, parametrization, temper-
ature.

I. INTRODUCTION

LONG WITH the continued scaling of CMOS VLSI

technologies, the ever-increasing power density and the
resultant difficulties in managing temperatures have become
one of the major challenges for system designers at all
design levels. It is well known that the operating temperature

affects the performance, power consumption and reliability 3)

of a microelectronic system. Due to the huge computational
requirements, it is almost impossible to model temperature
and analyze the thermal effects of a system together with
the environment in their full details. Using detailed numerical

analysis methods, such as FEM, is time-consuming and cost-

inefficient, hence is not a proper way to model temperature
except for special cases. The best trade-off is offered by
compact thermal models (CTMs) with reasonably accurate
temperature predictions at different levels, e.g. circuit level,
die level, package level, etc [1].

A top-down hierarchy of compact thermal models would be
helpful for designers at different design levels [1]. There are

several desired features that increase the usefulness of such
compact thermal models at a particular design level. 4)

1) Detailed temperature distributionA compact thermal
model should provide enough thermal information at
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the desired design level. For example, for package-
level compact thermal models, previous studies [2] [3]
have shown that the information of temperature dis-
tribution across the package is required. Using only a
single junction-to-case thermal resistance will lead to
an inferior package design; instead, multiple nodes are
needed on the package surfaces. Similarly, a compact
thermal model at the silicon die level should consist of
enough nodes that give detailed temperature distribution
information across the die. In addition, both static and
transient temperatures should be modeled.

Granularity. A compact thermal model should model
just at the granularity that is needed and hide the details
of the lower levels, so that the compact thermal model
itself is no more complex than necessary. Modeling
at finer granularity introduces unnecessary details and
makes the computation slower. For example, package-
level compact thermal models, such as the DELPHI
models [4] [5] [6], hide the lower level details of
the package structures, including the die, the thermal
attach, the solder balls and so on, mainly because these
details are intellectual properties of the vendors, but also
because they would just increase the complexity of the
model without significantly improving the simulation
accuracy. Similarly, a compact thermal model at the die
level should also hide the lower level details of the die,
such as the actual circuit structures and physical layout.
Parametrization A fully parameterized compact thermal
model allows package designers, circuit designers and
computer architects to explore new design alternatives
and evaluate different thermally-related design trade-
offs at their corresponding design levels before the
actual physical designs are available. More importantly,
with the aid of the parameterized compact thermal
models, designers at different design levels can have
more productive interactions and collaborations at early
design stages of a microelectronic system. This leads to
early discovery and considerations of potential thermal
hazards of the system. True parametrization requires
that the models be constructed based solely on design
geometries and material properties.

Boundary condition independence (BCA) crucial fea-
ture of compact thermal models is boundary condition
independence (BCI). By achieving BCI, the variation
of the environment does not affect the actual model.
The package-level compact thermal models in [4] [5]
achieve BCI by finding a thermal resistance network
with minimum overall error when applied to different
boundary conditions [5] [7] [8]. In Section IV we show
that our physical compact thermal model is BCI with
reasonable accuracy.



5) Computational speedrhe structure of a compact ther-

mal model needs to be relatively simple. Additionally, Heats— 1 ) 0 T T z ,

efficient algorithms should be developed to simulate weatsorester )
the compact thermal model with little computational
\

overhead, so that thermal analyses at all design levels

. .. Silicon Bulk
can be carried out efficiently. Interconnect Laye&t ,,,,,,,,,,,

There have been abundant existing compact thermal mod-¢4Pads and Underfil -
eling methods in the literature. For example, the authors ~ CeramicSubstrate
of [4] [5] [9] propose the DELPHI approach and introduce CBGA Joint
the important concept of boundary condition independence
(BCI). The DELPHI approach extracts and optimizes a thermal
resistance network from detailed model simulations under a
set of standard boundary conditions. In [1] and [10], thgg- 1. Packaging components in a typical CBGA package (adapted
authors independently propose alternative compact therrﬁoarln [17)). Primary and secondary heat transfer paths are shown.
modeling methods considering non-uniform boundary condi-
tions and non-uniform boundary heat flux, resulting in much
less optimization efforts compared to the DELPHI approach.
There are also other modeling methods using model reduction
techniques [11] [12] [13] or extracting transient thermal R- Material i

C network from real package temperature measurements [14] Hadi S der/l#,

Thermal Interface Material

Printed-circuit Boart

and detailed model simulations [15]. All these models are
accurate to characterize existing designs, but not fully pa- -
rameterized to perform efficient explorations of new design  Heat Sink/h_ul
alternatives.

In this paper, we present our compact thermal modeli . 2. Example compact thermal model witk 3 grid cells for silicon die,

method, which takes a structured assembly approach of C@idrmal interface material and center part of the heat spreader. For clarity, the
structing a physical compact thermal model by first modelirgyucture is shown upside-down compared to the primary heat transfer path

the silicon die and other packaging components as a collect{Bfii9- 1. Heat sources are also omitted for clarity.

of simple 3-D shapes and then assembling them into more

complex compact thermal models according to the overall )

structure. This modeling approach improves our previougterco_nnect !aygr, I/O pads, ceramic substrate, leads/balls to

work [16] and makes it fully parameterized and satisfy modie printed-circuit board. Our method can mode! all these

of the above desirable features as shown later in the papefyers and both heat flow paths. We also consider lateral
The paper is organized as follows. Section Il describ&&at flow within each layer to achieve greater accuracy of

the general modeling method and discusses the differené@¥Perature estimation.

between our modeling approach and the existing ones. Secln our modeling method, each layer is first divided into

tion Il discusses the importance of compact thermal mod@| number of blocks. For example, the silicon bulk layer

parametrization in more detail and gives examples of usifgn be divided into an irregular set of blocks, according to

our models in this way. In Section IV, we validate thafirchitecture-level functional units, or into a regular set of grid

our modeling approach is reasonably BCI by comparing ti¢€lls at lower or finer granularity, depending on what the

structural differences and the results of our model with a BEesign requires. Fig. 2 shows an example regular grid primary

DELPHI model. Section V discusses some of the advantad@gt transfer path with >33 grid cells on the silicon layer.

and limitations of our modeling method. Finally, Section v|n order to improve accuracy, the thermal interface material

concludes the paper and points out possible future work. and the center part of the heat spreader that is right under
the interface material are also divided into the same number

Il. MODELING METHODOLOGY of grid cells as the.siligqn dig. The remaining.outside part of
the heat spreader is divided into four trapezoidal blocks. The

A. General Method heat sink is divided into five blocks: one corresponding to
Fig. 1 shows a typical modern single-chip package [17he area right under the heat spreader and four trapezoids for
Heat generated from the active silicon device layer is cothe periphery. Other package layers in Fig. 1 (e.g. C4 pads
ducted through the silicon bulk to the thermal interface mand ceramic substrate) are not shown but can be modeled

terial, heat spreader and heat sink, then convectively remowseahilarly. Each block or grid cell maps to a node in the

to the ambient. In addition to this primary heat transfe¢hermal circuit. In addition, each block or grid cell in each
path, a secondary heat flow path uses conduction through kager has one vertical thermal resistance and several lateral
resistances, which model vertical heat transfer to the layers

"Except that, in this paper, we only focus on static compact thermal modelsove and below, and lateral heat spreading/constriction within
Dynamic compact thermal modeling using this approach is still work i

progress, especially validation and comparison with other approaches [ﬂZlF _Iayer it_self to the neighboring bIOCkS'. respectively. The
[15]. vertical resistance values are calculated directly based on the




shape and material properties Bs..+icai = t/(k-A), wheret C. Model Validation
is the thickness of that layet, is the thermal conductivity of  \we have validated our models with 3-D FEM simula-
the material of that layer, and is the cross-sectional area ofijgng [19] and by comparing with measurements on a commer-
the block. Calculating the lateral thermal resistances is slightlyy| thermal test chip [22]. In validation with measurements,
more complicated because heat spreading and constrictigl neglected the secondary heat flow path from the die to
must be accounted for. Basically, the lateral thermal resistang@ pcB, because the test chip is wire bonded and plugged in
on one side of a block or a grid cell can be considered as th&jastic socket that has very low thermal conductivity. The
spreading/constriction thermal resistance of the neighboriggmpact thermal model is built according the geometries and
part within a layer to that specific block. Details of lateralyaterial properties of the thermal test chip package whose
thermal resistance derivation and formulas can be found in [I@rlmary heat transfer path is similar to Fig. 1, except there is
and [19]. ) _ _ no heat sink for the thermal test chip. In the thermal test chip,
For layers that have surfaces interfacing with the ambjiere is a 9 array of heaters that can be turned on and off
ent, i.e. the boundaries, we assume that each surface jf@fiigually. By changing the supply voltage to the test chip,
part of a surface) has a constant heat transfer coeffidientye gissipated heat to the heaters can be tuned to different

The corresponding thermal resistance is then calculated\af,es. Each heater also has an associated thermal sensor

Reonvection = 1/(h-A), where A is the surface area. Strictly measuring its temperature. In our validation experiments using
speaking, these convection thermal resistances are not parf@f thermal test chip, we turned on sets of heaters in the test

the compact thermal model, because they include informatigpiy and assigned the same power values at the same locations
about the environment. If the environment changes, i.e. theour thermal model. Steady-state temperature can be reached
boundary conditions change, these co'nvectlon r§5|stances al88r ten or more minutes when no further changes in temper-
change. On the other hand, for a particular design, the valuggre sensor measurements could be observed. Among all the
of all the other internal thermal resistances shown in Fig. fferent validation experiments, we found the ones with the
will not change if the compact thermal model is BCI. Latefeat sources at one of the die corners have the largest errors.
we show that this is indeed the case for our models. This is due to the larger across-die temperature difference since
From the above description, it is worth noting that morGeqt source is at the corer and the complicated heat transfer
package layers can be easily included in the models, duegigns near the die edge that are not perfectly accounted for in
the structured assembly nature of our method. Therefore, Qjjj; compact thermal model. Fig. 3 shows one example of the
approach can also accommodate emerging packaging scheg§ation experiments we have performed with Bheaters

such as stacked chip-scale packaging (SCP) [20] and 3idned on with power density of 50y¢m? at the lower-

integration [21]. right corner. Other experiments such as the ones with heat
sources near the die center have less errors and are not shown
here. This figure compares the steady-state thermal plots from

material and the center part of the heat spreader can eitheje simulation results of our thermal model. The percentage

divided naturally according to functional units or be dividegrors are calculated b§T},oqe — Tenip)) (Tenip — Tambient)

into regular grid cells, depending on the needs of the design@j each of the 99 cells. As can be seen, our thermal model
For example, a computer architect may only need to estim@ereasonably accurate, with the worst-case error values for
average temperatures for each functional unit, a thermal modglady-state temperatures less than 5% in this experiment. The

at the functional unit granularity being best in that case. Howmpijent temperature was 25 degrees Celcius.
ever, for a package designer, the temperature gradients across

silicon die and other package layers are important metrics LJ)o
evaluate the reliability of the package. In this case, a grid-liké’
thermal model is more suitable, since it provides more detailedFrom the above it can be seen that our modeling approach
estimations of maximum and minimum temperatures, wherdgsdifferent from other existing compact thermal modeling
the functional-unit-level model does not. Our method offers ethods:
choice between a possibly irregular functional-unit partitioning 1) Existing compact thermal models are mainly at the
and a regular grid of variable granularity. package or system level, hence with only a few nodes
When modeling the die with regular grid cells, our method for the silicon. This is adequate for the package vendors
is essentially a combination of simplified finite difference and system-level designers, but not for circuit designers
method (for the silicon die and the interface material) and  or architects. Our compact thermal models uses more
finite element method (for other package components). On the nodes for the die structures, which is convenient for the
other hand, if the die is modeled at the architectural functional  silicon-level designers.
unit level, our modeling method can be considered as a very2) Existing compact thermal models hide the packaging
simple form of FEM approach. Our modeling method achieves  details due to the requirements of package vendors,
low computational overhead as well as reasonable accuracy while our models need somewhat detailed package-level
by taking advantage of the established architecture-level and and silicon-level information.
package-level information during the simplified finite element 3) The thermal resistances in the existing compact thermal
and finite difference processes. models are extracted from detailed model simulations

B. Functional Units vs. Regular Grids

Differences to Existing Compact Thermal Models
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Fig. 3. Steady-state validation of our compact thermal model: (a) Test chip measurements (b) Results from our model with errors less than>886. (The 3
lower-right corner dissipates power, with a power density of FOM?.)

or real package temperature measurements, while gpreader and heat sink with different material properties to
thermal resistances of our models are calculated basmhieve the desired package design point. On the other hand,
on dimensions and physical properties of materials. building package prototypes or detailed thermal models greatly

All these differences lead to different applications for exisglows the design process and increases the design cost.
ing compact thermal models and our compact thermal modelsin addition, fully parameterized compact thermal models
Existing models are good for thermal analysis and charactean also provide a more productive communication channel
ization of existing package designs without revealing detadsnong designers at different design levels. Therefore, potential
of the package, while our models are better for exploratiotisermal hazards in the design can be discovered and dealt
of new silicon-level and package-level designs. Also, owvith in early design stages. For example, a typical design
models are intrinsically parameterized and reasonably BGkenario would be: circuit designers come up with estimations

as discussed in Section Il and IV. of power consumptions of each circuit block, computer ar-
chitects come up with a floorplan, while package designers
[1l. PARAMETRIZATION come up with a proposed package. Using a parameterized

Parametrization of compact thermal models is desirable a%%mpact thermal model, these de_S|gners can together _easny
aluate the combined system design from a thermal point of

has drawn attention from researchers. In [8] [23], the author¥ ., If it appears that there are unacceptable hot spots on

. . ; i VIeW
oint out that achieving a sensible parametrization of compadf . .
P 9 b p%Ilcon, or the temperature difference across the package is

thermal models is next to impossible for the chosen simp . o . .
structure of the some of the existing models, such as té:eo high and degrades the reliability of the design, different

DELPHI ones. This is because the DELPHI model structu esign de.CiSionS can be made in this early d?SiQ’? stage—
consists of only a few thermal resistances which makescf{cu't designers may need to develo-p novel circuits W'th lower
impossible to parameterize the actual very complex pack %\éver:]icophsurmp?or:’ r?omp;::tirt r:lrcf;]l:](iacts maz dapr)plyr;:llzferel:[lrt]
structure, together with the variations of thermal conductiviti amic thermal management techniques a €-arrange the

and the heat spreading/constriction effects within the die a 80”0'3” for bet'ger across- silicon temperature distribution, or
the package. On the other hand, our modeling approach ﬁpackage designer can improve the proposed package design

be better parameterized due to its physically-based nature. gusing a more advanced heat spreader or heat sink, etc.

cost for parametrization is that our models are usually more!n fact, in a previous work [11], the authors have proposed
complex than, and not as accurate as, the DELPHI-like aR@Mpact thermal models which include the parametrization of
other existing models. certain package parameters such as the PCB size, PCB thermal
The importance of achieving full parametrization of comProperties, heat sink dimensions and thermal vias. However,
pact thermal models is obvious. Fully parameterized compdell parametrization was not achieved in [11] because the die
thermal models allow designers at all design levels to freelfpelf is not parameterized. On the other hand, our modeling
explore all the possible thermally-related design spaces. FgProach can be considered as fully parameterized, including
example, the heat spreader and heat sink are two impbie silicon die itself. The parametrization of the die is a crucial
tant package components for high-performance VLS| desigfigguirement to explore different preliminary die-level designs
While a large heat spreader and heat sink made from higffore the prototypes are available.
thermal conductivity materials can reduce the temperature offFor illustration, we first present an example analysis to show
silicon die, they also significantly increase the total price dhe strength of using parameterized compact thermal models to
the system. Therefore, exploring design trade-offs between lefficiently investigate the impact of thermal interface material
spot temperatures and package cost is crucial. With parame- across-silicon temperature differences. Fig. 4 shows the
terized compact thermal models, this exploration can be domationship between the thickness of the thermal interface ma-
easily and efficiently by simply sweeping the size of the hesdrial (TIM), which glues the silicon die to the heat spreader.



We plot the temperature readings from a compact thermalerheats, with a little performance overhead (11.2% slower).
model similar to Fig. 2 with 4840 grid cells on silicon. The changes in silicon floorplan can be easily adapted into
This analysis is based on an Alpha 21364-like microprocessmrresponding parameterized compact thermal models, thus
floorplan. Average silicon die temperature is also plotted the temperatures of functional units can be analyzed efficiently
Fig. 4 for reference. The total heat generated from the silicom investigate the usefulness of the migrating computation
surface is 40.2W, the die size is 15.9mfb6.9mmx0.5mm, DTM technique. By doing this, packaging complexity and cost
and the thermal conductivity of the thermal interface materiahn be significantly reduced and we can still get almost the
is 1.33W/(m-K). same operating temperature and performance as if we use a
much more expensive and complicated thermal package.

T T T T T
=== max silicon temperature difference

| *=>=< average silicon temperature

100 : IV. BOUNDARY CONDITION INDEPENDENCE(BCI)

Another important aspect of compact thermal modeling is
boundary condition independence (BCI) [4] [5] [7]. Achieving
BCI is essential to compact thermal models. If the model
changes whenever the boundary conditions change, the model
would be almost useless. Traditionally, researchers in the
package compact thermal modeling community usually adopt
the DELPHI approach to achieve BCI, that is, finding a
0 10 2 30 0 50 50 thermal resistance network with minimum overall error when

TIM thickness (um) applied to different boundary conditions. The resistance values
are extracted from detailed thermal simulations with the same
F_ig. 4. The impa_ct of thermal interfa_c_e mat_erial (TIM) thick_ness to Silico'ﬁ)ackage structure. Such simulations can be performed in
die temperature difference. Average silicon die temperature is also plotted as - .
reference. numerical analysis tools.
When using our modeling approach, because there is no

As can be observed from Fig. 4, although the TIM thickneskata extraction procedure and all the resistance values are
doesn't have obvious impact on the average die temperaturalculated from the physical dimensions and properties of
thicker TIM results in poor heat spreading which leads to lardbe materials, the model itself should be reasonably BCI if
temperature differences across the die. Such large temperatbee major heat transfer paths are properly modeled. At the
differences may be disastrous to circuit performance apdesent state, in order to validate that our modeling method
die/package reliability. Using a better heat sink will only loweean indeed achieve reasonable BCI, we compare our compact
the average silicon temperature but will not help to reduce thgermal models with the DELPHI models. Since the DELPHI
temperature difference. From this analysis, which has beewdels have been extensively validated to be BCI for a large
easily performed by our parameterized model, we can reagtt of boundary conditions, we regard the DELPHI models as
the conclusion that using as thin as possible thermal interfgo@per benchmarks for the BCI validations of our modeling
material is one of the key issues for package designersapproach. Comparisons with real designs will be part of our
consider. In some recent work [5] [24], the importance dfiture work. One of our BCI validations is done by comparing
measuring and modeling thermal interface’s impacts on tkéth a DELPHI BGA benchmark chip in [6]. The dimensions
entire package has been also discussed, although not atahéhe BGA benchmark chip and package and the set of
same silicon die level as the above example shows. boundary conditions are both taken from the specifications

Another example of utilizing our parameterized compadbd [5] [6]. The model structures of both the DELPHI model
thermal model is the investigation of a dynamic thermand our model are shown in Fig. 6. In this comparison, the
management technique (DTM) called migrating computatigrotion of quarter symmetry can be applied because there is
(MC), at the micro-architecture level [19]. It is obvious thaonly one node needed for the die in both models. Therefore,
two silicon-level functional units that run hot by themselvesnly a quarter of the package is sketched for our model and the
will tend to run even hotter when adjacent. On the other harldELPHI models in Fig. 6. The first four standard boundary
separating them will introduce additional communication laonditions in Table | correspond to different typical settings
tency that is incurred regardless of operating temperatucé.heat transfer coefficients for the top, bottom, side and the
This suggests the use of spare units located in cold areadesfd of the package. The last boundary condition accounts for
the chip, to which computation can migrate only when thidae ideal case where the heat transfer coefficients of all the
primary units overheat. In [19], the floorplan of the Alphaurfaces are infinite [5] [6].

21364 core is carefully changed to include an extra copy of The temperature readings from both models are also listed in
integer register file (see Fig. 5), which is usually the hotte$able I. The heat generated at the die surface is 2.5W, which
spot on the silicon die for this design. We also model the used as the input to both models. As can be seen from
fact that accessing the secondary integer register file entdiile |, our model achieves reasonable BCI. For the listed
extra power and extra access time due to the longer distarfoge standard boundary conditions, it yields almost the same
With this new floorplan, we can shift the workload back antemperature readings as the DELPHI model. The worst case
forth between the two register files when the one in ugercentage error is 5.8%. One possible reason of the error is

temperature (C)
g
T




fuleflad FPMap IntReg IntReg2 Into

E\q” - IntMap |IntQ LdStQlIntMap)|ntReg
FPMu EPMul
FPReg FPReg FPMap

- . [LdstQ |
FPAdd FPQ ITB IntExec FPAdd FPQ ITB |IntExec
Bpred bTE Bpred DTB

A Icache Dcache Icache Dcache
(a) (b) (©)

Fig. 5.
(c) 21364 core with an extra copy of register file at the top-left corner.

™9

N

N

e
<

(a) Approximated floorplan of Alpha 21364 microprocessor. (b) Close-up look of the 21364 core, with only one register file on the top-right corner.
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Fig. 6. Thermal resistances network for (a) the BCl DELPHI model and (b) our thermal model of a DELPHI BGA benchmark chip, extracted from [6].

(@)
# | b.c. our model (HotSpot)| DELPHI error
1 | DCP-1 16.79 16.68 0.66%
2 | DCP-2 19.94 20.00 -0.30%
3 | DCP-3 66.42 62.78 5.80%
4 | DCP-4 2960.00 3070.00 | -3.58%
5 | infinite 10.20 10.56 -3.41%
TABLE |

COMPARISON OF OUR COMPACT THERMAL MODEL ANDDELPHI MODEL
FOR THEDELPHI BGA BENCHMARK CHIP UNDER THE SAME SET OF
BOUNDARY CONDITIONS. TEMPERATURES ARE INCELSIUS AND WITH

RESPECT TO AMBIENT TEMPERATURE

that the top surface division ratio is fixed according to the

Despite a few limitations, our modeling approach has several
significant advantages; the advantages are mainly due to the
fact that it is parameterized and BCI.

1)

area

of the smaller neighbor layer, in this case, it is the die area.
This division ratio might not be exactly the optimal ratio, but it

is sufficiently near the optimal ratio. In a previous work [10], 2)
the author argues that the surface division ratio should be
determined by the heat flux distribution on a particular surface.

He also shows that the heat flux distribution functip-)
of the top surface develops a peak just above the die
Therefore, using the die area to divide the top surface
our model is reasonable.

V. ADVANTAGES AND LIMITATIONS

A. Advantages

area.
as in

3)

So far, the modeling method and major characteristics of
our compact thermal modeling approach have been presented. their design efforts without worrying about the thermal

Parametrization is useful because a variety of design
explorations can be carried out by only changing the
dimensions and material parameters without reconstruct-
ing the whole compact thermal model through detailed
simulations. For example, using our models, one can
easily find the optimum die thickness by simply sweep-
ing the die thickness parameter and keeping all the other
parameters constant. Another example would be inves-
tigating the effect of different types of heat spreaders or
heat sinks. One can easily add/change the layers of heat
spreader or heat sink by following our modeling method
in Section 1.

It is also important to notice that our modeling method
can be used to study hypothetical systems for which
physical implementations and thermal measurements
cannot yet be obtained. One example is the investigation
of emerging 3-D integrated circuits. Prototyping 3-D ICs
would introduce inhibitive cost due to the drastic change
of existing fabrication process. But with our models,
designers can easily model heat transfer and temperature
rise in 3-D IC structures, thus evaluate the feasibility of
this new design paradigm from a thermal point of view.
Because our modeling approach has been validated
to be reasonably BCI, designers can focus more on



4)

B. Limitations
Our modeling approach also has a few limitations.

1)

2)

3)

4)

5)

model’s validity under different boundary conditions. modeling approach is more suitable for exploring new designs,
There have been several successful applications of aunile most existing modeling approaches are more suitable for
modeling approach in different design areas. For examecurately analyze and characterize existing designs. Achiev-
ple, it has been used to build compact thermal modelsy parametrization for compact thermal models is a significant
in research areas such as dynamic thermal managenmoritribution of our method to the research area of package
(DTM) techniques for microprocessors [19] and dielevel design and analysis. Important future work consists of
level thermal-aware computer-aided designs [25]. Sinextending our modeling to include the secondary heat transfer
ilarly, we expect the presented modeling method wifpath, modeling transient temperature, validating and analyzing

stimulate more research collaborations among packager

modeling method’s boundary and initial condition inde-

designers, VLSI circuit designers and computer archpendence (BICI) with real package designs. We also need

tects.

to accommodate more types of packages in our modeling

method, such as multi-chip modules (MCM). Modeling active

It is not as “compact” as other existing compact thermal
models, but the number of nodes are still within a
manageable amount, and the computational overhead is
also negligible compared to detailed numerical modelsm
When it comes to analyze or release a fixed compact
thermal model for an existing design or a final product,
our models are not as friendly as most existing model&
to the users. This is due to the complexity of our model
and the revealing of package design details. [3]
At the same level of complexity, our model is not as
accurate as other existing models. This is because the ex-
isting models are extracted from detailed model simulaf]
tions or real package temperature measurements, which
are still the most accurate ways to model thermal effects,
while our model is essentially a simplified version of the[5]
detailed model, therefore can not achieve the same level
of accuracy as the detailed simulations, or the derived
DELPHI-like models. In addition, some lumped thermalie]
resistances (e.g. the ones in the peripheral parts of heat
spreader and heat sink, see II-A) do not fully account
for all the possible heat transfer paths, thus not reallys
representing the exact thermal resistance according to
the analysis in [4] [26].

Our modeling approach is not as BCI as the DELPHIg;
and other existing modeling approaches. This is because
the surface area division method used by our model is
not exactly the optimal one [23], although it is proved|g;
to be a reasonable one as shown in Section IV and [10].
It is also partly due to the fact that heat spreading in t %0]
package cannot be as well considered in our modeling
approach as in the detailed models.

Our modeling approach needs to be improved to accouht!
for more different types of packages. For example,
if one layer of the package contains more than one
material or the package itself is a multi-chip moduldl?]
our current thermal models are not flexible enough to
cover these cases. This is just a limitation of our current
implementation since our general modeling method can
be easily extended to account for such more complicatga]
structures.

VI. CONCLUSIONS ANDFUTURE WORK [14]

In this paper, we have presented a physical compact thermal
modeling approach, which is parameterized and BCI. Our

cooling effects and different types of interfacing surfaces are
also interesting topics.
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