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Abstract

The rapid advancement in semiconductor-device technology is placing unprecedented demands on device-packaging technolo
In an effort to meet system requirements for increased speed in smaller footprints, integrated circuit manufacturergare pushir
existing packaging technology to new limits. Product performance is a function of both device and packaging technologies. Ir
many instances, the thermal limitations of the packaging system can severely restrict the performance of the devidagthus limit
systems applications. System designers and integrated circuit manufacturers are becoming increasingly more concerned ab
accurate thermal characterization.

There are several indices typically reported to reflect the thermal performance of a package. Thermal imPgg#jucesion

to ambient) and®;¢ (junction to case) are the most frequently used throughout the industry. Although there are several

specifications on the administration of these tests and measurements, there is no universally accepted industry-wide standa
This lack of standardization promotes an apples-to-oranges comparison of published data, as well as inaccurate estimation
application performance.

This paper focuses on the impact of the wind-tunnel k-factor test-board design parameters orergparsedts. By employing
statistical experimental design techniques and finite element analysis (FEA), equations are derived that can be used to quick
normalize reporte®ja values under various test-board conditions. These mathematical equations are shown to correlate well
with empirical wind-tunnel results. A computer program, THETACAbas been developed by Texas Instruments (TI) to assist
system designers in understanding and comparing the thermal capabilities of packages sourced from various integrated-circt
manufacturers.

Introduction

The use of statistical design of experiment (DOE) techniques combined with FEA provides the engineering community with
valuable tools for forecasting the behavior of a system or process. A natural marriage, the DOE and FEA combination allow:
the engineer to study a range of boundary conditions for numerous design factors and to analyze the impact and associat
response for each factor and interaction within the system. With the use of orthogonal polynomial expansion techniques
experimental results can be effectively transformed into mathematical equations based on the strength of the variods factors a
associated interactions. These equations are useful for performing what-if analyses on a system or process.

The thermal impedance (k-factor) of a package is defined as the increase in junction temperature above the ambient due to t
power dissipated by the device and is measured in degrees Celsius per watt. There are two indices commonly used to descr
the thermal characteristics of an integrated-circuit packégyg: and ©jc Ojc is the thermal impedance from the
integrated-circuit die junction to the package external case and is typically measured in a circulating bath of an inert liquid
simulating an infinite heat sinf@3 is the most widely used and least understood measurement utilized in package selection for
application design criteria. There are actually ® measurements commonly reported:

Socket mounted and measured in 1 cubic foot of still air
Board mounted and measured in a wind tunnel at various air flows

In case #1, the type of socket and socket manufacturer should be noted when comparing reported values, as they can significar
impact the reporte®jp values.

The focus of this report and the development of the THETACAL software tools are targeted to address the problems associate
with board-mounted;, values reported under wind-tunnel conditions (case #2). As indicated earlier, there are several
specifications on the administration of wind-tunnel tests and measurements, but there is no universally accepted standar
Wind-tunnel dimensions and k-factor board construction techniques vary widely from manufacturer to manufacturer and car
dramatically impact the report&}ja values. Figure 1 shows the differences noted on an identical package measured on two

THETACAL is a trademark of Texas Instruments Incorporated.



different integrated-circuit manufacturer’s k-factor boards in the same wind tunnel. In Figure 1, there is rou¢g@GR\a 45
difference (still air) between manufacturers induced by the k-factor board alone. Considering this fact, it is possiide for a w
range of reported k-factor values to exist for any given package, depending on the test-board design employed by the
manufacturer. Systems designers unaware of these differences can be artificially restricted in packaging selections based only
on reported thermal-impedance values.
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Figure 1. Competitor Versus Tl K-Factor Board (52-pin MQFP)

In an effort to provide system designers with an accurate tool for estimating the impact of k-factor test-board desigteslon repo
thermal impedance value®{,), Tl has developed the THETACAL software package. By employing statistical experimental
design technigques combined with finite element analysis tools, equations can be derived tovgeafeafmnalyses varying

single or multiple input parameters simultaneously to accurately estimate their impact on the desired @goiies(tool

allows designers to compare the thermal performance of a given package sourced from various manufacturers on an
apples-to-apples basis. In addition, the software can be utilized to better understand the influence of the variouseobard-relat
parameters and their impact 5.

Modeling Approach

The following four-phase methodology was utilized to develop the THETACAL software package:
1. Design of the experiment using orthogonal arrays
2. Modeling the package using FEA (ABAQUJ¥tools
3. Expansion of the matrix results into an orthogonal-polynomial equations
4. Mathematical simulation of the thermal respoi@&enf for performing what-if analyses

Once the orthogonal-polynomial equations are completed and verified, they are incorporated into the THETACAL software
environment. Each package type and pin count are evaluated separately to ensure accuracy in the equations.

ABAQUS is a trademark of Texas Instruments Incorporated.



Design of the Experiment

Typical k-factor boards are constructed using an FR4 or polyimide-composite substrate. Copper traces of varying dimension
are fabricated upon this substrate for package mounting and to complete the electrical connections required for k-factor testin
The parameters in Table 1 are most typically varied in k-factor board construction (see Figure 2) and are the focugdyof this stu
and the THETACAL software development.

Table 1. Evaluation Parameters

TRACE TRACE BOARD Z EX- | BOARD Y EX- TRACE
LENGTH A'le'-ow POVYIER WIDTH TENSION TENSION THICKNESS
(mils) (Ifm) (watts) (mils) (mils) (mils) (mils)
Low 50 0 05 3 0 0 14
High 750 500 15 15 550 550 2.8
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NOTE: Y and Z are used for PLCC and QFP packages.

Figure 2. Test Board

An L orthogonal arrayywas selected as the design vehicle used to evaluate the impact of all identified main factors and their
expected interactions within the k-factor test-board system. Since the focus of this study is to derive mathematicatequations
be utilized for estimation purposes, it is extremely important to properly define the layout of the experiment to capitresll s

of variability; i.e., the accuracy of the equation is best when the unresolved variability is minimized. Once the expariment ha
been properly defined, appropriate models are prepared per the matrix and processed through the finite element analysis thern
solver (ABAQUS). A typical data set, as returned by the FEA software, is shown in the far right column of Table 2. Statistical
analysis is done and orthogonal-polynomial equations can be derived from the completed data set.



Table 2. Matrix Definition and Results

o | [ anriow | o | s [omeny [P | s | O

(mils) (Ifm) (watts) WIDTH (mils) (mils) (mils) (mils) CCIW)
1 50 0 05 3 0 0 1.4 151.3
2 50 0 05 15 550 550 2.8 100.6
3 50 0 15 3 0 550 2.8 119.2
4 50 0 15 15 550 0 1.4 121.2
5 50 500 05 3 550 0 2.8 66.5
6 50 500 0.5 15 0 550 1.4 68.6
7 50 500 15 3 550 550 1.4 616
8 50 500 15 15 0 0 2.8 755
9 750 0.5 3 0 0 2.8 77.7
10 750 05 15 550 550 1.4 716
11 750 15 3 0 550 1.4 84.0
12 750 15 15 550 0 2.8 675
13 750 500 0.5 3 550 0 1.4 56.1
14 750 500 05 15 0 550 2.8 50.0
15 750 500 15 3 550 550 2.8 535
16 750 500 15 15 0 0 1.4 525

By using statistical tools such as the effects table (see Table 3) and analysis of variance (ANOVA) table (see Table 4), one ca
analyze the impact of each individual factor and associated interactions within the system. In Table 4, the air-flow parameter
accounts for 47.3% of the total variability measured within the ranges probed, followed closely by the trace length pgrameter w

a 31.4% contribution. In addition, the trace length by air-flow interaction accounts for 8.6% of the variability measered in th
system. In total, the airflow, trace length, and the interaction between these two factors accounts for 87.3% of ttadbiiitial vari

of the system. The sum of the contribution of the remaining factors is a mere 12.7%. When analyzing the effects talde (see Tabl
3), one can see that employing a longer trace length (see high-level average) on a k-factor board achieves basically the same
impact as using a high velocity of moving air across the package. Longer trace lengths on a k-factor board essentidthjract as b

heat spreaders on the board and are one of the primary reasons for the dramatic differences noted between manufacturers in
reporteddjp values onidentical packages. In light of the fact, it is essential that designers understand the measurement conditions

employed when determining the fitness for use of a package for a given application.
Table 3. Effects Table

FACTOR SQUARES | AVERAGE *C/w | AVERAGE “ciw | EFFECT *C/W
Air flow 5959.84 99.14 60.54 —38.60
Trace length 3956.41 95.56 64.11 -31.45
Trace length by air flow 1079.12 88.05 71.63 -16.42
Board Z ext. 402.00 84.85 74.83 —-10.02
Trace length by board Y ext. 304.50 84.20 75.48 -8.72
Trace width 243.36 83.74 75.94 —-7.80
Board Y ext. 219.04 83.54 76.14 —7.40
Trace thickness 198.81 83.36 76.31 —7.05
Trace length by board Z ext. 151.29 82.91 76.76 -6.15
Trace length by trace thickness 40.32 81.43 78.25 -3.18
Trace width by trace thickness 15.60 80.83 78.85 -1.98
Trace length by power 8.41 80.56 79.11 -1.45
Air flow by power 7.84 80.54 79.14 -1.40




Table 4. Analysis of Variance (ANOVA) (50-mil thru 750-mil trace lengths)

FACTOR DOF S%lf),\,gs;s SQMUEAARNES F-TEST CONTROf)BUTION SSIEQTILS&AC'\?&- E
Air flow 1 5959.84 5959.84 2995 47.3 99%
Trace length 1 3956.41 3956.41 1988 314 99%
Trace length by airflow 1 1079.12 1079.12 542 8.6 99%
Board Z ext. 1 402.00 402.00 202 3.2 99%
Trace length by board Y ext. 1 304.50 304.50 153 2.4 99%
Trace width 1 243.36 243.36 122 1.9 99%
Board Y ext. 1 219.04 219.04 110 1.7 99%
Trace thickness 1 198.81 198.81 100 1.6 99%
Trace length by board Z ext. 1 151.29 151.29 76 1.2 95%
Trace length by trace thickness 1 40.32 40.32 20 0.3 95%
Trace width by trace thickness 1 15.60 15.60 8 0.1
Trace length by power 1 8.41 8.41 4 0.1
Air flow by power 1 7.84 7.84
Error pool:
Power 1 3.42
Trace length by trace width 1 0.56
Residual 0.005
Total residual 2 3.98 1.99 0.2
Total 15 12590.54 100

Orthogonal-Polynomial Expansion

The results of an orthogonal array can be easily expanded into a powerful orthogonal-polynomial equation. Employing statistica
principles, it is possible to construct an accurate mathematical model to quickly estimate the thermal response of a package |
analyzing the impact of critical design parameters and key interactions. There has long been a need for an effective therm
calculator that can accurately and reliably estimate the thermal condition of a package under various design paratoeters, i.e.,
analyze the impact of various material, dimensional, and air-flow conditions. Orthogonal-polynomial equations provide such a
tool. Utilizing this approach, the solving power of the FEA software can be effectively transformed into a mathematiaal equatio
or a system of equations for the desired response for performing what-if analyses within the ranges probed. The gemeral equati
format for a two-level orthogonal array with interactions follows. Higher-order equations for nonlinear responses, nat describe
in this work, can also be employed using this techifique

General Equation Format

éJA = 04
+ by(af@ -3 [linear terms for factor a]
+ by py(b -b [linear terms for factor b]
+bi1a-x-p@—3(—b-- [interaction terms for factor a — x —b]



Where:

) m = Predicted matrix response

6,5 = Average matrix response

b, = Coefficient of the linear response for i

IVl 5y = Number of factor levels at indicated setting for factor i
hg =A setting between factor levels

b4y = Coefficient of interaction response for i

a = Factor input variable for what-if analysis

a = Average of factor settings

Factor Coefficients

Linear coefficient:

T
Saa)
Where:
A; =Sum of factor response at level indicated
r = Number of runs per factor level

As = (1 for a 2-level factor) (2 for a 3-level factor)
h(a) = FactorA setting

Interaction coefficient:
b B [(A;+By) — (A + Byl - [(A, + By — (A, + By)]
11(A—x-B) — r* }“SAhA * XSBhB

Once the equation is derived, the initial test conditions can be plugged into the equation to check for accuracy aggiimet the or
modeled parameters as shown in Table 5. If the experiment has been properly designed to capture all significant sources of
variability, the equation results should closely match the modeled results. If the error term is minimal (see Tableid asein t

the equation matches the modeled results exactly. As the error increases, the accuracy of the equation decreases, At this point
the power of the FEA is transformed into a simple mathematical model for this response within the ranges probed for all
parameters. It is now possible to vary individual or multiple input parameters (within the ranges studied) for perforniing what-
analyses. As with any simulation, equation results should be tested against empirical results to ensure proper accuracy. If the
desired accuracy is not achieved, the input models should be reevaluated and adjusted as required.
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Table 5. Equation Versus Model

RUN L-II-ET\IAGQI'I?-l Fﬁ(I;?W POWER 1\;\5\;3$E BOARD Z E?(- BOARD Y EX- TRACE TH'ICK- MS?EL EQUATION
(mils) (Ifm) (watts) (mils) TENSION (mils) | TENSION (mils) NESS (mils) CCIW) O3a (°CIW)
1 50 0 0.5 3 0 0 1.4 151.3 151.3
2 50 0 0.5 15 550 550 2.8 100.6 100.6
3 50 0 15 3 0 550 2.8 119.2 119.2
4 50 0 1.5 15 550 0 1.4 121.2 121.2
5 50 500 0.5 3 550 0 2.8 66.5 66.5
6 50 500 0.5 15 0 550 14 68.6 68.6
7 50 500 1.5 3 550 550 1.4 61.6 61.6
8 50 500 1.5 15 0 0 2.8 75.5 75.5
9 50 0.5 3 0 0 2.8 7.7 77.7
10 750 0.5 15 550 550 1.4 71.6 71.6
11 750 15 3 0 550 14 84.0 84.0
12 750 1.5 15 550 0 2.8 67.5 67.5
13 750 500 0.5 3 550 0 14 56.1 56.1
14 750 500 0.5 15 0 550 2.8 50.0 50.0
15 750 500 1.5 3 550 550 2.8 53.5 53.5
16 750 500 1.5 15 0 0 1.4 52.5 52.5
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Figure 3. 52-Pin MQFP (actual versus equation)
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Verification: Equation Versus Actual Measurements

The air-flow and trace-length parameters were the most dominant influences noted with reggct Wind-tunnel
measurements taken on k-factor boards with both short- and long-trace conditions were compared against the
orthogonal-polynomial equation. Figure 3 shows that the equation accurately estim@ggga.theer radically different k-factor

board conditions.

Individual FEA-model runs in the orthogonal array used to derive the equation can take several hours of computer processing
time, depending on the type of workstation used. In an effort to minimize the modeling time required for each package, 2-level
orthogonal arrays were used to minimize the number of runs required to approximate the system. Due to the extremely broad range
of trace lengths that can be employed in k-factor test board design (50 mils to 2000 mils), and considering the dramagic influe

of the trace-length parameter ®gp, two separate matrices are evaluated for each package. The impaddgn itduced by

the trace-length parameter is quite dramatic on most packages between 50 mils and 750 mils. From 750 mils to 2000 mils, the
impact is less dramatic. In an effort to achieve acceptable equation resolution using linear approximations, two matrices were
evaluated for each package. The first matrix focused on the shorter trace lengths and the second matrix focused on the longer
traces. Inthe THETACAL software, this is transparent to the user upon input; however, minor discontinuities may be noted where
the equations converge.

The equation(s) can now be utilized to perform what-if analyses on the various input parameters. Figure 4 indicates the impact
that the trace length has @ at various wind-speed conditions.

The knee of the curve at approximately 0.75 inches (750 mils) is the point where the equations from the two matrices converge.
The THETACAL software can be used to evaluate any of the parameters considered in the study in a similar fashion. The
equations used in the THETACAL software package provide the end users with the power of FEA capabilitie®gjor the
response) instantaneously and requires no workstation or special skills to use.
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Figure 4. 52-Pin MQFP (trace length effect)
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Conclusion

Thermal management of semiconductor packages is becoming increasingly more critical with the move to smaller packag
geometries and higher power requirements. In order to meet increasingly challenging design goals, systems designers and €
users of integrated-circuit packages must be able to make informed decisions on the fitness for use of a package baded on ther
considerations. K-factor test-board construction can dramatically impact repggteebults and promote restrictions in package
selection and system-performance specifications. The THETACAL software package provides users with an effective tool tc
normalize reporte®ja values and assist in making informed decisions on package selection to reach design goals.
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