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IMPORTANT NOTICE

Texas Instruments (TI) reserves the right to make changes to its products or to discontinue any semiconductor
product or service without notice, and advises its customers to obtain the latest version of relevant information
to verify, before placing orders, that the information being relied on is current.

TI warrants performance of its semiconductor products and related software to the specifications applicable at
the time of sale in accordance with TI’s standard warranty. Testing and other quality control techniques are
utilized to the extent TI deems necessary to support this warranty. Specific testing of all parameters of each
device is not necessarily performed, except those mandated by government requirements.

Certain applications using semiconductor products may involve potential risks of death, personal injury, or
severe property or environmental damage (“Critical Applications”).

TI SEMICONDUCTOR PRODUCTS ARE NOT DESIGNED, INTENDED, AUTHORIZED, OR WARRANTED
TO BE SUITABLE FOR USE IN LIFE-SUPPORT APPLICATIONS, DEVICES OR SYSTEMS OR OTHER
CRITICAL APPLICATIONS.

Inclusion of TI products in such applications is understood to be fully at the risk of the customer. Use of TI
products in such applications requires the written approval of an appropriate TI officer. Questions concerning
potential risk applications should be directed to TI through a local SC sales office.

In order to minimize risks associated with the customer’s applications, adequate design and operating
safeguards should be provided by the customer to minimize inherent or procedural hazards.

TI assumes no liability for applications assistance, customer product design, software performance, or
infringement of patents or services described herein. Nor does TI warrant or represent that any license, either
express or implied, is granted under any patent right, copyright, mask work right, or other intellectual property
right of TI covering or relating to any combination, machine, or process in which such semiconductor products
or services might be or are used.
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Abstract

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

There are several indices typically reported to reflect the thermal performance of a package. Thermal impedances, ΘJA (junction
to ambient) and ΘJC (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 standard.
This lack of standardization promotes an apples-to-oranges comparison of published data, as well as inaccurate estimation of
application performance.

This paper focuses on the impact of the wind-tunnel k-factor test-board design parameters on reported ΘJA results. By employing
statistical experimental design techniques and finite element analysis (FEA), equations are derived that can be used to quickly
normalize reported ΘJA values under various test-board conditions. These mathematical equations are shown to correlate well
with empirical wind-tunnel results. A computer program, THETACAL , has been developed by Texas Instruments (TI) to assist
system designers in understanding and comparing the thermal capabilities of packages sourced from various integrated-circuit
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 allows
the engineer to study a range of boundary conditions for numerous design factors and to analyze the impact and associated
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 various factors and
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 the
power dissipated by the device and is measured in degrees Celsius per watt. There are two indices commonly used to describe
the thermal characteristics of an integrated-circuit package: ΘJA and ΘJC. ΘJC 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 sink. ΘJA is the most widely used and least understood measurement utilized in package selection for
application design criteria. There are actually two ΘJA 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 significantly
impact the reported ΘJA values.

The focus of this report and the development of the THETACAL software tools are targeted to address the problems associated
with board-mounted ΘJA 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 standard.
Wind-tunnel dimensions and k-factor board construction techniques vary widely from manufacturer to manufacturer and can
dramatically impact the reported ΘJA values. Figure 1 shows the differences noted on an identical package measured on two

THETACAL is a trademark of Texas Instruments Incorporated.
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different integrated-circuit manufacturer’s k-factor boards in the same wind tunnel. In Figure 1, there is roughly a 45°C/W
difference (still air) between manufacturers induced by the k-factor board alone. Considering this fact, it is possible for a wide
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 TI 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 designs on reported
thermal impedance values (ΘJA), TI has developed the THETACAL software package. By employing statistical experimental
design techniques combined with finite element analysis tools, equations can be derived to perform what-if analyses varying
single or multiple input parameters simultaneously to accurately estimate their impact on the desired response (ΘJA). This 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 various board-related
parameters and their impact on ΘJA.

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 (ABAQUS ) tools

3. Expansion of the matrix results into an orthogonal-polynomial equations

4. Mathematical simulation of the thermal response (ΘJA) 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.
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Design of the Experiment

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

Table 1. Evaluation Parameters

TRACE
LENGTH

(mils)

AIR FLOW
(lfm)

POWER
(watts)

TRACE
WIDTH
(mils)

BOARD Z EX-
TENSION

(mils)

BOARD Y EX-
TENSION

(mils)

TRACE
THICKNESS

(mils)

Low 50 0 0.5 3 0 0 1.4

High 750 500 1.5 15 550 550 2.8

DUT

Trace Width

Board Extension
After Trace (or Y)

Board Extension
After Package (or Z)

Trace
Length

NOTE: Y and Z are used for PLCC and QFP packages.

Figure 2. Test Board

An L16 orthogonal array1 was 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 mathematical equations to
be utilized for estimation purposes, it is extremely important to properly define the layout of the experiment to capture all sources
of variability; i.e., the accuracy of the equation is best when the unresolved variability is minimized. Once the experiment has
been properly defined, appropriate models are prepared per the matrix and processed through the finite element analysis thermal
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.
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Table 2. Matrix Definition and Results

RUN
TRACE

LENGTH
(mils)

AIR FLOW
(lfm)

POWER
(watts)

TRACE
WIDTH (mils)

BOARD Z EX-
TENSION

(mils)

BOARD Y EX-
TENSION

(mils)

TRACE
THICKNESS

(mils)

MODEL
ΘJA

(°C/W)

1 50 0 0.5 3 0 0 1.4 151.3

2 50 0 0.5 15 550 550 2.8 100.6

3 50 0 1.5 3 0 550 2.8 119.2

4 50 0 1.5 15 550 0 1.4 121.2

5 50 500 0.5 3 550 0 2.8 66.5

6 50 500 0.5 15 0 550 1.4 68.6

7 50 500 1.5 3 550 550 1.4 61.6

8 50 500 1.5 15 0 0 2.8 75.5

9 750 0 0.5 3 0 0 2.8 77.7

10 750 0 0.5 15 550 550 1.4 71.6

11 750 0 1.5 3 0 550 1.4 84.0

12 750 0 1.5 15 550 0 2.8 67.5

13 750 500 0.5 3 550 0 1.4 56.1

14 750 500 0.5 15 0 550 2.8 50.0

15 750 500 1.5 3 550 550 2.8 53.5

16 750 500 1.5 15 0 0 1.4 52.5

By using statistical tools such as the effects table (see Table 3) and analysis of variance (ANOVA) table (see Table 4), one can
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 parameter with
a 31.4% contribution. In addition, the trace length by air-flow interaction accounts for 8.6% of the variability measured in the
system. In total, the airflow, trace length, and the interaction between these two factors accounts for 87.3% of the total variability
of the system. The sum of the contribution of the remaining factors is a mere 12.7%. When analyzing the effects table (see Table
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 essentially act as built-in
heat spreaders on the board and are one of the primary reasons for the dramatic differences noted between manufacturers in
reported ΘJA values on identical 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 SUM OF
SQUARES

LOW-LEVEL 
AVERAGE °C/W

HIGH-LEVEL 
AVERAGE °C/W 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
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Table 4. Analysis of Variance (ANOVA) (50-mil thru 750-mil trace lengths)

FACTOR DOF SUM OF
SQUARES

MEAN
SQUARES F-TEST % 

CONTRIBUTION
STATISTICAL

SIGNIFICANCE

Air flow 1 5959.84 5959.84 2995 47.3 99%

Trace length 1 3956.41 3956.41 1988 31.4 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 4

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 statistical
principles, it is possible to construct an accurate mathematical model to quickly estimate the thermal response of a package by
analyzing the impact of critical design parameters and key interactions. There has long been a need for an effective thermal
calculator that can accurately and reliably estimate the thermal condition of a package under various design parameters, i.e., to
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 mathematical equation
or a system of equations for the desired response for performing what-if analyses within the ranges probed. The general equation
format for a two-level orthogonal array with interactions follows. Higher-order equations for nonlinear responses, not described
in this work, can also be employed using this technique2.

General Equation Format

�
^

JA � �JA

+ b1(a)(a – a) [linear terms for factor a]

+ b1(b)(b – b) [linear terms for factor b]

+ b11(a – x – b)(a – a)(b – b)… [interaction terms for factor a – x –b]
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Where:

= Predicted matrix response�
^

JA

�JA = Average matrix response

b1(i) = Coefficient of the linear response for i

lvl (i) = Number of factor levels at indicated setting for factor i

h(i) = ∆ setting between factor levels

b11(i) = Coefficient of interaction response for i

a = Factor input variable for what-if analysis

a = Average of factor settings

Factor Coefficients

. Linear coefficient:

b1(a) �
–A1� A2
r * �s(a)h(a)

Where:

= Sum of factor response at level indicatedAi

r = Number of runs per factor level

�s = (1 for a 2-level factor) (2 for a 3-level factor)

h(a) = Factor ∆ setting

. Interaction coefficient:

b11(A–x–B) �
[(A 1� B1) – (A1� B2)] – [(A 2� B1) – (A2� B2)]

r * �sAhA * �sBhB

Once the equation is derived, the initial test conditions can be plugged into the equation to check for accuracy against the original
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 Table 4), as in this case,
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 performing what-if
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.



11

Table 5. Equation Versus Model

RUN
TRACE

LENGTH
(mils)

AIR
FLOW
(lfm)

POWER
(watts)

TRACE
WIDTH
(mils)

BOARD Z EX-
TENSION (mils)

BOARD Y EX-
TENSION (mils)

TRACE THICK-
NESS (mils)

MODEL
ΘJA

(°C/W)

EQUATION
ΘJA (°C/W)

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 1.5 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 1.4 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 0.5 3 0 0 2.8 77.7 77.7

10 750 0 0.5 15 550 550 1.4 71.6 71.6

11 750 0 1.5 3 0 550 1.4 84.0 84.0

12 750 0 1.5 15 550 0 2.8 67.5 67.5

13 750 500 0.5 3 550 0 1.4 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 respect to ΘJA. 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 estimates the ΘJA under 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 dramatic influence
of the trace-length parameter on ΘJA, two separate matrices are evaluated for each package. The impact on the ΘJA induced 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. In the 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 on ΘJA 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 capabilities (for the ΘJA
response) instantaneously and requires no workstation or special skills to use.
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Conclusion

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