techtrends By David Marsh, Contributing Technical Editor

DESIGNING-IN ADEQUATE
COOLING BEFORE THE PRO-
TOTYPE STAGE REQUIRES
EITHER EXTRAORDINARY
INSIGHT OR ACCURATE
DATA AND A THERMAL-
SIMULATION PROGRAM.
SOFTWARE DEVELOPERS
AND DEVICE VENDORS ARE
NOW TEAMING UP TO
CLOSE THE DESIGN-CYCLE
LOOP AND MOVE TOWARD

e Thermal modeling
heats up for the

MAINSTREAM

G ETTING THE HEAT OUt Of systems is one of the oldest

challenges of electronics design. It’s also the aspect
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Atag_ance o % that potentially affects reliability the most: Convention-
Delphi and Profit aim

© Séalndafdize compact o al wisdom suggests that every 10°C increase in junction
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For more information.....64 temperature approximately doubles a semiconductor

device’s failure rate. The devices logic functions now come in pack-
that require thermal attention are  aging densities that force system-
no longer limited to power sup- level consideration. This trend is
plies; discrete components, driv-  proliferating, with many vendors
ers, processors, and even random  introducing proprietary packages,
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typically variations on surface-mount
designs for power semiconductors. Re-
cent examples include International Rec-
tifier's DirectFET devices; National
Semiconductor’s LLP (leadless low-pro-
file) chip-scale and micro-SMD pack-
ages; and the LFPak (loss-free package)
from Philips. Seemingly, the drive for
ever-lower on-resistance in power FETs
has reached a plateau, and the new amps-
per-square-inch constraint is package
dissipation.

Finding the junction temperatures of
all the devices on your board can be
tricky, especially for new devices. With-
out any experience to draw upon, relying
upon the simple thermal resistance of the
device’s package from junction-to-am-
bient (R, JA, or ®JA) frequently pro-
duces errors of more than 35%. Thus,
predicting thermal performance at board
level is next to impossible. And, with to-
day’s time-to-market pressures, you'll
want to predict your system’s perform-
ance well before building the first proto-
type. Accordingly, many designers are
turning to software-simulation tech-
niques to generate representations of a
system’s thermal performance. Such
techniques have been available for many
years but their usefulness for everyday
design tasks has been hampered by the
need for expert knowledge and, critical-
ly, the lack of suitable thermal models for
everyday and proprietary components.
This situation, in turn, has made end
users responsible for learning complex
software to generate and manipu-
late thermal models and has
doubtless persuaded many would-
be users not to bother.

Recognizing this sit-
uation, thermal-modeling soft-
ware vendors have been busy mak-
ing their products easier to use.
One aim has been to make it easi-
er to produce the models that you
need for a board-level thermal-
solver program to process. The fo-
cus here is on the “compact” ther-
mal models that reduce the
number of elements necessary to
represent heat flow. A full thermal
model may comprise several thou-
sand nodes and is, by definition,
BCI (boundary-condition-inde-
pendent). A BCI model perfectly
represents the behavior of the ob-
ject of interest. A compact model

Figure 1

60 ep~ | JUNE 27, 2002

AT A GLANCE

> Today's device-packaging technologies
force thermal assessment.

> Device makers and software vendors
join forces to provide workable options.

1> Electrical and thermal systems share
much in common.

> Compact Spice models make thermal
simulation accurate and approachable.

> Despite formal efforts, standardization is
still in its early days.

is not necessarily a BCI model, but the
objective of the compact version is to re-
duce the number of terms to a maxi-
mum of around 10—without sacrificing
too much accuracy. More significant
than the saving in computation time,
such compact models are far easier for
nonspecialist engineers to approach. Yet,
despite several major academic and in-
dustrial projects, such as Delphi and
Profit, no dominant standard for com-
pact thermal models has yet emerged
(see sidebar “Delphi and Profit aim to
standardize compact models”).

THERMAL SYSTEMS RESEMBLE ELECTRICAL

A theoretically sound way to regard
thermal systems is as a branch of fluid
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In principle, thermal-modeling software breaks up objects
into nodes that possess a temperature and a thermal

mass, or capacitance (a). Conductors in the thermal net-
work represent the heat-flow paths between nodes (b).

TEMPERATURE 2

dynamics, which accounts for the CFD
(computational-fluid-dynamics) tag that
you may encounter when you start to ex-
plore thermal modeling. CFD techniques
determine air movement and tempera-
ture within an enclosure, along with the
temperatures of individual components
within that enclosure. In a physicist’s
terms, such computations involve solv-
ing the sets of simultaneous, nonlinear,
second-order, partial-differential equa-
tions that represent the conservation of
energy, mass, and momentum. But for
electronics engineers, the many analogies
between electrical and thermal systems
provide greater familiarity. You can con-
sider either type of system as a network
of flow terms that describe current flow
or heat transfer. The potential difference
between two thermal nodes is the ana-
logue of a temperature difference, and
the thermal equivalent of Ohm’s law be-
comes heat flow=temperature X 1/resist-
ance. More succinctly, heat flow=tem-
perature Xconductance. Thermal ele-
ments in series and parallel also work like
their electrical equivalents. For example,
two equal-value conductors in parallel
halve the effective thermal resistance.
You can analyze either type of system
using standard network theorems, and
basically, thermal-simulation software
packages use this method. But first, you
need models that represent each device
with enough accuracy to be meaningful.
Commonly, such models reliably pro-
duce errors of less than 10%. The sim-
plest compact model of a semicon-
ductor device traditionally comprises
two thermal-resistor pairs that repre-
sent the heat source (the junction)
and heat flow into the environment
via the package. This approach results
in the familiar junction-to-ambient
and junction-to-case parameters that
traditionally appear on device data
sheets. Unfortunately, this simple
model is often incapable of sufficient
accuracy without a physical meas-
urement to provide a baseline for
making reliable predictions. Also, this
model suits only steady-state (dc)
thermal simulation.

To assist in calculating dynamic
thermal performance, semiconduc-
tor vendors typically characterize
their power devices using pulsed
thermal-impedance curves. But an
approach that better suits a compact
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model describes devices in terms of
their thermal resistances and thermal
masses. You can consider thermal
mass as the analogy for capacitance,
introducing a time-dependent func-
tion that extends the simulation po-
tential from steady-state behavior into
the frequency (ac) domain. That is,
you can now compute a device’s dy-
namic and transient responses to ap-
plied power.

Andras Poppe, chief marketing of-
ficer at Micred, explains why dynam-
ic models are necessary. Nowadays, he
says, hardly any electronic equipment
works in thermal steady state. For ex-
ample, a laptop computer’s fan
switches on and off all the time, and
many circuits inherently oper-
ate in switching mode. To
predict the peak temperatures in
pulsed circuits such as a switched-
mode power supply, Poppe suggests

that you consider the device’s thermal

dynamics.

“In a thermal model that has only re-

Figure 2
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Representing thermal-network elements
in Spice-netlist format enables a stan-
dard Spice program to perform thermal simulation
(courtesy International Rectifier).

ture rise due to periodic power excitation
exactly follows the input power level.” He
follows that this case is obviously not true

thermal systems have a dispersion de-
lay that you can model as a distributed
RC line, making it possible to calcu-
late the exact peak junction tempera-
tures that limit device operation.
Measurement shows that the true
peak temperatures in a pulsed circuit
are lower than those a steady-state
model predicts.

The general operation of thermal-
modeling software simulates heat
transfer by breaking up the object of
interest into a number of subvolumes,
or nodes. Many methods of node gen-
eration exist, but the simplest uses
rectangular forms, in which each
node represents a temperature and a
thermal mass (Figure 1a). A straight-
forward approach is to consider that
each node’s thermal properties lie at
the center of that node and that the
temperature of each node is the aver-
age temperature across its volume.

Joining multiple nodes provides a mod-
el of the temperature distribution across
the object. Nodes are conventionally “dif-

sistors,” he says, “the simulated tempera-

fusion nodes” that have a finite thermal

to reality. Poppe observes that practical

DELPHI AND PROFIT AIM TO STANDARDIZE COMPACT MODELS

Clearly, a standard method of
describing components in ther-
mal terms would benefit design-
ers, software developers, and
component vendors alike. The
first formal effort to develop such
a standard started in 1993, with
the objective of specifying the
methodology to describe a
device's thermal characteristics.
This project was funded under
the auspices of the European
Union’s Esprit program. It was
called Delphi, for “development
of libraries of physical models for
an integrated design environ-
ment."

Led by a team from software
developer Flomerics, participants
included teams from Alcatel, the
National Microelectronics
Research Centre of Ireland,
Philips, and what was then
Thomson-CSF. The Delphi group
finished its work in 1996, having
developed thermal models for
generic parts, such as discrete
and surface-mount packages;
heat-transfer components, such
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as fans and heat sinks; and a
variety of passive components.
More significantly, the work pro-
poses a standard method for
describing compact device mod-
els. The European Union subse-
quently approved a project for
the industry to validate and, the
group hoped, to adopt Delphi's
methodology. The SEED (for,
“supplier evaluation and exploita-
tion of Delphi”) project initially
involved Infineon, STMicro-
electronics, and Philips.

The project’s results are now
under consideration by the
JEDEC JC15.1 committee for use
as a framework for a standard to
describe the thermal characteris-
tics of devices. As a part of its
support for standardization,
JEDEC has produced a series of
standard measurements for IC
packages that you can download
from www.jedec.org.

Although a valuable first step,
Delphi’s initial compact models
reduce devices to their thermal-
resistor equivalents. Such models

ignore the thermal-mass terms
that you need to predict dynamic
behavior and are therefore useful
only for steady-state conditions.
The prime reason for this
approach lies with the then-con-
temporary lack of equipment and
expertise to tackle dynamic mod-
eling.

Accordingly, the European
Union approved the three-year
Profit (for “prediction of tempera-
ture gradients influencing the
quality of electronic products”)
project that started in 2000. Like
Delphi, Profit aims to create
methods and tools to assess the
thermal parameters that affect
performance, reliability, safety,
and yield through major
improvements in experimental
techniques. One goal is to
improve the transient thermal
characterization of components
by refining input data using non-
linear parameter-estimation
methods. It's also important to
standardize such techniques and
to provide qualification data that

enables widespread use.
Commercial players in the Profit
consortium comprise statistical
software experts CQM, Flomerics,
Infineon, Micred, Nokia, Philips
(the project’s coordinator), and
STMicroelectronics. The Technical
University of Budapest and TIMA,
a research institution that con-
tributes to the fabrication of test
dies and tool integration, repre-
sent academic interests. You can
keep pace with Profit's develop-
ments by visiting www.extra.
research.philips.com/euprojects/
profit.

A working group under JEDEC
15.1 has taken the results of the
Delphi work under Esprit as input
for developing an international
standard for thermal modeling.
Most US semiconductor manu-
facturers, including Tl, Intel, AMD,
and Flomerics, belong to JEDEC,
an arm of the EIA. Flomerics is
championing the results of
Delphi and has begun develop-
ment of commercially available
models using the standard.
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mass. Assuming a homogenous ma-
terial, linear interpolation can then
estimate temperatures at points be-
tween nodal centers. Interestingly,
some software models also include
nodes with zero or infinite thermal
mass to simplify computations. A
zero-mass node (arithmetic node) is
useful for estimating temperatures
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at the coupling points between
nodes of dissimilar materials, such
as at an IC’s bond pad. An infinite-
mass node (boundary node) helps
to simplify cases such as small com-
ponents being attached to large heat
sinks.

Software models use the conductors in
the thermal network to represent the
heat-flow paths between nodes with
varying degrees of sophistication (Figure
1b). Heat transfer takes place through
conduction, convection, and radiation.
“Conduction” refers to the case in which
heat flows through materials that are in
contact, such as out of an IC via its lead
frame. “Convection” describes a fluid ac-
tion of conducting heat, such as the heat
dissipating out of an IC’s top surface.
“Radiation” describes heat transfer be-
tween bodies that have a space between
them, such as between multiple heat
sinks on a pc board. Software models
consider conduction and convection
mechanisms as essentially linear con-
ductors, because their heat-flow rates are
a simple function of the differences be-
tween nodal temperatures. Alternative-
ly, radiation is a nonlinear conductor:
The heat flow between two surfaces is a

FOR MORE INFORMATION...

The Betasoft-Board thermal

Figure 3 modeler interfaces with most

high-end pc-board packages and features a user-extensi-
ble parts library.

function of the difference of the fourth
powers of the temperature of each sur-
face. But for most cases, linear models are
sufficiently accurate for device- and
board-level modeling applications.

SPICE NETLISTS ENABLE SIMULATION

At a time when the mainstream EDA
market is busy acquiring and merging it-
self into as few as four main entities, it’s
refreshing to see a healthy number of in-
dependent thermal-modeling specialists.
(See sidebar “For more information” for
a partial list.) Available products include
the thermal-measurement systems and
software to generate the compact device
models that semiconductor vendors such
as Infineon, International Rectifier, and
Philips use to characterize their devices.
Such systems include Analysis Tech’s
thermal analyzer and WinTherm suite,
and Micred’s T3Ster thermal-transient
analyzer and Thermodel software. The
output from such systems is typically an

ASCII text file or a Spice netlist that
you can simulate using a convention-
al Spice program, just as you would
for an electrical-system simulation
(Figure 2). You can also import the
netlist data into math packages or use
a spreadsheet, but without a substan-
tial programming effort on your be-
half, such homespun approaches are
suitable only for simulating single
packages.

Options for board-level simulation
range from stand-alone simulators to
analysis programs that link with pop-
ular pc-board-design packages. The

Betasoft-Board simulation environment
from Dynamic Soft Analysis interfaces
with most high-end pc-board-design
packages, the latest of which is Pulsonix.
With prices starting around €4995 per
seat, Betasoft-Board comes with a library
of approximately 2500 components. You
can edit items in the program’s library
and use them as templates for new com-
ponents or construct entirely new com-
ponents by shape or parameter list (Fig-
ure 3). To interface with Betasoft-Board,
Pulsonix uses a filter to write ASCII-text
component-description data files in Be-
tasoft’s native format. This basic infor-
mation includes the component type, the
designator, the shape, and placement
data. But Pulsonix also accepts compo-
nentattributes such as power dissipation
within its native design-entry fields,
which you can then seamlessly export.
Bob Williams, marketing director at Pul-
sonix, observes that the relentless pres-
sure on pc-board designers to squeeze

For more information on products such as those discussed in this article, go to www.ednmag.com/info and enter the reader service number. When you contact any of the
following manufacturers directly, please let them know you read about their products in EDN.
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more from their real estate is
driving the company to include
a link to thermal simulation
within its design environment.
Williams believes that designers
will soon view thermal capabil-
ities to be just as important as
schematic capture, pc-board
layout, and autorouting tools.
Pulsonix is available now for
€5750 for the unlimited-pin-
capacity version with its gridless
autorouter; €1150 more buys
you the optional Spice simu-
lator.

One representative example
of a dedicated thermal-simula-
tion program is Micred’s Therman,
which works at both the component lev-
el and the board level. Therman’s origins
belong to the Technical University of Bu-
dapest’s Department of Electron De-
vices, where the project received funding
from the European Union’s Profit proj-
ect and the Hungarian government.
Therman uses an FFT technique to cal-
culate steady-state and dynamic thermal
performance. Prime objectives included
reducing computation time and retain-
ing the ease of use that board-level sim-
ulation environments traditionally pro-
vide. Therman can accept models of
user-defined complexity in the form of
a Spice like lumped RC electrical net-
work in a text-file format. To perform a
board-level simulation, the program also
needs to know each package’s outline
and footprint; the area of other thermal
nodes, such as an IC’s top surface; and
the area and characteristics of the pc-
board materials that form the thermal
substrate.

In a paper to the Semi-Therm 2002
Symposium, development-team mem-
bers describe Therman’s computational
approach and the practical questions that
arise from this implementation (Refer-
ence 1). The paper focuses on board-lev-
el simulation and uses a three-port com-
pact model of a package to illustrate an
individual device’s heat-transfer contri-
bution. Here, the first port is the device’s
junction, and the other two are its contact
patches with the pc board. Therman first
determines the thermal impedance ma-
trix for the pc board’s contact patches and
then matches the equations that result
from the package’s netlist information to
these contact patches. Because the tem-
peratures and heat fluxes at the contact
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Figure 4

guency-domain option that Mi-
cred published at Semi-Therm
2000. Poppe explains that if you
have the time-constant spec-
trum, you can integrate it. In this
way, you obtain the unit-step
transient response.

Therman comprisesa GUl and

patch boundaries are equal, rearranging
the matrix equations yields the heat flux-
es that cross the contact patches. This
transformation permits the software to
calculate the heat going into the pc board
and the temperature at the device junc-
tion for a fixed-power, steady-state con-
dition. Given an RC model, the software
can then simulate dynamic and transient
behavior by repeating the exercise for dif-
ferent input-power levels over time.
Micred’s Poppe worked on Therman’s
development and notes that all the pro-
gram’s dynamic calculations use a fre-
guency-domain (ac) option. Poppe ex-
plains that you can imagine the ac option
as an extension of a dc option as follows:
Thermal impedance replaces thermal re-
sistance. Or, if you prefer, thermal ad-
mittance replaces thermal conductance.
Poppe notes that thermal admittance is
a complex number, in that its real part
is equal to thermal conductance, and its
imaginary part is equal to thermal ca-
pacitance times frequency. Therefore, he
continues, in a frequency-domain analy-
sis such as a Bode plot calculation, you
sweep the frequency and calculate the
complex temperature response. Accord-
ing to Poppe, thermal engineers and
physicists usually have difficulty inter-
preting this response. A complex tem-
perature has an amplitude, which you
can imagine, and a phase. The phase de-
scribes how a sinusoidal thermal wave of
given frequency propagates; it describes
the delay of the wave. Once you have a
frequency-domain model and a fre-
guency-domain analysis, Poppe notes,
you can extend it for time-domain (tran-
sient) analysis. Therman’s approach first
calculates the time-constant spectrum
using a slight modification of the fre-

Therman generates results in 3-D, Bode
plot, time-constant spectrum, and step-
function response formats, as well as in this 2-D thermal-map rep-
resentation.

a solver module that communi-
cate using ASClI-text files to ex-
change data. The text-file format
makes it easy to integrate Ther-
man into other programming en-
vironments. To define a new
problem, the GUI front end al-
lows you to define a layer of sub-
strate material and enter param-
eters to represent, for example, the size
and thermal properties of a pc board’s
structure. You can then add shapes to the
pc board that represent heat sources and
define their characteristics, or you can se-
lect from a small number of generic pre-
defined compact models whose charac-
teristics you can edit. You can also define
the dominant heat-transfer mechanism
at the structure’s boundaries in one of
three ways; adiabatic (no loss or gain in
heat), convection (typically via the top
surface), and isothermal (taking place at
a constant temperature). You can specify
an ac or dc analysis and FFT resolution
from 128128 to 1024 1024. Results are
available in formats that include a ther-
mal map (Figure 4), Bode diagrams, a
time-constant spectrum, and response to
step functions. Therman is available now
for all 32-bit Windows platforms and So-
laris hosts and costs €2200.

Another program with strong links to
the Delphi compact-model-standardiza-
tion effort is Flomerics’ Flopack. Available
now at approximately €3500 for an an-
nual license, Flopack is a Web-based
facility for creating libraries of 1C pack-
ages and other parts that primarily
targets device-packaging engineers.
Flopack complements Flomerics’ high-
end Flotherm simulator, for which prices
start at approximately €19,500 for an an-
nual license. Flotherm imports Smart-
Parts that you create in Flopack. Flopack
then performs thermal analysis from in-
dividual-component to complete-system
level, including enclosures, heat sinks, and
fans. Flopack’s latest release, 3.1, includes
an extended range of Delphi compact
models, such as cavity-down PBGAs and
TBGAs. An upgrade to Flopack’s flip-chip
PBGA definition abilities lets you enter
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the complex details that
describe the package’s
substrate. Extensions to
the wire-bonded PBGA
library include separate
fields for the solder
mask below the die, and
you can selectively dis-
connect thermal vias
from one or more of the
substrate’s metal layers.
Other features include a
corporate  multiuser
function that allows
workgroups to share de-
signs, thereby avoiding
duplication, and a test-

environment  wizard Figure 5

DEVICE MAKERS GET ONBOARD

Semiconductor vendors are also be-
ginning to respond to the demand for
compact models and programs to ma-
nipulate the resulting data. One exam-
ple is the winner of an EDN innovation
award:  National  Semiconductor’s
Webench, which now includes the Web-
Therm thermal modeler. Developed for
PC platforms in cooperation with Flom-
erics, WebTherm models the physical
layout of a module or pc board using
colour images to depict temperature gra-
dients. Known junction temperatures
and environmental conditions allow
WebTherm to calculate the heat transfer
between components on the board and
its surrounding environment. The ther-
mal envelope that WebTherm produces
allows you to match devices with any
necessary heat sinks or airflow rates.
And, best of all, it's free. Take a test
drive at www.national.com/appinfo/
power/webench. Note that more tools
and a great deal of background informa-
tion on all cooling-related topics appear
on the Flomerics-sponsored Web site,
www.coolingzone.com.

International Rectifier plans, as of the
fourth quarter of this year, to release
compact-thermal-model data for all of
its new products in RC/Spice netlist for-
mat. These models allow you to specify
ambient or sink temperature and to cal-
culate junction temperature for arbitrary
power pulse from transient to steady

Hexrise calculates junction temperatures
for single- or multiple-current waveforms;
that guides you through  six waveshapes are currently available.

creating JEDEC-stan-

dard test environments for use by the
Flotherm simulator.

state. Asa complementary approach, the
company has just released its stand-alone
PC-compatible Hexrise thermal-model-
ing program for its range of power FETSs.
Hexrise calculates junction-temperature
rises for single- or multiple-current
waveforms; six waveshapes are currently
available (Figure 5). Hexrise calculates
junction-temperature rises over time pe-
riods that are shorter than the time a de-
vice takes to reach a steady state, using
transient thermal parameters from data-
sheet curves. These parameters in turn
derive from real-world measurements
made in the company’s device-evalua-
tion laboratories. Unlike the equivalent
RC thermal circuit—and because these
values reflect the device’s real per-
formance within the appropriate pack-
age—you need not consider the device’s
separate die and header thermal-per-
formance parameters. Hexrise thus ac-
curately predicts junction-temperature
rises during transient thermal-response
times. The program notes

include guidance for ex- You can reach
tending analysis for longer ggi?gr‘bDU:vfl!g
term events and steady-state Marsh at

i+ H forncett@
conditions. Hexrise should Compusenve.com,

be freely available for down-
load from the company’s
Web site by the time you read this.c
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