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1.1

Chapter 1

Introduction and Overview

The Transmeta Crusoe processor model TM5500/TM5800 is based on fundamental technology
innovations that provide x86 software compatibility, high performance, and low-power operation for
mobile computing platforms. A TM5500/TM5800 Crusoe processor is composed of two major
components: the packaged TM5500/TM5800 silicon chip (hardware), and the Code Morphing software,
that together provide the functionality of an x86-compatible processor.

The Crusoe processor Code Morphing software and LongRun power management technologies
incorporate intelligent adaptive processes that optimize performance and power consumption
dynamically during software execution. Optimal low-power computer platforms incorporating Crusoe
processors must be designed to accommodate the thermal characteristics and requirements of the
Crusoe processor.

This document provides an overview of microprocessor-based mobile platform thermal design issues,
with a particular emphasis on the unique operating characteristics and requirements of the Crusoe
processor TM5500/TM5800 family. Thermal management solution examples applicable to systems
based on Crusoe processor model TM5500/TM5800 are described.

Thermal Design Guide Overview

Chapter 1, Introduction and Overview of the TM5500/TM5800 Thermal Design Guide, describes the
layout and content of the chapters and appendices in this document. The fundamental thermal
management problem for microprocessor-based systems is outlined, followed by a section detailing the
sources of power dissipation in CMOS microprocessors. Chapter 1 concludes with a list of Crusoe
processor technical reference documents that may be useful in conjunction with the Thermal Design
Guide.

Chapter 2, Thermal Management Fundamentals, provides technical information necessary for an
understanding of thermal management principles. Information in this section includes thermal
engineering concepts such as heat flow/thermal energy transfer by conduction, conductivity of materials,
and thermal resistance. Thermal energy transfer by convection and radiation are also covered, and an
electrical/thermal analog technique is described that provides the framework for device and system-level
thermal models. Thermal measurement tools and techniques, calculation of thermal resistance, and
thermal characterization of electronic device packages are described in later sections of Chapter 2.

Chapter 3, Crusoe Processor Thermal Specifications, provides device-specific thermal characteristics for
the model TM5500/TM5800 processors, including thermal design power, package thermal resistance,
and integrated thermal diode specifications. This chapter also provides example TM5500/TM5800
thermal models.
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Chapter 4, Thermal Solution Design, provides a thermal solution design methodology, together with
descriptions for a wide variety of thermal solution components. A detailed package-level thermal model
for the Crusoe processor model TM5500/TM5800 is described, followed by a section on conventional
thermal solutions. Conventional thermal solution components include a variety of passive heatsinks,
heatpipes, fans, and interface materials. Thermal solution attachment mechanisms are also described.
Chapter 4 concludes with a section on the latest approach to thermal management, Adaptive Thermal
Solutions, highlighting the thermal design advantages of the Crusoe processor LongRun power
management technology.

Adaptive thermal solutions are thermal solutions that utilize thermal feedback and control techniques,
and intelligent algorithm-based adaptive thermal management. Thermal throttling techniques used in
mobile computer systems are described and characterized. A new Crusoe processor-based adaptive
thermal management strategy is presented that utilizes LongRun power management technology to
regulate the thermal environment of the processor, while achieving maximum computational throughput
and minimum overall energy consumption. This new thermal management solution offers the benefits of
a lower-cost, lighter-weight solution with better thermal, processor performance, and battery-life
characteristics than thermal throttling and conventional thermal management solutions.

Chapter 5, Thermal Solution Examples, includes a range of thermal solution examples for Crusoe
processor model TM5500/TM5800-based systems. Detailed descriptions of system models, system and
environmental assumptions, mechanical configurations, and computational fluid dynamic simulation
results are provided.

The TM5500/TM5800 Thermal Design Guide concludes with a series of appendices with useful thermal
design information and references. Appendix A, Thermal Terminology and Nomenclature, lists and
defines common thermal engineering terms and nomenclature usage in this document. Appendix B,
Thermal Conversions and Constants, contains tables of common thermal constants and conversions.
Appendix C, Thermal Product Vendors, contains contact information for a variety of thermal management
products. Appendix D, Thermal Engineering References, has an extensive list of thermal engineering
information references. Appendix E, Package Drawings, has dimensioned mechanical drawings of the
TM5500/TM5800 FC-CBGA package.

1.2 Thermal Device Problem

Integrated circuit devices, including microprocessors, have electrical, thermal, and mechanical properties
that are closely interrelated and drive the requirement for thermal management. CMOS-based
microprocessors have a characteristic relationship between their operating voltage, clock frequency,
workload being performed, and temperature. Increasing the operating voltage of a particular
microprocessor will increase the maximum operating frequency. Microprocessors are also temperature
sensitive devices. Increasing the temperature of a particular microprocessor will decrease the maximum
operating frequency.

Microprocessors can be viewed as energy transforming devices, with the computational work performed
driving the energy transformation. For a particular microprocessor device, a given computational
workload will activate electrical circuits within the device that, as a result of this circuit activity, will convert
electrical energy into thermal energy. For a particular device and workload, increasing the operating
voltage will increase the thermal energy within the device proportional to the square of the voltage
increase. Also, for a particular device and workload, increasing the operating frequency will increase the
thermal energy within the device in direct proportion to the frequency increase.
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1.3

1.3.1

1.3.2

As a result of these characteristic CMOS microprocessor properties, the demand for increasing
performance has created an increasingly difficult thermal problem within today’s computer systems. As
clock frequencies increase, and the amount of transistor circuits within microprocessors increases, the
amount of thermal energy released within the microprocessor continues to increase with each processor
generation. The thermal energy density within microprocessors is also increasing dramatically, creating
severe thermal gradient issues within the silicon die and package substrate.

Power Dissipation in CMOS Microprocessors

There are three major components of power dissipation in CMOS microprocessors -switching power,
short circuit power, and leakage power:

IDtotal = IDswitching + F)short circuit T Pleakage (1-1)

Switching Power

Switching power dissipation in CMOS microprocessors is a function of device geometry (effective active
capacitance), frequency of operation, and operating voltage.

Pswitching = (C * f+V2) /2 (1-2)
where

C = effective active capacitance, Farads
f = switching frequency, Hertz
V = peak-to-peak voltage swing, Volts

Switching power dissipation results from the charging and discharging of the capacitance of transistor
gates and interconnects during logic state changes. Switching power typically accounts for 70-90% of the
total power dissipation in CMOS microprocessors. It is significant that switching power is a linear function
of frequency and capacitance, and a quadratic function of voltage. Historically, operating frequency and
device effective capacitance have been increasing with each microprocessor generation, while operating
voltage has been decreasing with each process generation change. Overall, device switching power has
been increasing dramatically with each microprocessor generation, in spite of the trend to lower
operating voltage.

Short Circuit Power

Short circuit power dissipation, sometimes called crowbar power, in CMOS microprocessors results from
the pull-up and pull-down transistors in CMOS logic gates being briefly and simultaneously on during
state changes in output nodes. This creates a momentary near short-circuit condition from the supply rail
to ground, with consequent power dissipation. Short circuit power dissipation typically accounts for 10-
30% of the total power dissipation in CMOS microprocessors. Short circuit power dissipation is a function
of operating voltage, effective short circuit current, and device specific characteristics:
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Pshort circuit = Dshort circuit * Ishort circuit * VY (1-3)
where

Dshort circuit = device-specific constant
Ishort circuit = €ffective short circuit current, Amps
V = peak-to-peak voltage swing, Volts

1.3.3 Leakage Power

Leakage power dissipation in CMOS microprocessors results from DC leakage currents, primarily gate
transistor leakage currents. This power component is typically less than 1% of the overall device power
dissipation. It is significant in very low-power states in power-managed CMOS microprocessors,
however, and can become a dominant design consideration in extremely low-power, battery operated
devices. Leakage power dissipation is a function of operating voltage and leakage current:

IDleakage = IIeakage Y (1-4)
where

lleakage = leakage current, Amps
V = peak-to-peak voltage swing, Volts

It should be noted that leakage current is extremely sensitive to temperature, increasing exponentially
with temperature increases. Also, leakage current typically increases 5x with each process generation
change due to the decreasing thickness of the gate dielectric and reductions in the threshold switching
voltage (V;) with each process generation geometry shrink. The implication of these historical trends is
that leakage power is expected to become a significant component of overall CMOS microprocessor
power dissipation in future generation devices, and that limiting device temperature will be an important
power management technique to keep leakage power under control.
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1.4 Crusoe Processor Reference Documents

The following documents should be used in conjunction with this guide:

TM5500/TM5800 Data Book

TM5500/TM5800 Package Specifications and Manufacturing Guide
TM5500/TM5800 System Design Guide

TM5500/TM5800 BIOS Programmer’s Guide

TM5500/TM5800 Development and Manufacturing Guide

TRANSMETA V.
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2.1

Chapter 2

Thermal Management
Fundamentals

Thermal management is the engineering discipline of controlling the thermal operating characteristics
and thermal environment within systems. In the context of microprocessor-based computer systems,
thermal management involves control of the thermal environment within the computer system, and
particularly the removal of excess thermal energy from the heat-generating and heat-sensitive
components of the system. In most computer systems today, the microprocessor is not only one of the
largest sources of thermal energy within the system, but also one of the most heat-sensitive system
components. It has therefore become extremely important when designing microprocessor-based
systems to carefully engineer the thermal features of the system to achieve reliable operation within the
expected environmental conditions over the life of the system. To achieve this reliability, thermal
management is used to ensure that each component in the system operates within its specified
temperature limits.

Thermal Engineering

A knowledge of basic thermal engineering is required to understand the nature of thermal management
and the design of thermal cooling solutions for microprocessor-based computer systems. The relevant
areas of thermal engineering involve the transformation of electrical energy by an electrical device such
as a microprocessor into thermal energy (heat), as discussed in the previous chapter, and the transfer of
that thermal energy to the environment surrounding the device, discussed below.

From a thermodynamic standpoint, energy can be defined as the potential for change. Energy may
manifest itself in many forms: macroscopic motion of an object, microscopic vibrations of particles,
chemical bonds within molecules, electrical potential, etc. Thermal energy is energy that can directly
affect the temperature of a material. For example, within an operating microprocessor, electrical circuits
convert electrical energy to thermal energy, potentially causing the temperature of the microprocessor to
increase. Heat transfer is the flow of thermal energy from one region to another within a system.

The thermal energy generated within, or heat transferred to, an electronic component can increase its
temperature. However, if the temperature of a component exceeds the temperature of its surroundings,
heat will be transferred from the component to the surroundings. Conversely, if the temperature of the
surroundings is higher than the temperature of the component (i.e. if the component does not heat itself
hotter than its surroundings), heat will be transferred from the surroundings to the component. If the rate
of heat transfer to the surroundings balances the rate of thermal energy generation (power dissipation) of
the component, no extra thermal energy can be stored within the component. Therefore, the
temperature of the component will not change. This is known as a steady state condition.

Heat generation by a CMOS microprocessor is a function of the processor core operating frequency,
peak operating voltage, total effective device capacitance, leakage and short circuit currents. There are
three modes by which heat can be transferred to or from a component such as a microprocessor -
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conduction, convection and radiation. These three heat transfer modes, and their contributions to heat
transfer from a microprocessor in a computer system, are explained in the following sections.

2.2 Thermal Energy Transfer - Conduction

The heat transfer between two objects in direct contact with each other is through molecular or atomic
interactions (e.g. vibrations, collisions, electron translation). A high temperature object has more
energetic molecules, atoms and electrons compared to a low temperature object. The transfer of this
thermal energy from high energy objects to low energy objects is termed ‘conductive heat transfer’, or
just ‘conduction’. Thermal conduction is the primary method of heat transfer within solids. Heat
conduction involves the transfer of kinetic thermal energy by way of molecular and electron interactions
within a material, and not involving macroscopic motion of the material. Thermal conduction through non-
metallic (electrically insulating) solids is primarily due to lattice vibrations. Thermal conduction through
metallic solids involves lattice vibrations and free electron energy exchange. Electron-based thermal
energy transfer is very similar to electric charge transfer, and good electrical conductors are also good
thermal conductors.

The packed molecular structure of solids provides the mechanical-electrical framework for thermal
conduction. Stationary fluids (still liquids and gases) also exhibit the same mechanism of conductive heat
transfer, but less so than solids due to the decreased degree of molecular interaction inherent in the fluid
state. Liquids therefore typically have lower thermal conductivity than solids. The heat transfer from a
high temperature region to a low temperature region of a still fluid is due to the high energy molecules
colliding with those in the low temperature region of the medium. Similarly, gases have even less
molecular interaction than liquids and solids, and have correspondingly very low thermal conductivity.

Conduction is the only mechanism of heat transfer within the package of a microprocessor. Heat
generated by the silicon die (junction) conducts to the ceramic substrate through the solder balls under
the die (for a flip-chip ceramic ball-grid array, FC-CBGA, package as used in the TM5500/TM5800) and
to the heat-spreader through epoxy. Conduction between the substrate and printed circuit board occurs
through the solder balls under the substrate (again, for a BGA package). If a heatsink is mounted on top
of the heat-spreader in the package, heat may conduct into this heatsink through an interface material.
For more information on TM5500/TM5800 package specifics and heatsinks see the following chapters.

2.2.1 Thermal Conductivity of Materials

Thermal conductivity is a property of matter that describes a material’s ability to transfer thermal energy.
Thermal energy is conducted through a material at a rate proportional to the area normal to the heat flow
and to the temperature difference (thermal gradient) along the heat flow path. Thermal conductivity is
defined as the material-specific proportionality constant for this thermal energy transfer relationship
(Fourier’s Law):

Q=keA-dT/dx (2-1)
where

Q = heat flow (normal to the cross-sectional area of heat transfer), W
k = thermal conductivity of medium, W/ (m ¢ °K) or W/ (m « °C)
A = cross-sectional area of medium normal to heat flow path, m2

8 TRANSMETAV.
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TABLE 2-1

dT/dx = temperature gradient, °’K/mor °C/m
T = temperature of medium, °K or °C
x = position along the medium, m

Thermal conductivity indicates how easily heat flows through a material as a result of a temperature
difference across the material.

k=-q/(dT/dx) (2-2)
where

k = thermal conductivity, W/ (m * °K) or W/ (m « °C)
q=Q/A=heat flux, W/ m2
dT/dx = temperature gradient (steady state), °’K/mor °C/m

The negative sign indicates that heat flows from higher temperature regions to lower temperature
regions. Larger values of thermal conductivity indicate more heat flow for a given area and temperature
differential than low thermal conductivity values. Good heat conductors have high thermal conductivity
and good heat insulators have low thermal conductivity. At room temperature (300°K), the thermal
conductivity of copper, a good conductor, is approximately 400 W/m+°K. At sea level and room
temperature, the thermal conductivity of air, a poor conductor, is 0.026 W/m«°K.

Thermal conductivities for different materials are measured using various direct and indirect methods.
Tables for these thermal conductivity values are available in the thermal engineering literature (see
Appendix D, Thermal Engineering References). The table below lists some thermal properties, including
thermal conductivity (k), of materials commonly used in microelectronics.

Thermal Properties of Electronic Materials

Material Thermal Thermal Density
Conductivity Coefficient of g/cms3
W / (me°K) Expansion
ppm/ °K
Alumina, 96% 21 6.5 3.8
Alumina, 99.5% 37 6.8 3.9
Aluminum, 99.99+% 237 23 2.702
Aluminum, 1100H18 218
Aluminum, 6063 T6 201
Aluminum, 6061 TO 173 234 2.71
Aluminum, 6061 T6 156 23.6 272
Aluminum, 5052 139
Aluminum, 2024 and 7075 120-130
Beryllium oxide, 99.5% (temp dep) 250 7.5 29
Ceramic, cofired multilayer 15 6-6.5
Copper, 99.99% 386 16.5 8.96
Diamond, type IIA 2000
Diamond, type 1B 1300
Diamond, film 100-1200 3.5
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Material Thermal Thermal Density
Conductivity Coefficient of g/cms3
W / (me°K) Expansion
ppm/ °K
Epoxies 0.17-1.0 10-35
Epoxy fiberglass laminate, FR-4 0.8 (x,) 16-20 (X, y) 1.8-2.0
0.3 (2) 50-70 (z)
Epoxy, silver fill 2-2.5 45 < 88°C
20> 88°C
Gold, 99.99+% 318 14.3 18.9
Invar 13.8 1.33 8.13
Kovar 16.3 5.3 8.36
Magnesium 157 1.74
Manganese 7.8
Silicon, 99.5-99.95% 150 2.8 2.33
Silicon carbide, SiC 270 3.7 3.2
Silicon dioxide, SiO, (vitreous) 0.5-2 0.5 2.2
Silicon nitride, SiN 27 2.3
Silicon nitride 3-4,Si3N4 (alpha) 80 (single xtal) 3 3.2
10-33 (h-press)
Silver, 99.99% 427 19.2 10.5
Solder, 95% Pb / 5% Sn 32.3 28 11
Solder, 90% Pb / 10% Sn 36 28
Solder, 40% Pb / 60% Sn 50 24.2 9.29
Teflon 0.25 20-120
Thermal grease (depends on filler) 0.1-1.5

Fourier’s Law of Thermal Conduction

Conductive heat transfer is governed by Fourier's Law, as stated previously in equation (2.1), and again
below in equation (2.3) for the case of heat flow in one-dimension. As the formula indicates, conductive
heat flow (Q.ong) is proportional to the temperature gradient (dT/dx) and the area available for heat

transfer (A), as well as the thermal conductivity of the medium (k).

Qqong = k * A + dT/dx

(2-3)

Note that if thermal conductivity is constant over a length (L) of material, the equation above can be

written as:

Qqond =k * A+ AT/L

(2-4)
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where AT is the temperature difference between one end of the material and the other.

Heat flow is considered positive in the direction of decreasing temperature. Note that the area normal to
the heat flow path and the temperature gradient are defined at the same point (x). Thermal conductivity,
as described previously, is the proportionality constant for the energy transfer relationship. Thermal
conductivity for a given material varies somewhat with temperature, depending on the material. Most
thermal engineering problems for microprocessor-based systems operate within such a narrow
temperature range that the variation of thermal conductivity with temperature may be safely ignored, with
only minimal impact on thermal solution design accuracy.

In the more general three-dimensional case, Fourier’'s Law can be extended to provide similar results.
Under the assumptions of constant thermal conductivity and steady state conditions within a three-
dimensional object, the following relationship holds true:

AT=Ty-Tqy=(Q-L)/(k=A) (2-5)
where

AT =T, - T4 = the temperature difference across the object, °K or °C

Q = the thermal energy of a heat source, W

L = the length, m

k = thermal conductivity of medium, W/ (m ¢ °K) or W/ (m ¢ °C)
A = cross-sectional area of medium normal to heat flow path, m2

Thermal resistance can be defined as:
O=L/(k*A) (2-6)
From the preceding two equations, thermal resistance can also be expressed as:

O=L/(k-A)=AT/Q (2-7)

Device Thermal Conductance

The thermal conductance of an object or device is a measure of the ease with which heat is transferred
through the object or device. The greater the thermal conductance, the more readily is heat transferred.
Thermal conductance is defined as:

Adevice =P /AT (2'8)
where

Adevice = device thermal conductance, W/ °C
P = device power dissipation, W
AT = temperature rise in device, °C
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2.2.4 Device Thermal Resistance

The thermal resistance of an object or device is the inverse of thermal conductance, and is a measure of
the temperature differential across the object or device resulting from power dissipated in the object. The
greater the thermal resistance, the less readily is heat transferred. Thermal resistance is defined as:

9device =AT/P (2-9)
where

Bgevice = device thermal resistance, °C / W

AT = temperature rise in device, °C
P = device power dissipation, W

2.3 Thermal Energy Transfer - Convection

If an object at one temperature is in contact with a moving fluid at a different temperature, heat will be
transferred between that object and the fluid. A cold fluid flowing over a hot object receives thermal
energy, through conduction from the object's surface, and carries that energy away from the object, by
the bulk fluid motion. The reverse process happens when hot fluid comes in contact with a cold object.
This mode of heat transfer is called ‘convective heat transfer’, or just ‘convection’. There are two different
types of convective heat transfer - forced convection and natural convection. In forced convection, the
fluid motion is generated by an external means, such as a fan or pump. In natural convection,
temperature gradients within the fluid result in density differences. Lower density regions are buoyant,
relative to higher density regions, and consequently move upwards, opposite the pull of gravity (hot air
rises).

In the context of thermal management for microprocessor systems, the fluid of interest is air. The transfer
of thermal energy from computer systems to ambient air is the most common method of cooling these
systems. Even where heat conduction is employed within a processor thermal solution, ultimately the
heat being removed from the system must be transferred to the ambient air, and convection is the means
for transferring the heat removed from the system to the surrounding air.

Inside the computer system, after heat has conducted to the surface of a microprocessor package,
heatsink, or circuit board, some of the heat may then be transferred to a surrounding fluid via convection.
In the case of cool air being pushed or pulled over the surface by a fan, forced convection is typically the
dominant mode of heat transfer. If there is no forced air velocity present, both natural convection and
radiation may become important for transferring heat from the surface.

The thermal energy transferred by convection is proportional to the temperature difference between the
object and the fluid (AT), and the area available for heat transfer (A). Convective cooling is sometimes
referred to as Newtonian cooling, and is described by Newton's Law of cooling:

Qconv = Neony * A * AT (2-10)
where

Qconv = convective heat transfer rate, W
heony = convective heat transfer coefficient, W/ (m3 « °K) or W/ (m3 « °C)
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A = surface area, m2
AT = temperature differential between fluid and surface, °K or °C

The convective heat transfer coefficient is a positive value that depends on:

*  Flow characteristics - high speed turbulent flows have higher convective heat transfer coefficients
than low speed laminar flows. Also, convective heat transfer coefficients for forced convection flows
are generally higher than those for natural convection flows.

»  Fluid properties - liquid flows have higher heat transfer coefficients compared to similar gas flows.
»  Geometry of the surface and the flow.

*  Acceleration of gravity in natural convection flows.

Because of the complexity of determining convective heat transfer coefficients, analytical solutions to
convective thermal problems are considerably more difficult than conductive thermal problems. In
practice, the heat transfer coefficient is often approximated with empirically determined values based on
the type of problem being solved. In air cooling of a typical electronic component, the convective heat
transfer coefficient is about 7-50 W/m2 « °C in forced convection flows, and about 4-10 W/m2 « °C in
natural convection flows. For details on determining heat transfer coefficients for specific environments,
see the convective heat transfer references in Appendix D, Thermal Engineering References.

For most practical thermal solution design situations, the average surface temperature and average heat
transfer coefficient are used for solving the convective equations. Under these assumptions, the
preceding equation can be expressed as:

AT = Qeony / (Neony * A) (2-11)

By analogy to the case of conduction and conductive thermal resistance, a comparable convective
surface thermal resistance 8, can be defined as:

Bcony = 1/ (heony * A) (2-12)

These relationships define the heat transfer coefficient h.,,, as a proportionality constant for a
convective surface indicating the heat transferred through a temperature difference per unit area of the
surface. As mentioned above, the heat transfer coefficient actually depends on surface characteristics
and geometry, temperature, fluid velocity, viscosity, and density.

Convective cooling is typically classified into two categories, forced convection and natural convection,
depending on the relative velocities of the fluid and the object being cooled. Natural convection,
sometimes referred to as free convection, describes the case where the fluid and thermal object are at
rest relative to each other. Thermal energy is transferred between the fluid and the object at the surface
of the object by direct contact. Since the particles of the fluid are free to move, energy transferred to the
particles increases their internal energy, and thus their temperature, and causes a decrease in their
density. Buoyant forces then cause the particles to move to regions of lower density and temperature in
the fluid. By this means thermal energy is transferred from the object to the fluid (or vice versa). The fluid-
to-object interface builds up a boundary layer of heated (or cooled) particles in the fluid. The motion of
particles in natural convection is due to density differences within the fluid resulting from temperature
differences, and no external force is applied to move the fluid or object relative to each other. For the
case of natural convection, the convection heat transfer coefficient (hpcony) is given by:

hnconv =DeE- (ATO.ZS / L0.25) (2_13)

where
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hnconv = Natural convection heat transfer coefficient, W / (cm3 « °K) or W/ (m3 « °C)
D = constant, dependent on air properties

E = constant, dependent on surface configuration

AT = temperature difference between object surface and fluid, °K or °C

L = characteristic length of object surface, m

Forced convection relies on the application of external force to move the fluid and thermal object relative
to each other. Typically the fluid is driven by a fan or pump to flow past the object being cooled or heated.
The heat transfer mechanism in forced convection is the same as natural convection, surface transfer of
thermal energy from object to fluid by direct contact. For the cases of interest for mobile computing, low-
power fans are often used to circulate ambient air past a metal heatsink to remove heat from the heatsink
attached to the electronic devices. Fans are described in a subsequent chapter, and are not discussed

further in this section. For the case of forced convection, the convective heat transfer coefficient (hsony)

is given by:

Ntcony = B * (V075 / L025) (2-14)
where

hiconv = forced convection heat transfer coefficient, W / (cm3 « °K) or W/ (m3 « °C)
B = constant, dependent on fluid properties and surface configuration

V = linear velocity of fluid, m / sec

L = characteristic length of object surface in direction of flow, m

This relationship shows that the linear velocity of the forced convection fluid is an important factor in
determining the heat transferred in a given thermal management configuration. As the velocity of the fluid
increases, the flow characteristics change from laminar to turbulent flow. Laminar flow describes the
condition where fluid particles follow a smooth continuous path, and turbulent flow introduces instabilities
and eddies into the flow pattern, resulting in greater mixing of the fluid particles. For air as the fluid, the
transition from laminar to turbulent flow occurs at approximately one meter per second. Turbulent flow
generally results in greater heat transfer properties, though at the cost of greater energy required to drive
the flow. Commercially available heatsinks are fully characterized for natural (zero air velocity) and forced
air convection, at a variety of airflow rates.

Thermal Energy Transfer - Radiation

If there is no direct contact between two objects at different temperatures, and there is no interfering
medium, thermal energy can still be transferred by radiation and absorption of electromagnetic waves.
This mode of heat transfer is called ‘radiative heat transfer’, or just ‘radiation’. Heat transfer by radiation
does not require contact between the objects, and does not require any material transport medium at all.
Radiation, therefore, can be used to transfer heat between objects even in a vacuum. This is the thermal
energy transfer mechanism that brings heat to earth from the sun, and accounts for the heat felt when
standing near campfires and fireplaces. Radiation is essentially a surface-related effect, in that the vast
majority of electromagnetic radiation emission and absorption takes place at the surface of objects.

A black surface absorbs the visible light that falls on it, and reflects very little light away. Similarly, a
thermal black body is defined as a surface that absorbs all the thermal radiation that reaches its surface
and reflects none. Objects also emit radiation in relation to their surface temperature. Materials that are
good absorbers of thermal radiation are also good emitters of thermal radiation. Real materials do not
have the surface characteristics of ideal black bodies, and thus have emissive and absorptive
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characteristics somewhat different than ideal black bodies. The net amount of radiative heat transfer
between two objects is a complicated function of their temperatures, surface properties, and orientations
relative to each other.

The emissivity (€) of an object surface is defined as the ratio between the radiated flux (E) emitted by the
object surface and the ideal radiated flux (E,) emitted by a black body at the same temperature:

e=E/Ep (2-15)

The actual emissive ability of a real surface is always less than E,. The table below shows the
emissivities of materials commonly used in microelectronics. An ideal black body would have an
emissivity of 1, and a perfect reflector an emissivity of 0. Notice that aluminum, commonly used for
heatsink thermal solutions in computer applications, has an emissivity of 0.04 in the polished state, and
0.80 in the black anodized state. Aluminum heatsinks are almost always black anodized because the
high emissivity provides radiative cooling as well as the more commonly discussed conductive and
convective cooling effects.

Emissivity of Electronic Materials

Material Emissivity (€)
White alumina (98%) 0.88
Beryllia 0.87
Anodized aluminum 0.80
Thick oxide-coated copper 0.78
Oxidized steel 0.78
Rolled sheet steel 0.55
Stainless steel - alloy 316 0.28
Dull nickel plate 0.11
Machined copper 0.07
Rough aluminum 0.06
Kovar 0.05
Polished aluminum 0.04
Bright tin 0.04
Gold 0.04
Polished copper 0.03
Silver 0.02
Polished silver 0.02

The rate of emission of radiative thermal energy is defined as:

R=Qq/A (2-16)
where

R = rate of emission of thermal energy from surface, W / m2
Q,oq = radiative heat transferred, W

A = radiating surface area, m2
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The rate of emission of radiative thermal energy from the surface of an object is given by:
R=¢ge0-T* (2-17)
where

R = rate of emission of thermal energy from surface, W / m2
€ = surface emissivity, Joules / (sec * m2)

o = Stefan-Boltzmann constant, 5.670 x 10-8 W / (m2 « °K#)
T = temperature of surface, °K

Solving these two relationships for the heat transferred Q,q4:
Qrgg=€*0°*A-T* (2-18)

The radiative heat transfer between two ideal black body surfaces (¢ = 1), one completely enclosed by
the other, is given by:

Qrag =A< 0 (Tq4-To%) (2-19)
where

Qg4 = radiative heat transferred, W

A = radiating surface area, m2
o = Stefan-Boltzmann constant, 5.670 x 10-8 W / (m2 « °K#)
T4 = temperature of hot body surface, °K

T, = temperature of cold body surface, °K

For real (non-black body) object surfaces, € < 1 and the radiation heat transfer is:

Qrag =Fs*Acec0(T1*-Ty) (2-20)
where

F = view factor

F is sometimes called the shielding factor, and is a measure of the visibility of the emitter by the
absorber. The view factor can have a value ranging from 0 to 1, with a value of zero indicating no

radiative path between emitter and absorber, and the maximum value of one indicating 100% radiative
coupling between emitter and source.
The previous equation can be rewritten as:

Qpaq = hrag * A AT (2-21)
which is similar to Newton's Law of cooling for convective heat transfer rate. In this equation,

hrag =Fs+€+ 0+ (T42+T?)«(Tq+Tp) (2-22)
is called the radiation heat transfer coefficient.
It is especially important to consider radiation as a means of heat transfer from a processor where there

is no forced convection. Radiation is also important in high altitude applications since the lower density
air at high altitude cannot carry as much heat for convective cooling.

TRANSMETAV.



TM5500/TM5800 Thermal Design Guide June 18, 2002

2.5

Thermal/Electrical Analogs

Thermal systems can often be modeled and explained by analogy to simple electrical circuits.
Temperature difference across a thermal device (AT) is analogous to voltage drop (V) across an
electrical device. Heat flow (Q) in a thermal device is analogous to current flow (1) in an electrical device.

Thermal resistance (0) is analogous to electrical resistance (R), and thermal conductance (\) is
analogous to electrical conductance (o).

The thermal energy transfer equations presented previously show that the heat transfer rate in a thermal
system is proportional to an applied temperature difference. If the temperature difference is considered
as the driving potential for the heat transfer, these equations can be written as:

Q=(T{-T,)/8 (2-23)

which is similar to the Ohm's law for an electric circuit. 8 (°K/W or °C/W) is called the thermal resistance.
The thermal resistance analogy, equation (2-23), is appropriate for steady state heat transfer. The
equations below provide the appropriate definitions of thermal resistance for the three modes of heat
transfer. For 1-dimensional conduction (constant k):

Beona =L/ (k*A) (2-24)
for convection:

Boonv = 1/ (Neony * A) (2-25)
for radiation:

Brag =1/ (hraq * A) (2-26)

The advantage of the resistance analogy is that, along with rules to combine series and parallel thermal
resistances, it can be used to combine all the heat transfer paths between a location at temperature T,

and a location at temperature T, into a single equivalent thermal resistance.

When thermal conductors are stacked in layers or attached end-to-end, the equivalent total thermal
resistance, as in the electrical resistance case, is simply the sum of the individual thermal resistances of
the series thermal elements. For n thermal resistances in series, the equivalent thermal resistance

(Oseries) is given by:
Bseries =01+ 02+ 03+ ... + 6, (2-27)
The temperature at a specific thermal interface within a series of connected thermal elements is given by:

T i1 = Theatsink + Q* Z 6j j-1:ns (2-28)

where

Tj, j-1 = the temperature at the interface of layers j and j-1

Theatsink = the temperature of the heatsink

Q = the thermal energy of the heat source

2 91-, j-1:ns = the sum of thermal resistances from interface of layers j and j-1 to the heatsink
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As in the case of electrical resistance elements in parallel, combinations of parallel thermal elements are
quite common in thermal systems. Whenever multiple heat flow paths exist from a thermal energy
source, each path may be viewed as a thermal element with an associated thermal resistance. For n
thermal paths (parallel thermal elements), the equivalent thermal resistance (epara”e,) is given by:

1/9parallel = 1/91 + 1/92 + 1/93 +...+ 1/9n (2-29)

2.6 Thermal Measurements

Evaluation and characterization of thermal solutions requires careful measurement of the thermal device
and the thermal environment of that device. This section focuses on measurement tools and techniques
used in the analysis and testing of thermal management solutions for portable computing devices.
Temperature measurement is the most fundamental thermal management tool, and techniques for
measuring the temperature of microprocessor devices, heatsinks, and ambient temperature are
described. Because convective thermal management solutions involve airflow as an integral component
of the solution, tools for airflow measurement are also covered in this section.

2.6.1 Device Junction Temperature

The preferred method for measuring the junction temperature (T;) of model TM5500/TM5800 processors
is through the on-die thermal diode, in combination with a Maxim temperature sensor device. It is
strongly recommended that every TM5500/TM5800 processor system incorporate a temperature sensor
device to monitor the processor junction temperature and control a thermal management solution to
ensure operation of the processor within the specified device temperature operating limits. It is also
strongly recommended that an over-temperature safety shutdown system, independent of the functional
operation of the processor, be a part of every TM5500/TM5800 processor-based system.

For design testing and temperature sensor device calibration and verification, the TM5500/TM5800
processor junction temperature (T;) can be measured at the surface of the exposed silicon die. For
thermocouple temperature probes, the point of measurement is usually taken at the center of the
exposed die area. Direct attachment of a thermocouple probe to the die surface can cause damage to
the device if not done with extreme care. Since some form of thermal solution is usually required for a
reliable system design, it is recommended that a thermocouple probe be inserted into a hole drilled into
the thermal solution such that the probe tip comes into direct thermal contact with the center of the
exposed die surface at the attach point of the thermal solution to the processor. Use of thermal grease at
the probe tip is highly recommended. The most accurate means of measuring the device junction
temperature is with a thermal imaging device (camera). This technique is preferred for designs that do
not require a view-obstructing thermal solution.

2.6.2 Ambient Temperature

Ambient temperature for the purposes of TM5500/TM5800 processor thermal solution design is the
temperature of the in-system environment immediately adjacent to the processor. This environment can
include nearby components, the printed circuit board, the air surrounding the processor, and the system
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2.6.4

case. With respect to thermal solution design, the significant ambient environment is the thermal sink into
which heat from the device being cooled is transferred.

Depending on the thermal solution chosen for a system, the relevant ambient environment, and the
method for measuring the ambient temperature varies somewhat. For systems using heatsinks and fans
as the primary thermal solution, the air temperature at the input to the fan is often the relevant ambient
temperature. For systems that use conductive heat transfer (heat-spreaders) as the thermal solution, the
case temperature of the device is usually the ambient temperature. If the system uses a multi-stage
thermal solution, or multiple types of thermal solutions, there can be more than a single relevant ambient
temperature. An example is a system that uses heat-spreaders to transfer heat to the case, as well as an
over-temperature fan.

Calculating Thermal Resistance

Using the temperature measurements of the TM5500/TM5800 processor junction temperature and
ambient temperature, the junction-to-ambient thermal resistance can be easily calculated using the
thermal resistance formula above. Recall that device thermal resistance is given by:

Bgevice = AT/ P (2-30)

For junction-to-ambient thermal resistance, the temperature rise (AT) is given by the difference between
the junction temperature (T;) and the ambient temperature (T,), AT =T; - T,, and:

Bja=(T;-T2) /P (2-31)
where

Bja = device junction-to-ambient thermal resistance, °C / W
Tj = device junction temperature, °C

T, = device environment ambient temperature, °C

P = device power dissipation, W

Airflow

Convection cooling using moving air is a significant component of many TM5500/TM5800 processor
thermal solutions. The velocity of the air moving across components can be measured using an air
velocity measurement device called an anemometer. The principle of operation of an anemometer is that
two temperature sensors are placed in-line in the airflow stream. One temperature sensor measures the
temperature of the airstream. The other sensor is connected to a heater and placed in a feedback loop
that maintains a constant temperature difference above the temperature of the airstream. The airstream
removes heat from the heated element, requiring more heater current to maintain the required
temperature differential. The electrical current to the heating element is proportional to the moving air
mass velocity, and is used to indicate the air velocity on the anemometer output.
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2.7 Thermal Characterization of Electronic Packages

The heat generated by a microprocessor may go through many paths to reach the ambient surroundings.
A thorough package-level thermal analysis of a processor includes detailed modeling of all these paths,
on a simple test board in a controlled environment. However, in a real world application, the package
containing the processor may be mounted on a board with many other components, in a system with
many other boards. It becomes computationally difficult to model processors in detail when board-level
or system-level thermal analysis is also required. The resistance analogy is a powerful tool to
characterize the thermal performances of processors. Detailed package-level thermal analyses and/or
experimental measurements are used to obtain appropriate thermal resistances for a processor. These
thermal characterization parameters can then be used in board-level and system-level thermal analyses
of electronic equipment, reducing the complexity of the analysis. Some standard parameters are
explained in the following sections.

2.7.1 Junction-to-Case Thermal Resistance

One path through which the heat generated inside a processor is dissipated to the ambient is from the
silicon chip to the case of the processor, and then from the case to the ambient fluid. The conduction
paths from the chip to the case may include the chip itself, underfill, heat-spreader, solder balls,
substrate, etc. If the case and the chip are assumed to be at uniform temperatures, an equivalent thermal
resistance can be determined between the chip and the package case of the processor. This is called
junction-to-case thermal resistance (9jc), and is defined as:

Bjc = (TJ- -To)/ PJ-C (2-32)
where

Bjc = device junction-to-case thermal resistance, °C / W

T; = device junction temperature, °C

T, = device case temperature, °C

Pjc = device heat flow rate from the junction to the package case, W

Some packages, such as the TM5500/TM5800 processor's flip-chip ceramic BGA (FC-CBGA), are
‘lidless’ or ‘unencapsulated’ (i.e. the silicon die generating the power is exposed). In this case, Bjc is
simply the conductive thermal resistance through the silicon die, generally less than 0.1 °C/W.

2.7.2 Junction-to-Board Thermal Resistance

The other key path for heat removal from a microprocessor is from the silicon die to the printed circuit
board, and then from the board to the ambient fluid. For a surface mounted package, the first stage of
this heat path involves conduction from the die into the lead frame or substrate of the package.
Conduction then occurs through the leads, solder balls or solder columns of the package to the contact
pads on the surface of the board. Assuming the die and board contact points are at uniform
temperatures, an equivalent thermal resistance can be determined between the die and the board. This

is called junction-to-board thermal resistance (Ojb) and is defined as:
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B = (T;- Tp) / Ppp (2-33)
where

Gjb = device junction-to-board thermal resistance, °C / W
T; = device junction temperature, °C
Ty, = printed circuit board temperature, °C

ij = device heat flow rate from the junction to the PCB surface, W

In reality, the board temperature under a package may vary somewhat depending on the conductivity of
the substrate or lead frame and location of thermal vias and thermal solder balls or pads under the die.
For BGA packages, standards for experimental measurement of Ojb call for the board temperature
measurement to be made at a contact pad at the edge of the array of solder balls.

In some rare cases, the printed circuit board is hotter than the junction of the package. Ojb can then be

used to calculated the heat transfer from the printed circuit board to the junction. For example, consider
a situation where some BGA components surrounding a microprocessor can operate at higher junction
temperatures than the microprocessor. The surrounding BGAs do not require heatsinks while the
microprocessor does require one to meet its lower junction temperature specification. Heat may flow
from the surrounding BGAs, into the board, and then up through the microprocessor and out through its
heatsink.

Junction-to-Air Thermal Resistance

When the thermal performance of a microprocessor is approximately independent of surrounding
components on a circuit board, and there is no heatsink attached to the component, it is useful to lump
the resistance of all of the heat paths from the die to the surroundings into one parameter. This is called
junction-to-air thermal resistance (Oja) and is defined as:

Bja = (TJ- -T,) /P (2-34)
where

Bja = device junction-to-ambient thermal resistance, °C / W
T; = device junction temperature, °C

T, = upstream air temperature, °C

P = total power dissipated by the device, W

Note that the upstream air temperature is the temperature of the air that has not been preheated by the
component. Care must be taken when using eja in real world applications for several reasons:

* Inforced convection, Bja is a strong function of the velocity of air flowing past the component since
the convective thermal resistances (case-to-air and board-to-air) are major contributors. In natural
convection, 9ja is a strong function of the geometry of the surrounding enclosure since natural
convection currents require space to set up.

. Bja is dependent on the size, number of copper layers, and surrounding components on the circuit

board to which the component is mounted. In experimental measurement of Gja, the package is
mounted on a standard type of test board with no surrounding components.
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Device Package Measurement Techniques

Thermal engineers have developed standard measurement techniques for electronics device package
thermal characterization and temperature measurements. Junction temperatures within a package are
typically determined using either a calibrated thermal diode (for which voltage can be correlated with
temperature) or sensing resistor (for which resistance can be correlated with temperature) on the die.
Board and air temperatures can be measured with thermocouples (typically Types T, J or K). When
measuring surface temperatures, care must be taken to ensure the attachment of the thermocouple does
not affect the temperature being measured, since the thermocouple provides a heat conduction path out
of the surface.

Standard test setups for measurement of characteristic thermal resistances are defined by JEDEC (Joint

Electron Device Engineering Council), in JEDEC standards JESD51-1 through JESD51-8. See Appendix
D, Thermal Engineering References, for more information on JEDEC standards.
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Chapter 3

Crusoe Processor Thermal
Specifications

Systems based on Crusoe processor model TM5500/TM5800 must be designed to ensure the
processors operate within the electrical and thermal specifications described in the TM5500/TM5800
data book. Operation of TM5500/TM5800 processors outside the specified operating parameter ranges
can result in unreliable system operation, shortened device operating life, and possibly damage and
catastrophic failure of the processor. This section describes TM5500/TM5800 thermal specifications,
device package data, and other information relevant to system thermal management and thermal
solution design.

A thermal solution should be designed to ensure the TM5500/TM5800 junction temperature (TJ-) never

exceeds the published specifications. If no closed-loop thermal fail-safe mechanism is present to
maintain T; within specifications, the thermal solution must be designed to cool the maximum power

condition, TDP,,,.«. Even where a thermal fail-safe mechanism is present, conservative design practice
dictates a thermal solution designed for TDP .. Thermal solutions designed for TDPyy, < TDP 5, may

be appropriate in certain application dependant circumstances. These thermal solutions should be sized
according to the worst-case application operating power for the specific applications targeted for the
system under design.

Thermal Specifications

The table below shows the TM5500/TM5800 thermal specifications.

Thermal Specifications

Crusoe Processor Operating Thermal Junction Package Package
Model Frequency/ | Design Operating Thermal Thermal
Voltage Power Temperature | Resistance Resistance
(nominal) (maximum) (max / min) (junct-pkg top) (junct-board)
fnax / CVDD | TDPpax Timax ! Tjmin 9 9
MHz / V w °C °CIW °CIW
TM5500/TM5800 900/1.3 6.8 100 0r90/0 | 0.075 3.3
867 /1.3 6.5 1000r90/0 | 0.075 3.3
800/1.3 6.0 100/0 0.075 3.3
800/1.3 6.0 