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ABSTRACT

The mobile thin and light platform has a limited cooling
capability, in part due to a form factor that limits the
volume available for the therma solution. The high
performance of the Pentium® M processor on 90nm
process technology and the Intel® 915 Chipset in the
second-generation platform built on Intel® Centrino™
mobile technology demands a high electrical power and
generates substantial heat, presenting a challenge to the
thin and light notebook system designer. In this paper, we
addresses two methods of dealing with the thermal
challenge.

First, we discuss the path-finding effort to improve the
thermal interface materials (TIMs) that alow a good
thermal contact between processor and thermal solution,
minimizing the transistor temperature of the bare-die
Pentium M processors. Two tester methodologies are
described, and the need to test TIMs under mobile usage
conditions is emphasized. We also discuss the reliability
test methodology for TIMs with a focus on the effect of
mobile usage conditions affecting long-term reliability of
the TIM.

® Pentium is a registered trademark of Intel Corporation
or its subsidiaries in the United States and other countries.

® Intel is aregistered trademark of Intel Corporation or its
subsidiaries in the United States and other countries.

™ Centrino is a trademark of Intel Corporation or its
subsidiaries in the United States and other countries.

We then focus on power-based thermal state estimation as
a platform thermal management technique. This technique
is used to detect and limit the thermal impact of power
virus' workloads. In the second-generation platforms built
on Intel Centrino mobile technology, the Intel 915 Chipset
Graphics and Memory Controller Hub (GMCH) is
uniquely positioned to understand much of the workload
for the platform. The Intel 915 GMCH has implemented
filter-based thermal management. Several key usage
models for filter-based thermal management are explored
in detail: detecting and limiting the impact of power
viruses on system memory and detecting and limiting the
impact of power viruses on chipset memory controller
hubs.

INTRODUCTION

Notebook system designs vary significantly from designer
to designer; however, they are all densely packed with
components and devices, which leave the system with
little room for cooling. The problem is compounded by
the limited room inside a thin and light notebook product,
which typically has a one-inch total thickness when folded
and a 17 mm inner vertical space in the lower half of the
notebook computer. Figure 1 shows a schematic electrical
layout of the major components in the second-generation

1 A power virus is an unusually intensive workload that
maximizes power consumption. Most useful applications
draw only afraction of the power a power virus consumes.
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platforms built on Intel Centrino mobile technology.
Figure 2 shows a layout of platform-based notebook
system that is roughly representative of performance thin
and light notebook designs in the industry. In general, the
low-profile thin and light form factor limits the flexibility
of therma solution choices for the system components
that must be cooled in order to get any appreciable
performance.
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Optional Mobile Kyster" Memory

Graphics DDR2
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Serial ATA
HDD

Cl Express
PCIE PC Cards,

On Board
devices,
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Figure 1: Electrical schematic of the second-
generation platformsbuilt on Intel Centrino mobile
technology

Figure 3 shows the use of the remote heat exchange, the
predominant method of cooling of high-power
components that require dedicated active cooling. In
remote heat exchange, the thermal energy is transported to
alocation, typically via a heat pipe, where alarger fan and
heat exchanger can be used. Also shown in Figure 3 are
the silicon portion of the hot component (bare die
assumed), the attached hardware for coupling the thermal
solution to the hot component, and the key temperature
monitor points typicaly used to characterize the
performance of the solution. In the first section, we
discuss the ability to transfer the thermal energy from the
processor to the thermal solution by using thermal
interface materials (TIMs).

Component
(hidden)

Figure 2: Layout of typical thin and light notebook
(base only with top surface removed)

Figure 3: Remote heat exchanger using a heat pipe
embedded in a block

The thermal solution shown in Figure 3 is used to cool the
processor, and the fan alows for the cooling of the
platform by pulling air flow over various components in
the platform. Under thermally high-stress applications
such as a power virus or due to improper design of the
thermal solution, the platform components could generate
a severe thermal environment. To protect the notebook
computer and the component functionality, Intel has built
multiple thermal management elements into the second-
generation platform built on Intel Centrino mobile
technol ogy.

THERMAL INTERFACE MATERIALS

For the bare-die Pentium M processor, a successful
thermal solution design would alow a minimal
temperature drop from the silicon transistor temperature to
the ambient temperature. A remote heat exchanger (RHE)
is used as the thermal solution for cooling the Pentium M
processors in the second-generation platforms built on
Intel Centrino mobile technology for thin and light
systems. Figure 3 shows a schematic of an RHE. The
efficiency of heat draw by the heat pipe (in the attach
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block) from the processor depends on the quality of
thermal contact between the attach block and the
processor. The lower the thermal contact resistance, the
lower the temperature drop from the silicon transistor to
the ambient.

Even in a direct contact, the processor and the attach
block do not transfer heat efficiently, because the quality
of contact between two non-conforming solid surfaces is
poor, as shown in Figure 4 (a). To enhance the thermal
contact between the processor and the attach block, TIMs
are inserted into the interface, as shown in Figure 4 (b).
Under mechanical pressure, the soft TIMs conform to the
microscopic surface contours of the adjacent solid
surfaces and increase the (microscopic) area of contact
between the thermal solution surface (block) and the
silicon die surface (processor) and therefore reduce the
temperature drop across this contact.

Solution surface Solution surface

200000004 M““M

Si surface Si surface

a) Dry Contact b) Contact usingaTIM

Figure 4: Magnified schematic of contact between Si
surface and Solution surface

The quality of contact between the processor and the

attach block, or TIM performance, depends on the quality

of the thermal conduction through the TIMs and the

quality of contact between the TIMs and the two surfaces.

Mathematically this can be represented as follows [1]:

= y + R
k

TIM

Ors Equation 1

C

where 6y is the effective performance of the TIM, kv is
the bulk thermal conductivity of the TIM, BLT (Bond
Line Thickness) is the thickness of the TIM under usage,
and R. is the contact resistance between the TIM and the
mating surfaces. The contact resistance is mainly due to
the irregularities or roughness of the surfaces of processor
and attach block, so the resistance is negligible, if the
surfaces are perfectly smooth.

Based on Equation 1, we can consider three approaches
(or drategies) for reducing 6. One approach is to
increase the conductivity of TIM, k. This is generally
done by using a high thermal conductivity material (like
metal or liquid metal) or alow thermal conductivitiy base
material loaded with highly conductive particles. Another
approach to reduce B+ isto reduce the BLT of the TIM.
Thisis done by reducing the bulk modulus of elasticity of
the TIM. The fina approach is to reduce R; by filling the
crevices of the processor and attach block surfaces.

Wetting materials alow for low R.. TIM developers are
trying to achieve good performance by optimizing or
improving one or more of the three parameters. Table 1
lists various types of TIM, their properties, advantages

and issues.

Table 1: Propertiesand applicability of TIMs

. . + Thermal
M_?teréal co;y%;zlon Advantages |Disadvantages (?nITI-; conductivity
yp P (W/m-K)
High bulk
thermal
AL Ag o phase separaton
Grease [ZnO, Silicon b S 2.0 3to5
il suface ~(post rel test),
irregularities, |migration
no cure needed,
re-usable
Gook bulk
thermal
conductivity,
conformsto  |Cure needed,
Al Ag, surface lower thermal
Ge |Siliconeail, | . o 1-1.5 3t04
: irregularities  |conductivity
Olefin
before cure, no [than grease
pump out or
migration, re-
usable
Polyolefins, Conforms to
OXi €S, ;urface -
P ' irregularities, |lower thermal
* polyesters, no cure needed, iconductivity
PCM |acrylics, BN, ' 15-2| 05to5
IAlumina, Al o tha_ln grease, no
"|delamination, [uniform BLT
Carbon easy handling
nanotubes re-usable
Pure In High thermal
’ . Complete melt
“pcma [VAG, conductivity, -1 ble, 25| 30t050
Sn/Ag/Cu, |easy handling, voidin
IVSBi  |reusde 9
Reflow needed,
. stress
preln, b Ihenal e ecketaminat
Solder y Y:lon (post rel), 2-5 30to 50
Sn/Ag/Cu, |easy handling, | ‘&
In/Sn/Bi no pump out v0|d! ng
possible, Not re-
usable

"PCM: Phase Change Material
""PCMA: Phase Change Metallic Alloy
“BLT: Bold Line Thickness of TIM

In addition to improving the thermal performance of
contact between two surfaces, TIM is also required to be
reworkable; i.e., allow the separation of the processor and
thermal solution. Processors are expensive (> $100) in
comparison to the thermal solution (~ $10) or the TIM
(~%$1). If the thermal solution fails or the TIM is
incorrectly applied, it should be possible to salvage the
processor.

Table 2 lists the performance of best-in-class
measurements of TIM, by material type. It also indicates
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the potential performance of that material class in the near
future.

Table 2: Representative 6,,,, performance range of
best-in-class TIM (Unit in °C-cm*W)

Material Type| 1995 | 1998 | 2001 | 2004 | Beyond
Elastomer 1.0 0.7 0.6 0.5 047
Grease 0.3 0.2 0.2 0.1 | 0057
*PCM - 0.25 0.2 0.1 | 0057
‘PCMA - - 0.1 0.05 | 0.037?
Gel - 0.3 0.2 0.08 | 0.057?

*PCM: Phase Change Material
"PCMA: Phase Change Metallic Alloy

Gels (since 2000) and phase change metal alloys (since
2001) are newer to the market. A review of Table 2 also
indicates that the potentia for improved TIM performance
exists based on past trends. Redlizing this potential
improvement requires the updated formulations of TIMs,
the optimization of current each ingredient material of
TIMs, the selection of base polymers, and the
improvement of filler properties. Since the potential
performance improvement diminishes with material
maturity (the law of diminishing returns), the tailored
optimization of TIMs to a specific application becomes
important. The first step in the development of
application-specific materials is the ability to quantify the
TIM performance under the required application (in this
case, notebook systems).

TIM Characterization M ethodology

Two methods to quantify the performance of TIMs are
discussed next. The first method, often used by material
developers, is to quantify the material characteristics of
the TIM. This method involves the use of a material tester,
and is described first.

Material Tester

In simple terms, a material tester (ASTM D-5470 based
[2]) consists of a TIM filled between two blocks with co-
planar surfaces. One block is heated and the other block is
cooled. The temperature at the interface of each block is
measured. The heat flux through the TIM is measured and
the TIM resistance (a measure of TIM performance) is
calculated as follows:

T

6 _ Thot,int - cold,int
M —

P

Where P is the power (heat flux) conducted through the
TIM, Trotirt IS the temperature of the TIM interface on the
hot side and T ¢/t IS the temperature of the TIM interface
at the cold side. Figure 5(a) shows a schematic
representation using the temperature gradient approach,
where 81y can be calculated from Equation 2.

Equation 2

Power
Copper block input, P
(Hot side) A
o
Thermocouple = 0
locations o M
Thot,int
TIM
o) cold,int
Bulk TIM
r%g%ggs resistance
(exagerated) (o} (for BLT)
R, =063, - (Bulk TIM
o e stasnce)
Copper block <
(Cold side)

Temperature

(8) Schematic showing temperature gradient
method to measure By

Heating, P

* Thermocouple
locations

Water-cooled
chiller

(b) Schematic of Material Tester
Figure5: ASTM-based Material Tester

Figure 5(b) shows a schematic of an ASTM-based
Material Tester. It consists of two copper rods, one of
which is heated by electric resistive heaters and the other
is cooled by a water-cooled thermoelectric chiller; and a
facility to apply a mechanica pressure and adjust
planarity at the interface between the copper rods. The
TIM to be tested is placed between the copper rods. Each
copper rod has three thermocouples embedded along its
axis to measure the temperature gradient along the copper
rod. The BLT is measured by reflecting two laser beams
off the hot and cold copper bars, respectively, and
measuring the distance of the reflected laser beams both
with and without a TIM sample in the material tester. The
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increase in the measured distance with the TIM is taken as
itsBLT.

Table 3 shows the TIM performance and BLT measured
in an ASTM-based material tester. The test data range
from 0.02 °C-cm?/W to 0.2 °C-cm?%W. The above method
is used by many TIM manufacturers to estimate the
performance of TIM and to develop new formulations of
TIMs. Some advantages of the material tester include the
controlled co-planarity between surface of interest, the
ability to measure the TIM thickness, the ability to apply
an accurate pressure on the TIM, and a controlled uniform
temperature at the TIM-surface interface.

Table 3: TIM performance data from Material Tester
measured at 90 psi loading on TIM

Material By (°CC-cm?W) | *BLT (mil)
Grease 1 0.02 0.3
Grease 2 0.06 0.7
Grease 3 0.16 0.3
Gel 1 0.05 0.3
*PCM 1 0.08 1.1
*PCM 2 0.11 1.9
*PCM 3 0.11 0.3
*PCM 4 0.18 4
Foil 1 0.16 2
Foil 2 0.11 0.4
Solder 1 0.11 5
Solder 2 0.18 5

*PCM: Phase Change Material
“BLT: Bond Line Thickness of TIM

A caveat with the material tester is that it does not reflect
a redlistic use-condition environment for the TIM. In a
notebook system, such ideal conditions and controls don’t
exist, so a Mobile TIM Tester was developed to measure
the TIM performance under more realistic application
conditions. Thisisdiscussed below.

Mobile TIM Tester

A Mobile TIM Tester was developed to ensure a realistic
characterization of TIM performance in a notebook
environment. As shown in Figure 6, it consists of a
Thermal Test Vehicle (that simulates a real processor), a
wide, thin, flat copper plank with symmetric fan-heat sinks
(to simulate a mobile thermal solution), and a real mobile
mechanical attach to load the copper plate to the test
vehicle. A Thermal Test Vehicle is made from the same
technology as a real processor and is a thermal “replica’
of the actual processor. It consists of heating elements
within the silicon to heat the die surface (in a manner
similar to that expected in a real processor). In notebook
systems, a heat pipe is used to move energy from the
processor to the fan-heat exchanger. However, no
standard heat pipe is available on the market with
calibrated performance. Hence, a flat, wide copper plank

with the symmetric placement of over-sized fan-heat sinks
is used to replicate a heat pipe-based thermal solution.
The properties of the copper plank and the fan-heat sink
unit are controlled.

A Mobile Mechanical Attach consists of a dimple plate
that applies a point center load on the top of the copper
plank to ensure minimal tilt and uniform pressure on the
TIM and die surface.

Center load

>, o O,

Intel thermal test die

Figure 6: Schematic of Mobile TIM Tester

The temperature of the Thermal Test Vehicle, T is
measured based on a thermal sensor on the Thermal Test
Vehicle. The temperature on the copper plank, Ty, is read
by a thermocouple attached to the center of the copper
plank on the top. The power input to the processor, P, is
read using a combination of a voltage and current meter,
or a power meter.

The performance of the TIM is captured as a resistance
from the Test Vehicle to the copper plank, thus:

G. :7(Tj _Tp)
1-p P
The performance of the TIM in a Mobile TIM Tester

measured as 6, includes the resistances from the
processor and copper plank in addition to the TIM itself.

Equation 3

To obtain the true TIM performance, 8rq, from a Mobile
TIM Tester data, 6., a decoder (translator) is needed that
removes the contribution from the processor and copper
plank in the 6., measurement. For the development of
translator (6., to Orm), a thermal model (simulation) of
the Mobile TIM Tester was developed with two fan-heat
sink units, copper plate, TIM, and the processor with
PCB. Variation in the TIM performance was correlated to
the measured values of 6;,, in the thermal model. This led
to the translator below:

Brm = 1.026 B - 0.095 Equation 4

The above correlation is useful to calculate the TIM
performance from measured 6, values from Intel’s
Mobile TIM Tester. This equation depends on the specific
Mobile Test hardware. A TIM user is expected to develop
an independent correlation to trandate measurement to
TIM performance. The measured TIM performance values
in Intel’s Mobile TIM Tester are presented in Table 4 (the
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same materials were tested in an ASTM-based Materia
Tester and are presented in Table 3).

Table4: TIM performance measurementsin Intel’s
Mobile TIM Tester (Unit in °C-cm?/W)

M aterial 0., O11m
Grease 1 0.17 0.08
Grease 2 0.19 0.10
Grease 3 0.36 0.26

Gel 1 0.19 0.10
*PCM 1 0.21 0.12
*PCM 2 0.21 0.12
*PCM 3 0.21 0.12
*PCM 4 0.25 0.16

Foil 1 0.22 0.13

Foil 2 0.23 0.14
Solder 1 0.17 0.08
Solder 2 0.23 0.14

*PCM: Phase Change Material

Comparisonsof TIM M easurements

For seeking the best-in-class TIM for Pentium M
processors, Intel explored various materias. Intel
procured the samples of TIMs from more than 10 TIM
suppliers. All test samples were tested at least four times
for repeatability and an average of the TIM performance
data for each TIM was calculated. This test data are
presented in Tables 3 and 4 and plotted for comparisonsin
Figure 7.

< 030 r
% 0.25 - [ 4 Mobile TIM Tester s
8 020 | | Material Tester
& 015 f PR
5 : P ]
® 010 4. .--
2
2 005 By data
3 E
S 000
0.00 0.05 0.10 0.15 0.20

Material Tester (°C-cm?/W)

Figure7: Test data comparing Material Tester
and Mobile TIM Tester results

The test data in Figure 7 do not indicate a good match
between the Material Tester and Mobile TIM Tester (a
Mobile TIM Tester duplicates a notebook application
environment). The TIM performance in a Material Tester
shows a lower thermal resistance generally in comparison
to a Mobile TIM Tester, which suggests that the Material
Tester generates an optimistic view of TIM performance,

a view that is not achieved in a rea notebook
environment.

TIM performance data collected in a Material Tester are
unlikely to indicate a performance that is representative of
areal application. Intel emphasizes the need to test TIMs
in real notebook environments to characterize the TIM
performance and to make an accurate assessment of the
performance of the thermal solution. The method
described in the previous section enables the accurate
measurement of TIM performance in a notebook system
environment without requiring the assembly or testing of
an actual notebook.

TIM Degradation

The performance of TIMs can degrade with usage.
Degradation in TIM performance depends on usage
temperature, the time of usage, mechanical loading, and
material properties. Since al factors are not well
understood, TIM degradation is characterized using
empirical methods. TIM degradation can vary with
application and test conditions and is measured in a
Mobile TIM Tester environment. The idea, again, is to
replicate a true notebook environment and characterize
degradation therein (via accelerated testing).

TIM Degradation Estimation

The degradation of TIM performance is measured as a
change in the measured value of 6,., (since 6., directly
relates to TIM performance, as shown previously in
Equation 3) after each stress cycle (e.g., high-temperature
bake or temperature-humidity) compared to pre-stress
State.

Since testing for long-term (one to five years) degradation
requires a long period of time that is not realistic in alab
environment, the reliability characterization process uses
accelerated testing. In accelerated testing, the severity of
stress generated by critical parameters affecting TIM
performance is increased. TIM performance data are
collected as a time series under a severe stress
environment, and these data are empirically modeled with
the stress applied and the period of application of the
stress.

For example, a TIM in a notebook system might
experience temperatures in the 50-90 °C range over itslife
of three or more years. Under accelerated testing, the
thermal stressis enhanced and the TIM istested in the 125
to 150 °C range for shorter durations. The Mobile TIM
Tester is put in a bake chamber and heated at a
temperature of 125 °C or 150 °C for about 2000 hours.
The TIM performance is measured at every interval as
needed (e.g., 100 hours, 500 hours). In Figure 8, the
measured TIM performance values of a sample TIM at
three different bake temperatures are plotted as a function
of bake time. An empirical model is developed that best
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fits the data plotted in the same figure. An example of
empirical correlation is a modified Arrhenius model
shown below [3]:

0 Equation 5

Ea
i-pt =0jpi0 TBE fer Jt
where 0, is the degraded TIM performance at time, t; 6;.
ni=o 1S the TIM performance (before application of stress
a time = 0), B is an acceleration coefficient, E, is the
activation energy for the TIM in Mobile Attach; K is
Boltzmann constant, and T is the temperature (in Kelvin
scale).
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Figure 8: Plot showing changein a particular TIM
performance at different stresslevels

The rate of degradation of TIM depends on the TIM and
its interaction with the Mobile TIM Tester (real notebook
environment). Different materials have different
degradation rates under similar stress conditions. Once a
model is developed, the predictions of TIM performance
are extrapolated to the end-of-life condition, based on the
stress condition in real mobile usage conditions. The end-
of-life represents the Intel-specified service life of a
notebook product during which no field failure is allowed.

Different materials have different degradation rates under
similar stress conditions. Figure 9 shows an example of
TIM performance degradation for three materials: PCM-a,
PCM-b, and Gel-a, which are selected as the best choices
for Pentium M processors through extensive path-finding
efforts with TIM manufacturers. The rate of degradation
of Gel-a and PCM-b are very similar but substantially
lower than PCM-a. The figure also indicates the impact of
long-term stress on TIM performance degradation. After
five years of usage, the TIM performance should depend
on the long-term usage temperature in a notebook system.
The long-term usage temperature depends on the
notebook therma solution design and the usage of

notebook. At lower temperatures, the rate of degradation
must be [ower.

040 [
F If TTlM =100 OC

0.35
030 |

s
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Figure9: Projection of TIM performance degradation

The degradation in TIM performance is attributed to a
prolonged usage under thermal stresses. However, how
degradation occurs is not clearly understood. The analysis
of TIM samples in a Mobile TIM Tester subjected to
accelerated testing has been performed. Some samples
have been sheared and laser cut to view the TIM-to-
processor and TIM-to-copper plank interfaces.
Delamination of the TIM from either the processor surface
or copper plank was observed to start at the corners of the
processor and progress toward its center with prolonged
accelerated testing (or prolonged usage). So delamination
of TIM is speculated to cause the degradation of TIM
performance. Changes in the material properties with a
prolonged use, evaporation/loss of volatile components,
the interaction between the thermo-mechanical elements
of the Mobile Attach, and oxidation of TIM are possible
reasons.

System designers would like to measure the degradation
rate of different TIMs and select a materia that has a
lower rate of degradation. It is also expected that they
would estimate the long-term temperature of the processor
and the TIM in their system to capture the degradation and
TIM performance accurately.

FILTER-BASED THERMAL STATE
ESTIMATION AND MANAGEMENT

This section of the paper is devoted to a method for
managing high power consumption.

Figure 1 shows a high-level view of the main silicon
components on a second-generation platform built on Intel
Centrino mobile technology. All datatransfersto and from
the system memory are managed by the GMCH. If an
application (running on the CPU) wants to get data from
the hard disk or network, these data will make their way
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from the appropriate port on the ICH to system memory
and then from system memory to the CPU. If an
application is operating on a large data set, the system
memory will also get accessed to service the CPU cache
misses. In integrated graphics mode, graphics and display
also have high bandwidth data streams to the system
memory.

In summary, if the GMCH/system memory is idle, the
platform itself is generally in an idle state. If the
GMCH/system memory is not idle, it is consuming more
power, and the GMCH and memory components are
heating up.

However, the GMCH and memory components react
differently to the same activity. If the GMCH is
performing a memory read, the data input buffers on the
GMCH will be consuming power, but the GMCH data
output buffers will not be active. From the memory’s
viewpoint, the GMCH memory read will activate the
memory’s output buffers, as well as the memory’s core.
So while the GMCH and memory power consumption and
temperatures will be somewhat correlated, they will not be
identical. Therefore independent mechanisms are required
to detect GMCH and memory overheating.

The CPU has a thermal sensor, and there may be skin
temperature monitoring thermal sensors, but usually the
rest of the platform components do not have thermal
SeNnsors.

Thermal design guidelines are provided to customers to
ensure that component over-temperature conditions do not
occur for normal workloads. It may be possible, however,
to design atypical (power virus) workloads that may cause
overheating in some components.

A lumped model of component power is as follows:

Power = Dynamic Power + Static Power + Leakage
Equation 6

where

Dynamic Power = C x V2 x f x AF

Static Power = | x V

Leakage Power = Leakage x stacking factor x V

Cisthetotal capacitancetoggling at rate AF x f

f isthe effective operating frequency

AF is activity factor

V isvoltage change or applied

| is effective constant current sources

L eakage represents all the component transistor
leakage sources

Stacking factor takes into account the data-
dependent component of Leakage

The expansion of the lumped model of dynamic power is
asfollows:

CxV2x f x AF :Z“CleixAFi ><\/i2:Z:W|><AFi
Equation 7

where each component of die functionality contributes its
specific fraction w; (weight) to the total dynamic power.

The relationship between component die junction
temperature and steady state power is as follows:

Tdie_junction = Tambient + ©ja* Power Equation 8

where Tambient is the component ambient temperature,
Oja is the thermal resistivity (°C/Watt), and Power is the
component steady state power.

Equation 8 applies to static conditions only. Workloads
are time variant, and so die temperature is aso time
variant.

Lumped therma analysis [4] (i.e., assume that thermal
energy is leaving the die from al elements on its surface
and the temperature of the die is uniform) leads to the time
behavior response of temperature to a step response

AT intemperature as follows:

T(t) = AT(L—e™"'") + constant Equation 9

This equation corresponds to that of a first order low pass
filter, and can be written recursively as

T(n)= 1-a)T(n-1) +a AT +constant  Equation 10

where n is the time index, normalized to a sampling
frequency of 1 and @ isthefilter time constant.

We can then combine Equations 8, 9, and 11 as

TN=1-a)T(n-1) +a G)].aZwiAFi + constant
Equation 11

This equation is that of aweighted input power filter.

It has been found (empirically) that Equation 12

T(N=3 AT, (1-e™'") +constant Equation 12
gives a good fit to the time variant behavior of the die
junction temperature to a step response in power (the
constant term is a function of |, stacking factor, and
ambient temperature). For the current generation silicon
fabrication process, the leakage and constant current
source of GMCH, ICH, and memory power will tend to be
relatively constant at the higher power levels. So
measurements of component AF; can be converted into a
reasonable indicator of component power, which can in
turn be converted into an indication of die junction
temperature.

The maximum possible power will correspond to states
that toggle on every clock (AF, = 1). But this rate of
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toggling is unlikely to happen for the total capacitance of
a component. For example, the very highest activity
factors are found in clock trees.

So not only is the activity factor proportional to power,
high AF; serves as an indicator of workloads that are of

relatively low utiIity2. It makes sense then to combine
information about AF, to sow down the GMCH core
and/or memory activity when over-temperature conditions
are suspected:

While T(n) > Threshol d_Temp3, throttle  Equation 13

The next section details the implementation of GMCH and
memory throttling mechanismsin the Intel 915 GMCH.

SYSTEM MEMORY AND GMCH
THROTTLING USAGE MODELS

The Intel 915 GMCH has two independent mechanisms
that cause system memory bandwidth throttling: GMCH
thermal management, and DRAM thermal management.

GMCH Thermal Management

GMCH therma management ensures the GMCH chipset
is operating within thermal limits. The underlying theory
isthat GMCH heating is caused by the activity required to
access system memory. The implementation provides a
mechanism that controls the amount of system memory
activity (i.e, Double-Data-Rate-ll (DDR2) 10
transactions) to a programmable threshold limit as per
Equation 13. Memory activity throttling blocks all
transactions or a selected set of transactions to the system
memory.

System Memory

System DRAM therma management ensures that the
DRAM modules are operating within thermal limits. The
DRAM modules are not equipped with thermal sensors, so
their temperatures must be tracked viaindirect means. The
underlying theory is that a DRAM device heats up by
different amounts based on the type of activity it is subject
to. For example, the amount of heat contributed by a read
command is different to that contributed by a write
command. The implementation accounts for this variation
by using the appropriate values for w; for each memory
transaction type. Throttling can be initiated by a DRAM
activity measurement exceeding a programmed threshold.

2 There are exceptions such as test patterns for silicon
validation, for example.

3 Threshold_Temp is set taking into account product
reliability limits, and sufficient guardband to compensate
for the estimation error in T(n).

GMCH Thermal Throttling

If the weighted power transaction filter output exceeds a
programmable activity threshold
(Threshold_Temp_GMCH), then the GMCH starts
throttling GMCH activity. As per Equation 13, the
throttling lasts for as long as the throttling threshold is
exceeded.

Since GMCH thermal throttling is specific to the GMCH,
there are three types of transactions (AF) that can be
assigned different weights (w,):

1. Write This value is loaded in the filter when a write
command isissued on the bus.

2. ldle: Thisvalueisloaded in the filter when thereisno
command being issued on the memory bus.

3. Non-Write: This value is loaded in the filter when a
command other than write (read, precharge, activate,
etc.) isissued on the bus.

Figure 10 shows an example of the relationship between
the threshold value chosen for throttling and the GMCH
power. Figure 11 shows that 3D graphics performance is
unaffected for throttling levels above 38 h (programmable
activity threshold). Since this behavior is typical of other
workloads, a throttling level of >38 h will filter out
undesirable  workloads while leaving desirable

applications unaffected.

GMCH Power versus Filter Threshold Value
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Figure 10: GMCH power asa function of throttling
threshold
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Figure 11: Relative graphics benchmark asa function
of throttling threshold

DRAM Rank-Based Throttling

System DRAM devices are organized in ranks. Typically,
the memory devices on a side of a memory module form a
rank. Each rank heats up independently based on the
activity it is subject to by the GMCH. Hence each rank
requires an independent power filter.

If any of the rank weighted power transaction filter
outputs exceed a programmable activity threshold
(Threshold_Temp_DRAM), then the GMCH darts
throttling memory. As per Equation 13, the throttling lasts
for aslong as the throttling threshold is exceeded.

DRAM devices have many pertinent power states:

1. Active State: Reads with Autoprecharge
2. Writes with Autoprecharge

3. Bust Reads

4. Burst Writes

5. Precharge All

6. Precharge

7. Adctivate

8. PageOpenlde

9. PageCloseldle (all banks precharge)
10. Page Open Power down

11. Page Close Power down (all banks precharge and

power down)
12. Rank in Self refresh

The power values for these states are DRAM vendor
specific. The Joint Electron Device Engineering Council
(JEDEC) has a Seria Presence Device (SPD)
specification* that allows the memory module vendors to

# Joint Electron Device Engineering Council DDR2 SPD
Revision 1.1

fill in the register fields for the equivalent temperature
delta(= © ja X w;) that can be mapped into most of these

power states. These values can be read by the system bios
from the memory modules during boot time and placed
into the GMCH registers that store the state weights. After
this operation is completed, the DRAM filters will look up
and use the appropriate stored values as the particular
memory states occurs.

a

For example, the memory module’'s SPD has the DT4R
register field reserved for the temperature rise from
ambient due to continual burst read operation. So each
time a new memory read burst is started on a particular
rank of memory, the DT4R value is used as an input into
thefilter for that rank.

Figure 12 shows memory power varying as a function of
throttling level (expressed as a function of equivalent read
bandwidth) for two different memory vendors.
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=
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Figure 12: DRAM power

Since one vendor's power consumption per unit
bandwidth is less than another’s, the filter output for the
lower power vendor will be smaller, and hence less likely
to cause an overheating indication.

Thermal Power Filter Usage In Conjunction
with Other Methods

While this method is able to monitor power variations due
to GMCH activity, there are several factors that need to be
encompassed in the guardband applied to the thresholds
used to decide throttling.

For example, this method is not aware of the actual
ambient temperature, so must assume the worst-case
specification. Voltage variation must also assume worst-
case specifications.

Since an approximation to the thermal diffusion equation
is used, the actual thermal transient behavior modeled will
be conservatively set so that it is lower for temperature
increases, and faster for temperature decreases. This

Interface Material Selection and a Thermal Management Technique 84



Intel Technology Journal, Volume 9, Issue 1, 2005

mismatch aso contributes to

requirements.

the guardbanding

On-die thermal sensors, when available with sufficient die
coverage and accuracy, are a better way to deal with these
uncertainties. But since an over-temperature condition
may last an indefinite time, it is desirable to allow some
work to progress rather than hang the platform (due to
halting all activity) until the temperature has fallen back to
reasonable levels. The filter-based method is a good way
to control the amount of throttling happening during over-
temperature conditions since it can allow work to proceed
at areduced rate:

While (thermal sensor is sensing overheating) {
While T(n) > threshold {
throttle.
}

} Equation 14

While circuitry for direct power measurements can also be
used to obtain instantaneous power measurements, these
power measurements would still need to be filtered to
correlate with the thermally relevant workload.

SUMMARY

Improving the platform component performance/power
efficiency and improving the box cooling capability are
the primary vectors to maximizing the platform
performance given finite heat budgets. By using better
material for component packages, component cooling is
improved. Improvements in TIM performance are
expected, and better characterization of the performance
and reliability of these materials will aid this process.

Data were presented to demonstrate the improved
accuracy of a Mobile TIM tester or testing in real-use
conditions rather than just ASTM D5470-based Material
testing.

A simple, accurate, and accelerated reliability test method
based on the Arrhenius reliability model was presented.

Notebook system designers and TIM vendors are
encouraged to study the degradation of TIM in real
systems using the methodology outlined here.

Once a platform’s cooling solution and components have
been chosen, there is still some added scope to maximize
performance by minimizing the guardband between the
operating states allowed and the physical thermal limits.

We have shown how filter-based thermal state estimation
can be used to help control overheating in platform
components, even when these platform components do not
contain internal therma sensors. We have shown how
these filters can be performance-transparent in many usage
scenarios, and yet still be able to detect and limit power

viruses. We have also shown how filters can be useful
even if there is a thermal sensor available. Filter-based
thermal estimation enables the second-generation platform
built on Intel Centrino mobile technology to set a higher
level of performance than it might otherwise allow, while
till providing some protection from power viruses.
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