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i n tel 0) Introduction

Introduction

1.1

The Intel® Atom™ Processor Z5xxP/T and the Intel® System Controller Hub US15WP/T
is a low power platform for embedded applications. Although the thermal design
power is low and temperature ratings are high, thermal solution design is still very
important since typical embedded applications can be thermally challenging due to
fanless operation, high system operating ambient temperatures, mutual heating
effects, and relatively poor thermal interfaces.

Embedded applications are usually quite different in terms of thermal solution design
as compared to a typical desktop or laptop configuration. While desktop and laptop
configurations have physical space for component heat sinks, fans and a relatively
large printed circuit board area, applications for embedded are trending toward
fanless operation with very small daughter-card compute modules. These systems
rely on printed circuit board conduction and/or conduction to a chassis wall or heat
spreader, and system-level heat transfer that is achieved from the board and/or
chassis by convection. The interface between the processor/SCH and the heat
spreader/chassis is typically a gap pad to account for tolerance stack-up and provide
some means of conduction heat transfer.

This design guide will cover package thermal performance with respect to several
different use conditions, plus key information regarding system-level verification using
silicon temperature sensors. Background information about thermal specifications,
silicon sensors and features are found in the following references.

Reference Documents (Public)

Document Document No./Location

Intel® Atom™ Processor http://download.intel.com/design/processor/datashts/319535.pdf

Z5xxA Series Datasheet
Datasheet for small form factor Intel® Atom

Intel® Atom™ Processor http://download.intel.com/design/chipsets/embedded/datashts/32
Z5xxA Series Datasheet 1423.pdf
Addendum

Addendum to Intel® Atom datasheet for large form factor.

Intel® System Controller Hub | http://download.intel.com/design/chipsets/embedded/datashts/31
(Intel® SCH) Datasheet 9537.pdf

Datasheet for small form factor Intel® SCH US15W

Intel® System Controller Hub | http://download.intel.com/design/chipsets/embedded/datashts/32
(Intel® SCH) Datasheet 1422.pdf

Addendum
Addendum to Intel® US15W datasheet for large form factor.

Application Note for In- http://download.intel.com/design/intarch/papers/321064.pdf
Vehicle Infotainment
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Introduction

1.2 Terminology

Term

Description

Case

Top geometric center of the package (copper heatspreader, encapsulant
or die surface depending on packaging).

IHS

Integrated Heat Spreader

PCB

Printed Circuit board

SCH

System Controller Hub

T c-max

Maximum case temperature rating [°C]

T3

Junction temperature of component, [°C]

T 3-Max

Maximum junction temperature rating [°C]

Ta

Ambient air temperature, [°C]

TDP

Thermal Design Power [W]

TIM

Thermal Interface Material

TIM1

Thermal Interface Material One. Thermal interface between the die and
integrated heat spreader (IHS)

TIM2

Thermal Interface Material Two. Thermal interface between the case and
heatsink or system heatspreader.

Yea

Case-to-Ambient thermal resistance [°C/W]

Wea-max

Case-to-Ambient thermal resistance requirement [°C/W]

Yea

Case-to-Board (PCB) thermal resistance [°C/W]

Yia

Junction-to-Ambient thermal resistance [°C/W]

¥ia-MAX

Junction-to-Ambient thermal resistance requirement [°C/W]

Y38

Junction-to-Board (PCB) thermal resistance [°C/W]

Yic

Junction-to-Case thermal resistance [°C/W]

Yis

Junction-to-Sink thermal resistance [°C/W]

Ysa

Sink-to-Ambient thermal resistance [°C/W]

322352




i n tE| 0) Introduction

Introduction

The Intel® Atom™ Processor Z5xxP/T and the Intel® System Controller Hub US15WP/T
Intel® Atom™ (hereafter called “processor” and “SCH,” respectively) are offered in
both commercial and industrial package temperature ratings, with corresponding case
and junction temperature ratings (Table 1).

Table 1. Processor and SCH Key Thermal Specifications

2.1.1

Component TDP Temperature Max. Temperature
(w) Rating Specifications
Processor

Z510P 0to 70°C Tec-max = 87 °C

2.2W
Z530P 0to 70°C Tce-max = 87 °C
Z510P/T -40 to 85°C Tc-max = 107 °C
Z520P/T -40 to 85°C Tc-max = 107 °C

System Controller Hub

US15WP 2.3W 0to 70°C Ti-max = 90 °C
US15WP/T -40 to 85°C Ty-max = 110 °C

The temperature specification for the processor is a case temperature specification,
Tc-max, Since the packaging includes an integrated heat spreader (IHS). The case
temperature specification is based on a Ty.wax rating of 110 °C at end-of-life, which
accounts for the degradation of the thermal interface material (TIM1) between the die
and IHS.

2.1 Packaging Thermal Enhancements

Extended Temperature Specifications

The processor and SCH have both commercial and industrial temperature ratings. The
packaging is the same for both, but the industrial-rated components are screened at
the factory for reliable operation in the -40 to 85 °C range. The maximum
temperature specification for the industrial-rated components is also 20 °C higher than
the commercial rating to allow for operation in high operating ambients. For example,
military and or industrial segments may require operation in a 85 °C ambient. In such
cases the industrial-rated components allow for a 22 °C rise ambient-to-case
(processor) or 25 °C rise ambient-to-junction (SCH). With a commercial-rating, the
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2.1.2

allowable rise is only 2 °C and 5 °C, respectively, which would require a complex and
costly thermal solution.

Regarding minimum temperature specifications, Tc.wiy and Ty.wiy , these values are the
same as the minimum package temperature rating: 0 °C for commercial and -40 °C for
industrial.

Processor Integrated Heat Spreader (IHS)

The processor silicon is a relatively small die: 0.26 cm?. In applications that use gap
pads as the thermal interface between the processor and the system thermal solution
(heatsink, chassis wall, etc.), the small die area leads to a very high thermal
resistance. By way of comparison, consider the processor without an IHS and the SCH
when both components have a typical gap pad interface (Table 2):

Table 2. Lidless Processor and SCH Gap Pad Comparison

322352

Component Die Gap Pad Gap Pad TDP AT @
Area Impedance Resistance (w) TDP
(cm?) | (°C-cm?*/W) (°c/w) (°c)
Processor 0.26 5.0 19.2 2.2 42
SCH 1.18 4.2 2.3 10
NOTE: Gap pad: 1.5 mm thk., k = 3 W/m°K

When using gap pads, this simple one-dimensional analysis shows that directly
interfacing to a small die can lead to a large interface temperature delta. In this
example, such designs would only work if the external ambient is relatively low (less
than ~55 °C).

To offset the effects of a small die area, a high conductive heatspreader with a very
thin thermal interface is added to the package. The interface temperature drop is
minimized and the heatspreading capability of the IHS now provides a near uniform
temperature at the gap pad interface, but with a much larger surface area (2.4 cm?).

From the gap pad comparison above, with an IHS the gap pad resistance is how

2.1 °C/W with a temperature delta of 4.6 °C, about 11% of the earlier estimate. From
system modeling and test data, the addition of the IHS will lower the junction
temperature from 10 to 15 °C depending on the application.

Another benefit of the IHS is that since it is bonded to the substrate, there is very
little chance that the critical die-to-IHS interface (TIM1) will be compromised when
used in environments that may see high shock or vibration loads.
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2.2 Packaging Mechanical

2.2.1 Ball Grid Array (second level interconnect)

Figure 1 below gives the basic sizes of the processor and SCH (see Appendix A for
detailed drawings). The footprint of this kit is 1,890 mm? due to the larger BGA grid
spacing for each package:

e Processor BGA pitch: 1.00 mm
e SCH BGA pitch: 1.016 mm (40 mil)
The larger BGA spacing allows for simpler and less costly PCB designs since the

signals can be routed on the top layer between balls, depending on the PCB
manufacturer’s design rules, without the need for vias to internal layers.

Figure 1. Processor and SCH Basic Sizes

Processor System Controller Hub
. 9) —— =375 ———— =
~—16.5 —= — = 10.73 =
4
178
IR +
22 15 1M 375
¢ \_ %

r2‘6i0.15

S o @ Z
Tl\ \Jf

2.2.2 Package Loading

The package loading specification for the processor and SCH are:
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e Processor: 25 Ibf max normal load

e SCH: 15 Ibf max normal load

Note: If a heatsink is used on the SCH, be advised that there are capacitors on the die-side
of the package. To avoid shorting to the heatsink, an insulator on the bottom of the
heatsink should be used. The processor has no die side capacitors.

8
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3

Package Thermal
Characteristics

3.1

Defining Thermal Performance

Thermal resistance is the metric used to quantify thermal performance and compare
various thermal solution designs. The system-level requirement for thermal
performance is defined by component junction or case rating (Tx.max), the thermal
design power (TDP) and ambient temperature (T,). Intel defines the component
ratings and TDP while the customer defines the ambient temperature. These
parameters combine to define the thermal resistance requirement Wya-max:

Equation 1. System-Level Thermal Resistance, Requirement

T -T,
\PXA—MAX :$ ( C/W)

The subscript “x” refers to either the processor case (C) or the SCH junction (J).
Equation 1 gives the overall system thermal performance that must be met to keep
the processor or SCH at or below their respective Tc and T; rating. Thus, modeling
and/or test data should indicate respective ¥ values that are less than or equal to the
¥ requirement:

Equation 2. System-Level Thermal Resistance, Measured

12

_ Tx _TA
A TDP
LIle S LIJxA—MAX

Since T, and TDP are constant for a specific system design, Equation 2 is just another
way of saying the measured case or junction temperature in the system needs to be
less than the specification. To compare between systems which have different
boundary conditions, ¥, gives an indication of how simple or complex the thermal
solution may be.

At the component level, thermal characterization parameters are used to assess
junction/case-to-sink (Wys) and junction/case-to-board (¥,g) thermal resistances. The
Y,s parameter (Equation 3) accounts for the heat dissipation that goes “up” in the
system, typically the primary heat transfer path, while the ¥,g parameter (Equation 4)
accounts for the heat dissipation that goes “down” in the system.
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Equation 3. Case/Junction-to-sink Thermal Characterization Parameter

_ Tx _TS

\PXS
TDP

Equation 4. Case/Junction-to-board Thermal Characterization Parameter

_ Tx _TB

b

®  TDP
Y,s is a function of the thermal interface used between the processor/SCH and the
heatsink; ¥,z depends on the material properties of the package [die, first level
interconnect (C4), substrate and second level interconnect (BGA)] and the PCB below
the package. Both parameters, as used in this document, depend in large part on the
system boundary conditions and system power (mutual heating effects), which aligns
with typical embedded systems.

Figure 2. Package Thermal Characterization Parameters

3.1.1

SCH Processor

T Ts Ts

N7} - COMMON HEATSPREADER
JS

Sink-to-ambient Characterization Parameter

For thermal solution designs that utilize component heatsinks, another
characterization parameter of interest is Ws, :

Equation 5. Sink-to-ambient Characterization Parameter

322352

_Ts _TA

A TDP

The thermal solutions evaluated for this design guide (common heat spreader), ¥s, is
not applicable as defined in Equation 5 since the power dissipation input for a common
heat spreader is the sum of the TDPs of the components attached to the
heatspreader.

13
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Thermal Resistances ¥ and 0

As a point of clarification, the aforementioned thermal characterization parameters
were defined using the Greek letter ¥, which implies that the thermal resistance
between two temperatures is based on TDP, even though it is understood that 100%
of TDP does not either go “up” or “*down”.

If the thermal resistance had been defined using 0, this implies that the thermal
resistance between two temperatures is based on the actual heat (power) transferred
between those two points.

From a practical perspective the power between two points, say junction-to-sink or
junction-to-board, cannot be readily measured in a real system. However, the total
power input to the package (TDP) can be measured, e.g., by sense resistors between
the voltage regulators and package. For this reason, thermal resistance is defined in
terms that are measureable in real systems, so W is used.

Thermal Modeling Performance Estimates

To illustrate thermal performance of the processor and SCH, several system models
were considered:

e In-Vehicle Infotainment (IVI)

o A 1-DIN head unit with a system power of 20W and operating ambient of
70 °C; processor and SCH are conduction cooled to the chassis wall
through gap pads and board conduction. System heat transfer is by free
convection and radiation.

e Industrial
o A ComExpress* module with a system power of 14.5W and operating
ambient of 85 °C. Free convection through the module, external heatsink
attached to a ComExpress heatsink with a thermal resistance of 1.0 °C/W
(forced convection).
e IP Media Phone
o Intel® proof-of-concept system with a system power of 10W and operating
ambient of 30 °C. Processor and SCH are conduction cooled to a
heatspreader through gap pads. System heat transfer is by free
convection and radiation.
o Same system, but no heatspreader (PCB conduction only).
The key mechanical stack-up (Figure 2) and other model details are:
e Gap pads: assumed to be 1.5 mm thick, K = 3 W/MoK

e Common Heatspreader: Aluminum, K = 177 W/MoK

e PCB: 6-layers, estimated conductivity: KXY = 20 W/MoK, KZ = 0.3 W/MoK
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3.2.1

e Surface radiation: emissivity = 0.8, radiation temperature = ambient
temperature.

Modeling Results

Table 3. In-Vehicle Infotainment Modeling Results

IVI with Industrial-rated Processor and SCH

Yca-max: 16.8 °C/W W¥ia-max: 17.4°C/W

Ta =70 °C
Component Tx Temp. Yxa Yxs YxB
) Marsin (O 1 ocyw) °c/w) °c/w)
Processor 101.2 +5.8 14.2 2.0 1.1
SCH 104.4 +5.6 15.0 3.6 2.4

The IVI design has a better than 5 °C margin. Clearly this application requires the use
of industrial-rated components as the case and junction temperatures are a few
degrees past 100 °C.

The temperature of the heatspreader is approximately 97 °C and the board
temperature is approximately 99 °C. These temperatures can be backed-out with the
information in Table 1 and Table 3:

e Sink Temperature: T¢ - TDP*¥s = 101.2-(2.2*2.0) = 97 °C
e PCB Temperature: T¢ - TDP*W¥g = 101.2-(2.2*%1.1) = 99 °C

Using the SCH values will give approximately the same result for the sink temperature
since there is very little temperature gradient in the heat spreader, while the PCB
temperature may vary by a few degrees due to gradients.

The sink-to-ambient and board-to-ambient temperature is almost 30 °C for this
system, which is not unexpected given the system power (~20W) and that system
heat transfer is by free convection and radiation (high resistance).

Table 4. Industrial (ComExpress) Modeling Results

322352

Industrial with Industrial-rated Processor and SCH

Yca-max: 10.0 °C/W ¥ja-max: 10.9 °C/W

Ta = 85 °C
Component Tx Temp. Yxa Yxs Yxs
o) Margin €9 1 (acpw) cc/w) ccw)
Processor 101.8 +5.2 7.6 2.4 -0.8
SCH 105.8 +4.2 9.1 4.0 0.5

15
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Like the IVI model, the industrial design also has a ~5 °C margin even though the
ambient temperature is 15 °C higher at 85 °C. The heatsink thermal performance for
the ComExpress* module 1.0 °C/W, which keeps the heatsink base near 96.5 °C.

As seen earlier, the thermal characterization parameters are defined by the difference
in reference temperatures, divided by TDP. In this example, ¥cg is actually negative
because the PCB temperature is hotter than the case temperature; the processor
package has become a minor sink for PCB heat.

Table 5. IP Media Phone with Aluminum Heat Spreader

IP Media Phone with Commercial-Rated Processor and SCH

Yea-max: 25.9 °C/W ¥ia-max: 26.2 °C/W

Ta=30°C
Component Tx Temp. Pxa Yxs YxB
) Marain O 1 ocpw) °c/w) °c/w)
Processor 66.5 +20.5 16.6 2.6 0.4
SCH 72.3 +17.7 18.5 5.2 2.4

The IP Media Phone has a greater than 20 °C margin; the thermal solution is
somewhat over-designed for this application (~340 cm? flat plate heatspreader for
fanless operation). The phone could be operated in an ambient condition as high as
45 °C with a few degrees of margin.

For this design, the only two components connected to the heatspreader are the
processor and SCH, as opposed to the previous two designs in which memory, FPGAs
and power FETs were also connected.

Table 6: IP Media Phone With No Heat Spreader

IP Media Phone with Commercial-Rated Processor and SCH

** No Heat Spreader **

Yca-max: 25.9 °C/W ¥ia-max: 26.2 °C/W

Ta =30°C
Component Tx Temp. Wxa Yxs Yxp
) Margin €9 1 (acpw) cc/w) c/w)
Processor 93.3 -6.3 28.8 - 5.0
SCH 88 +2.0 25.4 - 4.6

Running the IP Media Phone without a heat spreader does not appear to be an option
in this case: the processor is running about 6 °C too hot when PCB conduction is the
only heat transfer scheme. The SCH has some margin: the larger packaging helps
with power dissipation into the board compared to the processor. If industrial-rated
components were used, then PCB conduction would work in this case due to the
higher junction/case temperature ratings.
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3.2.2

In applications that rely only on PCB conduction, assume all package power (TDP) will
be transferred from the die, through the package and into the board. In this case, ¥xg
~= 0yg. Again, the Wy values are specific to this model.

Thermal Model Summary

The modeling information shows thermal performance for thermal solution designs
that utilize a common heat spreader with a gap pad interface, while operating under
diffferent ambient and power conditions. Table 7 summarizes the ¥,s and ¥,g values
from the models:

Table 7. Thermal Characterization Parameter Summary

322352

Processor SCH
Component Yes Yep Yis Y
(°c/w) (°c/w) (°c/w) (°C/W)

In-Vehicle Infotainment 2.0 1.1 3.6 2.4
Industrial (ComExpress) 2.4 -0.8 4.0 0.5
IP Media Phone with Heat 2.6 0.4 5.2 2.4
Spreader
IP Media Phone with No - 5.0 - 4.6
Heat Spreader

For systems similar to the four evaluated above, an estimate of the junction or case
temperature can be realized if the heat spreader temperature is known. For example,
if a heat spreader temperature is expected to be 88 °C, a range of case and junction
temperatures can be calculated:

e Processor: Tg + TDP*¥cs = 88 + (2.2W)*(2.0, 2.6 °C/W) = 92.4, 93.7 °C

e SCH: T, + TDP*¥;s = 88 + (2.3W)*(3.6, 5.2 °C/W) = 96.3, 100.0 °C
The same procedure could be followed if the board temperature is known. Assuming
the application calls for only commercial-rated parts, the PCB temperature is limited
to 70 °C:

e Processor: Tg + TDP*¥z = 70 + (2.2W)*(0.4, 1.1 °C/W) = 70.8, 72.3 °C

e SCH: Ty + TDP*¥,5 = 70 + (2.3W)*(0.5, 2.4 °C/W) = 71.1, 75.3 °C
And without a heatspreader:

e Processor: Tg + TDP*¥cg = 70 + (2.2W)*(5.0 °C/W) = 81.0 °C

e SCH: T, + TDP*¥y5 = 70 + (2.3W)*(4.6 °C/W) = 80.1 °C
The above calculations are intended as a “back of the envelope” estimate for a new

system design. The ¥ values (e.g., ¥Ycs and Ycg ) are not independent since they are
based on a system model and not on a standalone component model.

17



l n tE| Package Thermal Characteristics

For a better estimate of package thermal performance in a new system design, and to
account for system-level dependencies, component thermal models should be used.

3.2.3 Component Thermal Models

The component models used in the system models described earlier are available to
customers under NDA. Available for both Icepak* and Flotherm* users, it is
recommended that customers use these component models in their own system
models to get a good estimate of end-use thermal performance.

The package models are available through the Classified Design Information (CDI)
site. Please work with your Field Applications Engineer (FAE) to get access. Once
access is given, search the site for “Icepak” or “Flotherm” and select the entry for
Embedded Menlow XL, or ask your FAE to source it for you.
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Temperature Verification and
Tools

4.1

4.1.1

Note:

4.1.1.1

322352

Temperature Verification

To verify compliance to specification, the processor and SCH temperature should be
verified in the system final assembly during test. For the processor this is a case
temperature, and for the SCH this is a junction temperature.

Processor Temperature Verification

To verify the processor case temperature, the preferred method is to use a 36 ga.
Type-T thermocouple with a machine-welded junction (bead), bonded to the surface
of the IHS at the geometric center with a thermal epoxy (Omega Bond*, for example).

Unlike other Intel® processors that have an IHS, it is not recommended to machine a
thermocouple slot into this IHS. The IHS is relatively thin (0.8 mm) above the die
and a thermocouple slot would risk compromising the TIM1 and/or damaging the die.

In the case where there is no heatsink, an alternative approach (but not
recommended) is to use an infrared camera or infrared thermometer. If this approach
is used, the IHS surface should be painted flat black to ensure uniform surface
emissivity and repeatability.

Processor Silicon Sensors

Although the specification for the processor is a case temperature, it is useful to poll
both the thermal diode and digital temperature sensor (DTS) during test. In an end-
use condition, the case thermocouple will not be there but the diode and DTS are
always readable.

¢ Thermal Diode: an analog signal read by an external on-board sensor
(hardware monitor). The signal names are THERMDA and THERMDC. For this
processor, the thermal diode is very close the die hotspot. Internal testing
indicates that the thermal diode is about 2 °C hotter than the case
temperature under max. power conditions (~115% of TDP).

e DTS: this “temperature” is read from a model specific register (MSR), which is
0x19Ch. The DTS is a relative measurement: it counts down from the T>-MAX
rating of the die. When the die is at T’-MAX the DTS will read 00h (zero).
When the die is 5 °C cooler than T’-MAX the DTS will read 05h, and when it is
10 °C cooler than T’-MAX the DTS will read 0Ah, and so on. The DTS is not
known for its accuracy at cooler temperatures. Please see Appendix A for
accuracy information.

19
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4.1.2

4.2

20

Another sensor is PROCHOT#, which operates like a thermostat. When this sensor is
enabled, the processor will begin throttling (depending on BIOS settings). Also, at
this point the DTS should read zero. PROCHOT# could be used to verify system
thermals, i.e. a system with thermal margin should not see a PROCHOT# event.

SCH Temperature Verification

To verify the SCH junction temperature, two sensors are available that are read
through registers, similar to the DTS. Unlike the DTS, the data in the register is
converted from hex to decimal, and then a quadratic equation is used to convert to
degrees C.

Example:

e the TRRO or the TRR1 register reads: 02Ch

e Convert 02Ch to decimal (DAC): 44

e Temp. = .00168*DAC? -0.82652*DAC + 127.22 = 94.1 °C

Please consult the BIOS Writers Guide for more information about accessing these
registers.

For verification, it helps to be able to double-check the SCH temperature during test,
or determine initial temperature if the system is off. For the SCH, it is recommended
that a 36 ga. Type-T thermocouple, same as for the processor, be bonded to the die

center for verification. The SCH “case” temperature should be within two degrees of
the actual junction temperature.

Verification Tools

Several tools are available that allow users to run TDP-level power applications while
also reading the various die-level temperature sensors. Contact your Intel field
representative for access to these tools.

e Thermal Analysis Tool (TAT): search for “"TAT” and select the entry for the
“Montevina Platform.” This utility includes a power virus to simulate TDP
loads, as well as the ability to read the thermal diode and DTS.

o This tool is updated every six months; when it expires, contact your local
Intel field representative for the new version.

o As of this document release, there was an issue with the DTS temperature
indicated for the Industrial-rated processor. The indicated DTS
temperature will be about 20 °C too cool.

e Thermal Power Tool (TPT): search for “TPT” and select the entry for the
“Montevina Platform.” This utility is similar to the TAT but it is for the SCH.

e MSR Read Write Utility: this utility allows the user to read Model Specific
Registers (MSRs). This is useful for reading the DTS register (0x19Ch)
directly. Search the CDI site for "MSR Read Write.”
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Appendix A Additional
Information

A.1 DTS Error Measurement

For reference, the following information provides an error estimate for the DTS as
compared to the thermal diode. For this processor, the thermal diode is “close” to the
die hot spot (non-uniform heating) while the DTS is “farther” away. When the die
operates under TDP conditions, and is near its temperature limit, the DTS is
approximately 1 °C cooler than the thermal diode. As the die temperatures decreases
below ~90 °C, the error in the DTS temperature increases, understating the actual die
temperature.

Figure 3 shows the DTS error, relative to the thermal diode, for diode temperatures
from ~55 to 105 °C. This data was collected on a sample of eight processors
(Z520P/T), where the case temperature was controlled by a TEC-based thermal head.

Figure 3. DTS Error
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A.3 SCH Package Drawing
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