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Disclaimer. 

 

This document is extracted from my final-year dissertation for the University of Bolton’s MSc in 

Electronic Product Development. The title of that dissertation was “Thermal Analyses of the 

NXP Integrated Power Controller (IPoC) System.” The dissertation was written on the 

understanding that, when complete, it would be made publicly  available in the University’s 

Library. Hence the dissertation, and all information therein, would be placed in the public 

domain. This was accepted by my employer, NXP Semiconductors at the time of writing. 
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1. Introduction. 

 

NXP Semiconductors is in the process of releasing a new Intelligent Power Control (“IPoC”) 

system for use in the automotive industry. The system comprises a number of power MOSFET 

devices which control the numerous electronic loads which are found in a typical contemporary 

automobile application. Typically, such loads may be incandescent lamps (e.g. headlamps, 

indicators, brake lights, etc.) or motors (electrically controlled wing mirrors, electrically operated 

seat adjusters, etc.) Up to eight power MOSFETs may be located in a single control module, 

and multiple modules may be situated throughout the body of an automobile. 

 

The thermal demands made on the MOSFETs employed in the IPoC system are particularly 

severe, and to support the IPoC design-in process, a need has arisen for thermal analysis of 

the MOSFET packages and their likely end applications. Although the IPoC devices will 

ultimately be available in a variety of common package types, the initial product offering will be 

in the standard SO20 and SOT427 outlines, and hence these packages will be the focus in this 

project. 

 

The goal of this project is to create detailed FloTHERM models of the SO20 and SOT427 

packages, together with experimental validation data. The models will primarily be used 

internally in NXP, but will also be made available to customers who are running FloTHERM.  

 

This project is written in keeping with the MSc Project Guidelines found at; 

 

http://www.ami.ac.uk/students/msc_project/project_guidelines.asp 

 

Throughout the project references are made to various accompanying files. Where such 

references are made, the file names are enclosed in brackets thus <filename.xxx>. 

 

 

 

http://www.ami.ac.uk/students/msc_project/project_guidelines.asp
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5. Creation of the detailed models. 

 

5.1. Methodology. 

 

The following methodology will be adopted for the creation of each detailed model; 

 

1. For each of the materials used in the device, determine the material composition and 

thermal conductivity. Specific heat and density figures are not required as we are not 

specifically creating models for use in transient simulations. However, if this data is 

available then it should be applied to the detailed model anyway. The level of uncertainty 

associated with the thermal conductivities of the materials should also be determined. This 

information may be used in sensitivity analysis exercises. 

 

2. Procure the internal and external construction diagrams for the device. 

 

3. Simplify the diagrams from 2. as necessary in order to eliminate any features which 

previous experience has found to be superfluous
1
 or which cannot easily be simulated. 

 

4. Build the detailed model in FloTHERM and export as a .pdml file. 

 

Of the “data gathering” tasks listed above, 2. is usually the simplest as NXP maintains an 

excellent database device construction information, as might be expected from a device 

manufacturer. Task 1. may vary in difficulty from simple (for common materials which are well-

characterised e.g. copper, aluminium or silicon) to extremely difficult (for materials such as 

plastics which have not been characterised by their manufacturer), and it must be accepted that 

accurate thermal conductivity data (for instance) may simply not be available for some 

materials. In those cases, the best that we can hope to achieve is to use nominal values from 

FloTHERM’s libraries, or other sources, and use sensitivity analysis to determine whether or not 

their uncertain properties have a significant impact on the accuracy of the overall model. 

 

Although the work carried out for this section will necessarily include extensive use of the 

FloTHERM software package, it is not intended that this document should be a “Beginner’s 

guide to FloTHERM”. A degree of familiarity with this software on the part of the user is 

assumed, and detailed descriptions of the use of the software will not be included. 

 

                                                 
1
 This comment is mainly aimed at chip-to-leadframe bondwires. Previous experience has 

shown that these items contribute almost nothing to model thermal performance, but add 
considerable complexity to the device models. 
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5.2. Creation of the S020 detailed model. 

 

In this section will describe the input data used to create the SO20 detailed model and will 

illustrate the model creation process used in FloTHERM. 

 

5.2.1. Materials. 

 

The SO20 materials are summarised in Table 5.1. 

 

Item Material Thermal conductivity (W/m.K) 

Die1, 2 Silicon 117.5 

Die attach1, 2 QMI519 3.18 

Leadframe Copper – zirconium (CuZr) 367.2 

Bond wires Gold 296 

Encapsulant EME6210SR type -L (58.6 - 75.3)x10
-2

 

Table 5.1 SO20 materials summarised. 

 

5.2.2. Construction diagrams - external. 

 

The SO20 package outline is shown in Fig 5.1 and is also available from the NXP website [5.1] 
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Fig 5.1. SO20 package outline. 

 

In Fig. 5.1, most of the package dimensions are shown as a range (minimum to maximum) 

rather than a single figure. This is to allow for manufacturing tolerances. Where this occurs, the 

decision was made to use average values in the detailed model i.e. for dimension “A2” the value 

used would be 2.35mm and so on. 

 

5.2.3. Construction diagrams - internal. 

 

Device leadframe diagrams are often quite difficult to interpret as they show not just the various 

elements of the finished leadframe but also the support structure which holds the leadframe in 

place during manufacture. See Fig. 5.2. 

 

Note that the SO20 has two separate die compared to the single die of the SOT427 package. 
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Fig. 5.2. SO20 leadframe information. 

 

The view of Fig. 5.2. also contains dimension data which, although essential for building the 

detailed model, does not help the with the readability of the diagram. A much clearer picture is 

given in Fig. 5.3., where the support structure and dimension information is removed. 
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Fig. 5.3. Simplified SO20 leadframe information. 

 

In Fig. 5.3. the various elements of the leadframe may be seen much more clearly. In particular 

the two rows of ten pins located on the long edges of the package and the two die pads, each 

with three (drain) pins attached. 

 

Wiring and die placement information is shown in Fig. 5.4. 
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Fig. 5.4. SO20 wiring and die placement information. 

 

5.2.4. Creating the FloTHERM detailed model. 

 

In general, FloTHERM models are built up from orthogonal “cuboids” for which the user may 

specify size, shape, material properties, thermal properties and so on. The process of building a 

model from cuboids may be likened to building a model with children’s “Lego” blocks. Part of the 

process of building a FloTHERM model involves determining; 

 

 How to represent curved or diagonal structures using only orthogonal geometry 

(FloTHERM cannot easily model curves or diagonals). 

 

 Deciding which parts of the model can be omitted without adversely compromising 

overall model accuracy. 

 

In the SO20 leadframe of Fig. 5.3. it can be seen that the structure can mainly be reduced to 

orthogonal blocks, although the curved corners of some of the elements could probably be 

omitted without loss of accuracy. Similarly the two C-shaped structures at the left and right ends 

of the package could probably be omitted as these are not connected to the package die pads 

and are artefacts from the manufacturing process. The simplified model of the SO20 leadframe, 

viewed from above, illustrates these concepts and is shown in Fig. 5.5., which is a screenshot 

from FloTHERM’s Drawing Board. 

 

Pin 1 

1 
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Fig. 5.5. Simplified model of the SO20 leadframe from FloTHERM’s Drawing Board. 

 

Also shown in Fig. 5.5. are the device encapsulant plus the two die. 

 

When building a FloTHERM model it is important to observe the hierarchical rule in the Project 

Manager Window. For example, if we consider the volume of space bounded by the 

encapsulant cuboid, all points within that space will be filled with the encapsulant materials 

unless they have been over-written by other cuboids further down the Project Manager 

hierarchy. This is best illustrated by considering the Project Manager view of Fig. 5.6. 
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Fig. 5.6. FloTHERM Project Manager view. 

 

In Fig. 5.6. it can be seen that the Encapsulant sub-assembly is located at the top of the “tree” 

and the other elements (Leadframe1, leadframe2, Legs, Die, etc.) are located below this. This 

means that the other elements are able to locally overwrite the encapsulant material with their 

own material properties . This means that we do not have to manually fill the encapsulant space 
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with a collection of irregularly shaped encapsulant cuboids - this function is carried out for us 

automatically. If we did not adopt this approach and, for instance, located the encapsulant 

below Leadframe1, then the Leadframe1 geometry would be completely overwritten by the 

encapsulant geometry and FloTHERM would generate a warning message to this effect. It is 

therefore very important to consider how the hierarchy of sub-assemblies is arranged in the 

Project Manager tree. 

 

In terms of attaching properties to cuboids, the user may choose from FloTHERM’s default 

libraries or may define custom properties. The most important cuboid properties are 

summarised in Table 5.2. 

 

Material 
Material properties which may be set include thermal conductivity, specific heat and 

density (for solids) as well as viscosity for fluids. 

Surface 

Surface properties which may be set include surface roughness and emissivity. The 

latter is important for simulations which model radiation heat exchange between 

surfaces. 

Thermal 
A cuboid’s thermal characteristics may be set as conducting, non-conducting or 

dissipating. Level of dissipation (in watts) may also be set. 

Radiation 
Determines the sub-division of the radiating surface for the purposes of view factor 

calculations. 

Table 5.2. The main cuboid properties summarised. 

 

Grid constraints may also be attached to cuboids, although this is not the method of gridding 

adopted by the author. See Section 9.3. 

 

As an example, the “encapsulant” cuboid in the SO20 model has the following attached 

properties; 

 

Material  “Epoxy Overmold (Typical)” 

  Thermal conductivity = 0.68W/m.K 

  Density = 1820kg/m
3
 

  Specific heat = 882J/kg.K 

 

Surface  “Infrared Opaque Plastic” 

  Roughness = 0m 

  Emissivity = 0.95 

 

Thermal “Conducting, power=0” 

  Conduction model 

  Power = 0W 
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Radiation “01mm subdivided” 

  Subdivided Surface Tolerance = 1mm 

 

Side and isometric views of the SO20 model are shown in Figs 5.7. - 5.9. 

 

 

 

Fig. 5.7. SO20 model - long side view. 

 

 

 

Fig. 5.8. SO20 model - short side view. 
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Fig. 5.9. SO20 model - isometric view. 

 

The SO20 detailed model is available in a FloTHERM-compatible file <SO20 v03.pdml> 

 

5.3. Creation of the SOT427 detailed model. 

 

5.3.1. Materials. 

 

The SOT427 materials are summarised in Table 5.3. 

 

Item Material Thermal conductivity (W/m.K) 

Die Silicon 117.5 

Die attach Solder PbSn5Ag1.5 25 

Leadframe Copper 385 

Bond wires Aluminium 201 

Encapsulant EME6210SR type -L (58.6 - 75.3)x10
-2

 

Table 5.3 SOT427 materials summarised. 
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5.3.2. Construction diagrams - external. 

 

The SOT427 package outline is shown in Fig 5.10 and is also available from the NXP 

website [5.2] 

 

 

 

Fig 5.10. SOT427 package outline. 

 

As for the SO20 package, average dimension figures are used where appropriate. 

 

5.3.3. Construction diagrams - internal. 

 

The SOT427 leadframe diagram is shown in Fig. 5.11. Again, this diagram is a mass of 

information which is quite difficult to interpret, as shown in Fig.5.11 (left). For reference, a 

simplified view of a single leadframe is shown in Fig. 5.11. right). 
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Fig. 5.11. SOT427 leadframe information. 

Original version (left) and simplified version (right). 

 

Wiring and die placement information is shown in Fig. 5.12. 
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Fig. 5.12. SOT427 wiring and die placement information 

from <BUK9C10-55BIT%20WIDI[2].doc>. 

 

5.3.4. Creating the FloTHERM detailed model. 

 

The process used in building the SOT427 is essentially the same as that for the SO20 model, 

and the comments made in Section 5.2.4. regarding cuboids, cuboid properties and hierarchy 

apply equally in this case. The main point to note in the case of the SOT427 model is that a 

greater degree of simplification of the leadframe has been applied. This is because there are a 

larger number of diagonal and curved features in the SOT427 leadframe, which cannot be 

easily represented in FloTHERM. This is illustrated in the view from above of the simplified 

SOT427 leadframe as it appears in FloTHERM’s Drawing Board (Fig. 5.13.) 
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Fig. 5.13. Simplified model of the SOT427 leadframe from FloTHERM’s Drawing Board. 

 

Also shown in Fig. 5.13. are the device encapsulant and die. 

 

Side and isometric views of the SOT427 model are shown in Figs 5.14. - 5.16. 

 

 

 

Fig. 5.14. SOT427 model - long side view. 
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Fig. 5.15. SOT427 model - short side view. 

 

 

 

Fig. 5.16. SOT427 model - isometric view. 

 

The SOT427 detailed model is available in FloTHERM-compatible file <SOT427.pdml> 
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6. Real device testing – test setup. 

 

6.1 Background. 

 

In order to test the accuracy of the detailed models it is necessary to compare modelling results 

obtained from simulation with results obtained from real-life experiments. This would be done by 

first building an experimental setup, applying an appropriate level of power dissipation to the 

device and recording its steady-state temperature Tj. If we also record ambient temperature 

Tamb then Rth j-a may be calculated. The experimental setup would be recreated as accurately as 

possible in simulation and the simulation run with the same level of power dissipation. The 

simulated Rth j-a would then be calculated. A measure of the simulation accuracy could then be 

obtained by comparing the two sets of Rth j-a results. 

 

Rth j-a is used as a basis for judging simulation accuracy as this quantity takes into account the 

prevailing ambient temperature during testing. See Section 6.3. 

 

The experimental test setup should have the following characteristics; 

 

1. It should be mechanically as simple as possible. At a minimum there is a need to make 

electrical connections to the MOSFET as well as providing some form of mounting and 

support for the device – these aspects are unavoidable. However, it is important that the 

number of mechanical elements in contact with the device itself is minimised. This is 

because any additional elements will have some influence on the overall thermal 

performance of the system and will tend to move the emphasis away from the performance 

of the MOSFET. If the test setup is overly complicated, and there is poor correlation with 

simulation results, then may not know whether this is because of a flaw in the MOSFET 

model or because we have failed to accurately model some other, incidental part of the 

system. 

 

2. It should be easily describable. The test setup should be designed bearing in mind the need 

to recreate it in simulation. Therefore, wherever possible, the setup should only use 

materials whose composition is known and should have geometries which are easily 

reproducible in FloTHERM’s orthogonal modelling environment. Elements which cannot be 

easily modelled should be avoided, for example fans should not be used as it may be 

difficult to accurately mode the turbulent nature of their airflow. 

 

3. Ambient conditions should be controlled. In particular, the setup should be shielded from 

incidental air currents, draughts from windows or air-conditioning ducts, etc. Even a low 

level of forced convection may have an influence on the experimental results that might be 

difficult to quantify. 
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4. Data should be gathered in a controlled manner. The experimental method will require the 

use of ammeters and voltmeters and the accuracy limits of these instruments should be 

determined. The same meters should always be used for the same test parameter, so that 

there is some consistency in measurement error. Where an environmental chamber is used 

(to calibrate device temperature sense diodes) the internal temperature of the chamber 

should be independently verified, rather than assuming that control panel settings are 

accurate. 

 

There will always be some degree of error associated with any experimental method, and we 

can never expect to produce results which are guaranteed to be 100% accurate. A more 

realistic approach is to identify all the possible sources of error in the experiment and account 

for this when comparing real and simulated results. 

 

6.2. Mechanical test setup. 

 

6.2.1. PCB layout. 

 

The simplest way of providing support and electrical connection to the devices is to mount them 

on a PCB. It was felt that, although this is adding additional “incidental” geometry and thermal 

structures to the test setup, it is a reasonable approach to take provided the construction of the 

PCB is known. 

 

For the SOT427 devices, four PCBs of size 42 x 50mm and thickness 1.6mm were designed. 

The Gerber files for the boards may be found in folder <SOT427 boards>. The layer sizes for 

the four boards are listed in Table 6.1. 

 

Board 

designator 

Top copper area 

(mm x mm) 

Upper internal 

copper area 

(mm x mm) 

Lower internal 

copper area 

(mm x mm) 

Bottom copper 

area (mm x mm) 

A 40 x 40 None None None 

B 40 x 40 None None 40 x 40 

C 40 x 40 40 x 40 40 x 40 40 x 40 

G 12 x 12 None None None 

Table 6.1. SOT427 test board layer summary. 

 

The PCB layer stack-up is shown in Fig. 6.1. PCB material was NP-140 laminate (an FR4 

variant [6.1]) and copper thickness was 1oz (35m). 
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Fig. 6.1. PCB layer stack-up (from FloTHERM’s Drawing Board). 

 

An example of one of the SOT427 test PCBs (board type A) mounted in the test fixture may be 

seen in Section 6.2.2., Fig. 6.3. 

 

For the SO20 devices, it was requested that existing boards be used for the purposes of model 

validation. These boards had previously been used to create the data sheet Rth j-mb figures for 

the device. Three different board layouts were available, with varying amounts of top copper 

“heatsink” present, designated “L”, “M” and “S”. All the boards were single-layer designs, copper 

thickness 2oz (70m), standard FR4 laminate. A photograph of the three board types is shown 

in Fig. 6.2. and Gerber files for the boards may be found in folder <SO20 boards>. 
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Fig. 6.2. SO20 test boards. Type “L” (top left), type “M” (top right) and type “S” (bottom left). 

Also shown is type M without an SO20 device fitted (bottom right). 

 

The SO20 boards utilise an edge connector rather than being soldered directly into the test 

fixture. Although this was felt to be an added elements of complexity, it was unfortunately 

unavoidable. 

 

6.2.2. Test fixture design. 

 

The primary functions of the test fixture are to provide mechanical support for the test board as 

well as enabling the necessary electrical connections to be made. At the same time, the test 

fixture should have the smallest possible impact on the thermal behaviour of the system. This is 

in keeping with criteria 1. and 2. of Section 6.1. Test fixtures of the type shown in Fig. 6.3. were 

therefore built as a means of fulfilling these requirements. 
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Fig. 6.3. Test fixture (SOT427 version). 

 

In Fig. 6.3. the test PCB is supported above the SRBP base by eight support wires made from 

18swg tinned copper wire. The support wires are sufficiently rigid to hold the board firmly in 

place whilst also providing electrical connections to the board. The SRBP base is made from 

off-the-shelf prototyping board such as “Veroboard” or similar. The SRBP base provides a 

degree of stability for the construction as a whole and also enables electrical connections to be 

made via a four-way connector. Although the support wires will to some extent provide a 

conductive thermal path away from the PCB, it is hoped that the influence of this path will be 

minimal and will be easily modelled. 

 

The SO20 test fixture is similar in concept except that it employs an edge connector rather than 

having test boards permanently soldered to the support wires. The number of support wires is 

also greater, to allow for the fact that each SO20 board holds two independent MOSFET 

devices in one package. 

 

It was intended to carry out the tests with natural convection only i.e. no applied or forced 

airflow. A method was therefore needed of excluding external draughts etc., which might 
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influence the thermal performance of the test setup (criteria 3. of Section 6.1.) This was 

achieved by using four sides of a cardboard box as a simple draught excluder, as shown in Fig. 

6.4. 

 

 

 

Fig. 6.4. Example test setup minus draught excluder (left) and with draught excluder (right). 

 

The draught excluder had an open top, to enable air currents caused by natural convection to 

escape, and slots in the sides at the bottom to enable the convective flow to draw cooler air in 

from outside. As before, this simple structure was chose for its anticipated minimal impact on 

system thermal performance as well as being easy to model. 

 

6.3. Electrical test method. 

 

6.3.1. JEDEC test method. 

 

The JEDEC document JESD51-1 “Integrated Circuits Thermal Measurement Method - Electrical 

Test Method (Single Semiconductor Device)” was used as the basis for the device thermal 

resistance measurements. 

 

The introduction to JESD51-1 states that; 

 

“The purpose of this test method is to define a standard Electrical Test Method (ETM) 

that can be used to determine the thermal characteristics of single integrated circuit 

devices housed in some form of electronic package…” 
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Although the test method was originally intended for use with integrated circuits, it is equally 

appropriate for measuring the performance of MOSFET devices, and has been widely adopted 

in the power semiconductor industry. 

 

Thermal resistance is defined in JESD51-1 as; 

 

 

HP

XJT
JXR


  (JESD51-1, eqn (4)) 

 

where 

 

RJX is the thermal resistance from device junction to the environment (equivalent to Rth j-a in 

Section 2.3. of this document) 

 

[TJ]X is the temperature difference between device junction and ambient ( = T) 

 

PH is the power dissipated in the device (usually referred to as PD in MOSFET data sheets) 

 

For consistency we will use the alternative form of this equation which usually appears in 

MOSFET data sheets i.e. 

 

DP

T
athjR


   (6.1) 

 

where 

 

T = Tj - Tamb 

 

JESD51-1 does not specifically state how the test method should be applied to power 

MOSFETs, however the most common method is to use the MOSFET “body diode” as a 

heating element. See Fig. 6.5. 

 



Page 31 of 75 

 

 

Fig. 6.5. N-channel enhancement-mode MOSFET body diode. 

 

Any N-channel enhancement-mode MOSFET has a “body diode” between its source and drain 

terminals. This is an inherent consequence of the device structure and is present even when 

the device is turned off (VGS = 0V). See Fig. 6.5. (left). The body diode exists throughout the 

entire physical volume of the MOSFET die and exhibits ordinary diode electrical characteristics. 

If we connect the device gate and source terminals together (Fig. 6.5. (centre)) then for all 

practical purposes the device becomes a simple two-terminal diode (Fig. 6.5. (right)). By 

applying current to the diode we can therefore cause power dissipation, and hence temperature 

rise, uniformly throughout the MOSFET die structure. 

 

Although not specifically discussed in JESD51-1, it is not sufficient simply to apply a fixed 

current to the MOSFET body diode as this will not result in a known, constant power dissipation 

in the device. Instead, it is necessary to ensure that the device is made to dissipate a constant, 

known power throughout the test, by use of a constant power circuit. A constant power circuit 

was designed for the purposes of carrying out the tests. Details of the circuit, plus the rationale 

behind its design, may be found in Appendix A. 

 

6.3.2. Using a device “Temperature Sensitive Parameter” (TSP). 

 

Having determined a method of creating power dissipation within the MOSFET die 

(Section 6.3.1.), the second important parameter required to make Rth j-a measurements is 

device die (junction) temperature Tj. At first glance it may seem that we can simply measure the 

temperature of the device package top (with a thermal camera or thermocouple) and use this 

figure for Tj. However, it is likely that there will be a temperature difference between the top of 

the device package and Tj and so this method will not yield accurate results. A much better 

approach is to use the concept of the “Temperature Sensitive Parameter” (TSP) as described in 

JESD51-1, Section 2.1. 
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The TSP method uses the pre-calibrated variation with temperature of a device parameter to 

infer junction temperature. Typically, the TSP used is the variation in diode forward voltage (VF) 

with temperature (T) for a fixed forward current (IF). If we know the relationship between VF and 

T (from pre-testing calibration) then we can use this parameter to determine device Tj during Rth 

j-a testing. Fortunately, IPoC system MOSFETs incorporate an isolated diode which is intended 

for exactly this purpose. See Fig. 6.6. 

 

 

 

Fig. 6.6. IPoC system MOSFET schematic (from BUK9C10-55BIT data sheet). 

 

In Fig. 6.6. the temperature-sensing diode is shown on the right of the schematic, with 

connections labelled “A” and “C”. The diode is intended to be operated from a very low level of 

forward current IF - nominally 250A. At this current the diode VF will be in the region of 2.8V, 

giving an overall power dissipation in the diode of 0.7mW. The reason for choosing such a low 

IF (and hence diode dissipation) is to minimise self-heating within the diode (as described in 

JESD51-1, Section 2.1.1). An unfortunate consequence of this low level of current is that the 

connections between the IPoC VBC controller IC and the temperature-sensing diodes are very 

sensitive to pickup of extraneous noise, and hence good PCB layout in these areas is critical. 

 

As the temperature-sensing diodes are manufactured using processes which have some 

degree of variation, so the characteristics of the diodes will vary slightly from device to device 

and diffusion lot to diffusion lot. To allow for this, each MOSFET data sheet provides minimum, 

typical and maximum values for the diode characteristics, as shown in the example of Fig. 6.7. 

This is common practice generally for semiconductor parameters, and the end-user should 

always design for worst-case in his particular application. 
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Fig. 6.7. An example of temperature-sensing diode characteristics (taken from the 

BUK9C10-55BIT data sheet). 

 

(Aside: for MOSFETs without a separate temperature-sensing diode it is possible to use the 

body diode for both heating and temperature-sensing functions. This is done by first heating the 

device to a steady-state temperature using a large current then very rapidly switching to a much 

lower current to make the device temperature measurement. This method is described in 

JESD51-1, Section 3.4.2. and is the basis on which commercially available test gears such as 

those from Analysis Tech [6.2] usually operate. As most MOSFETs do not have a separate 

temperature-sensing diode, this is actually the most common mode of testing used in industry). 
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7. Calibrating the MOSFET temperature-sensing diode. 

 

7.1. The relationship between diode VF and IF. 

 

Before calibrating the MOSFET temperature-sensing diodes, it was felt useful to briefly 

investigate the importance of maintaining constant diode forward current IF. This was done by 

measuring VF for a range of IF at room temperature for a single sample. The results are shown 

in Fig. 7.1. 

 

 

Fig. 7.1. Temperature-sensing diode VF against IF for a constant temperature. 

 

VF was found to vary by approximately 91mV for a variation in IF of 95A. As will be seen in 

Section 7.3., this corresponds to an apparent difference in temperature of around 15C, and 

illustrates the need to keep IF constant both when calibrating the temperature-sensing diodes 

and when using them to make temperature measurements during device testing. In order to 

ensure constant diode IF, a 250A constant current circuit was designed into the constant power 

board used during testing. See Appendix A. 

 

7.2. Diode calibration - first attempt. 

 

The first attempt to calibrate a temperature-sensing diode was made using one of the SO20 

devices, mounted on a PCB and in a test fixture, placed in a variable temperature 

environmental chamber. See Fig. 7.2. 
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Fig. 7.2. Environmental chamber used to calibrate the temperature-sensing diodes. 

 

It was intended to measure diode VF for a range of temperatures, as set on the chamber front 

panel, keeping IF constant and allowing time for the chamber to reach a steady-state 

temperature. For this first test, the chamber temperature was not independently monitored. The 

results are shown in Fig. 7.3. 
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Fig. 7.3. Diode VF and chamber front panel reading. 

 

This was a surprising result! The chamber front panel display is claiming that a steady-state 

temperature of 100C has been achieved after approximately 30 minutes, yet the diode VF is 

continuing to fall, even after 275 minutes. There are two possible reasons for this result; 

 

1. The chamber genuinely has reached the reported temperature, but the diode VF is 

continuing to drift downwards for other reasons. 

 

2. The chamber front panel display is not accurately reporting its internal temperature. 

 

Further tests were carried out to determine whether the environmental chamber front panel 

display was accurately reporting the chamber temperature. The PCB plus test fixture was left in-

situ (so as not to change the pattern of airflow in the chamber) and a small pre-calibrated K-type 

thermocouple placed very close to the MOSFET. The temperature-sensing diode was not 

powered for this test. The thermocouple temperature readings (TT) were recorded over time for 

four settings of chamber temperature - 30C, 50C, 75C and 100C - and the errors as a 

function of TT were calculated. The results are shown in Fig. 7.4. 
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Fig. 7.4. Chamber temperature errors over time for four temperature settings. 

 

These results are a strong indication that the chamber front panel display is not accurately 

reporting chamber temperature, and the continually falling VF figures in Fig. 7.3. are valid. The 

errors are worse, and times taken to reach approximate steady-state are longer, for higher 

temperature settings. This is perhaps not a surprising trend, although the reasons for this 

behaviour are not important as there is nothing we can do to change it
2
. 

 

7.3. Diode calibration - improved method. 

 

It is possible that the chamber temperature will reach full steady state given sufficient time, 

however this may result in excessively long calibration times. In order to make calibration times 

more realistic, the following procedure was adopted. 

 

1. Choose one sample of the SOT427 device and one of the SO20 device (single die only) on 

which to carry out the calibrations (this assumes that the results produced for one sample of 

a given device type will apply to all samples of that device type. For devices from the same 

wafer and diffusion lot, this is a reasonable assumption). 

 

                                                 
2
 The actual location of the chamber temperature sensors could not be determined. Possibly they were mounted very 

close to its heating elements, which would account for the difference between displayed and chamber temperature. 
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2. Pick calibration point temperatures of 30C, 50C, 75C and 100C as recorded on the 

chamber front panel, but measure true temperature for each setting using the thermocouple 

mounted close to the device. 

 

3. For each calibration point, monitor TT and VF over time at one minute intervals. Assume 

quasi steady-state has been reached when VF varies by 2mV or less for five consecutive 

one-minute measurement intervals. 

 

4. Take the average of the five TT and VF figures from the quasi steady-state period. The 

average figures are then calibration points for that particular average temperature. 

 

This process was carried out for the two device types, at 30C, 50C, 75C and 100C for each. 

See Fig. 7.5. The results are recorded in Table 7.1. 

 

 

 

Fig. 7.5. Temperature-sensing diode calibration. 
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Device Average TT (C) Average VF (V) 

SO20 29.3 2.849 

 48.3 2.735 

 71.0 2.598 

 91.5 2.480 

SOT427 28.8 2.852 

 46.7 2.750 

 70.5 2.612 

 93.1 2.489 

Table 7.1. temperature-sensing diode calibration information. 

 

From these figures it is possible to extract straight-line equations of the form y = mx + c using 

Excel’s trendline fitting function. This yields the following result; 

 

SOT427 VF = -0.0057T + 3.0141 (R
2
 = 0.9998) 

 

SO20  VF = -0.0059T + 3.0226 (R
2
 = 0.9999) 

 

By manipulating these equations we can determine device temperature for any given VF. “m” is 

the “grad” figure referred to in spreadsheets <SO20 diode calibration.xls> and <SOT427 diode 

calibration.xls> and Section 12 and “c” is the “offset”. An example of the calibration results for 

the SO20 device in graphical form is shown in Fig. 7.6. 
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Fig. 7.6. SO20 temperature-sensing diode calibration. 
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8. Real device testing – test setup and results. 

 

8.1. Practical realisation of the test setup. 

 

The test setup is shown in Fig. 8.1. 

 

 

 

Fig. 8.1. Practical realisation of the test setup. 

 

Items in the foreground of Fig. 7.1. from left to right are; 

 

1. Fluke 87-3 multimeter measuring temperature-sensing diode VF (reading is “2.770” in the 

picture). 

 

2. SO20 test fixture (draught excluder omitted for clarity). 

 

3. Fluke 79-3 multimeter measuring device body diode IF (reading “0.646”). 

 

4. Constant power board. 

 

5. Fluke 79-3 multimeter measuring device body diode VF (reading “0.788”). 
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Also shown at the rear right are the bench power supplies powering the constant power board. 

 

8.2. Testing procedure. 

 

A total of ten tests were carried out in three groups, as follows; 

 

1. The four SOT427 boards tested with power dissipation of 1.0W. 

 

2. The three SO20 boards tested with just die 1 powered at 0.5W. 

 

3. The three SO20 boards tested with die 1 and 2 powered at 0.5W. 

 

For each test, the setup was assembled, 250A applied to the temperature-sensing diode and 

then the setup was allowed to stabilise at ambient temperature. This was a necessary step as 

the temperature-sensing diodes were found to be sufficiently sensitive as to be affected by body 

heat from manual handling. Once the temperature-sensing diode VF reading had stabilised, this 

was taken to be representative of ambient temperature (Tamb) and the voltage logged as a “time 

zero” reading. Power was then applied to the test setup and readings taken from the 

multimeters at one minute intervals. In this way, the variations in device dissipation (PD) and 

temperature (Tj) were logged over time. For test group 3., a constant 0.5W was applied to both 

die 1 and 2, but readings were taken for die 2 only. For the SO20 boards we therefore had 

readings for die 1 only (group 2) and for die 2 with die 1 also powered (group 3). A second 

constant power board was utilised for these tests. A steady-state condition was deemed to have 

been reached when the temperature-sensing diode VF changed by less than 2mV for at least 

five consecutive readings. The average of those five readings was then taken for all three 

parameters. Thermal resistance from junction to ambient was calculated according to; 

 

D

ambj

athj
P

TT
R


  

 

8.3. Test results. 

 

The test results are summarised in Table 8.1. and are listed in detail in spreadsheets <SOT427 

Rth results.xls> and <SO20 Rth results.xls>. 
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Group Device / board PD (W) Tamb (C) Tj (C) Rth j-a (K/W) 

1 

SOT427 / A 1.010 22.65 53.25 30.3 

SOT427 / B 1.010 23.0 49.5 26.3 

SOT427 / C 1.018 21.4 46.0 24.1 

SOT427 / G 0.995 21.25 70.3 49.3 

2 

SO20 / S (die 1) 0.499 24.3 70.95 93.4 

SO20 / M (die 1) 0.499 22.5 63.3 81.85 

SO20 / L (die 1) 0.499 22.8 57.7 69.9 

3 

SO20 / S (die 2) 0.494 24.7 90.1 132.4 

SO20 / M (die 2) 0.496 22.5 77.6 110.95 

SO20 / L (die 2) 0.494 22.8 71.05 97.6 

Table 8.1. Test results summarised 
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9. Simulating the devices and test setup. 

 

9.1. Background. 

 

Creation of the device detailed models was described in Section 5. In order to verify the detailed 

models we must simulate the whole test setup including device, PCB, test fixture, draught 

excluder and ambient conditions. The test setups were deliberately designed so that there 

would be as much commonality as possible between tests in terms of physical construction. 

This was done to make the task of simulation as simple as possible, and to allow re-use of 

simulation geometry. It was therefore not necessary to create each of the ten simulations (Table 

8.1.) from scratch. 

 

The following sections describe the approach taken to creating the test setup simulations. Some 

parts originally appeared in my submission for AMI4817, Assignment 2. These parts appear in 

italics. 

 

9.2. Modelling parameters. 

 

A FloTHERM simulation consists of two volumes of space – the “solution domain” and 

“ambient”. The solution domain is the volume in which calculations are carried out, whilst 

ambient is treated as an infinite volume outside the solution domain. Matter and energy a free to 

pass into or out of the ambient environment, however the thermal characteristics of the ambient 

environment are fixed according to settings made by the user. Before a simulation is run it is 

necessary to define certain parameters affecting both the solution domain and ambient, 

described as follows. 

 

9.2.1. “Model” menu settings. 

 

From the “Model” menu in the FloTHERM Project Manager; 

 

Fluid…  Air 20 deg C 

 

Global… Datum Pressure  1Atm 

  External Radiant Temperature  20C 

  External Ambient Temperature 20C 

 

Modelling… Type of Solution:  Flow and Heat Transfer 

  Dimensionality:   3-Dimensional 

  Radiation:   Radiation On 

  Solution Type   Steady State 
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  Store Mass Fluxes 

  Store Surface Temperatures 

  Store Heat Fluxes 

 

Turbulence… Turbulent, Automatic Algebraic (defaults) 

 

Gravity… Gravity:    Normal, Negative Y Direction 

  Value:    Default 

 

Transient… Ignore, will not open. 

 

Initial Variables… (set at defaults) 

 

Auxiliary Variables… (set at defaults) 

 

9.2.2. Explanation of “Model” menu settings. 

 

These settings define a solution domain filled with air initially at 20C and at a pressure of 1Atm. 

Normal gravity is applied. The space outside the solution domain (ambient) has a fixed 

temperature also of 20C. The simulation will model the flow of both mass and heat energy in 

three dimensions and will also model radiative heat transfer. The simulation will produce a 

steady-state solution only. The calculated mass and heat fluxes and surface temperatures will 

be stored for post-processing analysis. The Initial and Auxiliary Variables and Turbulence 

settings are variable, although the FloTHERM “Help” recommendation is that these settings are 

normally left in their default states. 

 

9.2.3. “Solve” menu settings. 

 

From the “Solve” menu in the FloTHERM Project Manager; 

 

Overall Control… Solver Option:  Multi Grid 

   Outer Iteration:  500 (default setting) 

   Fan Relaxation 1.0 (default setting) 

   Monitor Point Convergence for Temperature 

   (all other options not selected) 

   Required Accuracy: 0.5 deg C 

   Number of Iterations: 30 

   Residual Threshold 100 

   Estimated Free Convection Velocity 0.2m/s (default setting) 
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9.2.4. Explanation of “Solve” menu settings. 

 

These settings are mainly concerned with the way the solver engine runs and how convergence 

is determined. For an explanation of the “Multi Grid” Solver Option, please see Appendix B. The 

Outer Iteration, Fan Relaxation and Estimated Free Convection Velocity settings are again 

advanced options which should normally be left in their default states. 

 

The remaining settings are concerned with how the simulation determines convergence, and 

are worthy of a some more detailed comment; 

 

As described in the “Background Theory” section of  FloTHERM’s on-line help files, the solution 

of a FloTHERM thermal simulation is essentially a matter of solving a large number of 

simultaneous equations. Each grid cell in the simulation model has five associated variables 

(pressure, temperature and velocity in three dimensions), hence for even a modest number of 

grid cells, the number of variables to be solved for can be exceedingly large. Such a large 

number of simultaneous equations cannot be solved by algebraic means, and so a numerical 

method is instead adopted. The numerical method involves making an initial guess at the value 

of the variables, determining the degree of error (the “residuals”) associated with that guess and 

then refining the next guess in an attempt to reduce the magnitude of the residuals. This 

iterative process is repeated until certain criteria are met and the simulation is declared solved 

or “converged”. 

 

It is highly unlikely that any simulation could be run until all residuals are exactly zero – nor 

would it be necessary to do so. Instead, simulations are usually run until a specific set of criteria 

are met. Usually those criteria are concerned with residual values falling below a specific limit – 

typically below 1. However, it is possible that residual values may remain relatively high yet the 

temperatures of any monitor points in the simulation have become stable over successive 

iterations. In such a case, a simulation may still be considered converged as the residual errors 

are not affecting the calculated temperatures. This is known as “Monitor Point Convergence” in 

FloTHERM terminology and is the option used for the test setup simulations. With the settings 

given, a simulation would be considered converged if the temperatures of all monitor points 

within the simulation varied by less than 0.5C over 30 iterations, with the values of all 

residuals being less than 100 at the 30
th
 iteration. When viewing simulation results, the reader 

should bear in mind the convergence criteria which have been adopted, and should not be 

concerned if some residual values seem unreasonably high. This does not mean that the 

simulation has not converged. See Fig. 9.1. 
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Fig. 9.1. Monitor point convergence illustrated. 

 

Fig. 9.1. is a screenshot of the “Profiles” window from FloTHERM after a successful simulation 

run. The left-hand pane shows the residual values for pressure, velocity and temperature, and it 

can be seen that the Temperature and Y-Velocity residuals remain high even at the end of the 

simulation (iteration 42). The right-hand pane shows the temperature of the “Die temp” monitor 

point, and demonstrates that the simulated temperature has remained within the convergence 

criteria (variation of less than 0.5C over 30 iterations) between the 12
th
 and 42

nd
 iterations. So 

even though some residuals remain somewhat high (though below 100), the simulation is 

considered converged due to the stability of the monitor point. 

 

9.2.5. Additional System settings. 

 

These settings are accessed by right-clicking on the System icon at top of project tree. 
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Location… Position:   X = 0, Y = 0, Z = 0 

  Size    X = 270mm, Y = 270mm, Z = 360mm 

 

Global… (already set in Model menu) 

 

Ambients… Default All 20 degC (Gauge Pressure 0Pa) 

      (Ambient Temperature 20) 

      (Radiant Temperature 20) 

      (Heat Transfer Coefficient 0W/m
2
.K) 

      (External Velocity – all zero) 

  Yo-Low    (Gauge Pressure 0Pa) 

      (Ambient Temperature 20) 

      (Radiant Temperature 20) 

      (Heat Transfer Coefficient 7.5W/m
2
.K) 

      (External Velocity – all zero) 

 

Faces… All open 

 

Gravity… (already set in Model menu) 

 

Fluid…  (already set in Model menu) 

 

9.2.6. Explanation of Additional System settings. 

 

The System settings are concerned with additional aspects of the solution domain and in some 

cases duplicate parameters available in the Model menu (Section 9.2.1.). 

 

The Location… -> Size setting determines the overall size of the solution domain. The values 

chosen are sufficient to accommodate the outer extremities of the test setup (the draught 

excluder) whilst allowing the airflow around the outside of the test setup to be modelled. 

 

The Faces… -> All open setting ensures that mass and/or heat energy is able to flow to and 

from the solution domain to ambient. 

 

The Ambients… settings determine the ambient conditions at each of the six faces of the 

solution domain and may be set to override the Global.. settings if required. This function has 

been utilised to model the wooden bench on which the test setup was placed (Yo-Low face). In 

that case, a Heat Transfer Coefficient of 7.5W/m
2
.K was set in order to mimic the heat flow into 

the wooden bench. This is a simpler approach than attempting to recreate the bench top in 

simulation. The Heat Transfer Coefficient of 7.5W/m
2
.K was derived from a typical thermal 
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conductivity of wood
3
, and is an example of an area of uncertainty in the simulation setup. This 

figure will be subject to the Sensitivity Analysis in Section 11. 

 

9.3. Gridding the simulation. 

 

The process of gridding involves dividing the solution domain into a large number of three-

dimensional, orthogonal “cells”. Calculations are carried out on each cell in the solution domain, 

and the value of the each solution parameter (pressure, velocity, temperature) is constant 

throughout each cell. In addition, each cell may only be filled with a single material type (e.g. 

copper, silicon, air, etc.) and may only have one conduction parameter (e.g. conducting, non-

conducting, dissipating, etc.) 

 

It is important that the minimum cell sizes used in the simulation are small enough to capture 

geometry with small feature sizes. For instance, if we have PCB copper layers of 0.035mm 

thickness then it is important that the gridding in the vicinity of the PCB is set sufficiently fine so 

as to capture geometry of this size. Otherwise, the material will be overwritten by adjacent 

material settings and FloTHERM will produce a warning message to this effect. At the same 

time, if the gridding of the whole solution domain is set to capture very fine detail then there is a 

risk that an overly-detailed grid is generated throughout. This could create an excessive number 

of grid cells, and a simulation which runs either very slowly or not at all. The solution to the 

conflicting gridding requirements is to use a system of localized gridding which allows certain 

parts of the simulation to have a finely detailed gird (to capture small geometry) whilst allowing 

coarser gridding for parts with less detailed geometry. FloTHERM allows mixed gridding of this 

type, and grids may be “nested” within each other. Localized grids are created by defining 

“Regions” in the relevant areas and attaching grid constraints to the Regions. This principle is 

illustrated in Fig. 9.2. 

 

                                                 
3
0.15 W/m.K for yellow pine with an assumed thickness of 20mm. Thermal conductivity from “Introduction to Heat 

Transfer” by Incropera and DeWitt, Appendix A, Table A.3.  
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Fig. 9.2. Mixed “nested” gridding illustrated. 

 

The example of Fig. 9.2. shows the gridding around the device and PCB. Three levels of 

gridding may be seen; 

 

Base Grid The default gridding for the solution domain which is applied throughout unless 

overwritten by local gridding. 

 

PCB Region A gridding region around the PCB which allows finer detail such as the board 

copper layers to be captured. 

 

Device Region The finest region of gridding, nested within the PCB Region which is used to 

capture the details of the device detailed model (shown as solid black in 

Fig. 9.2. due to the limitations of display resolution.) 

 

The characteristics of the three grids are summarised in Table 9.1. 

 

Grid Min cell size (mm) Max cell size (mm) Number of cells 

Base Grid ~0.49 3.24 556605 

PCB Region 0.035 1.00 323190 

Device Region 0.01 0.20 626472 

  Total 1485177 

Table 9.1. Grid summary. 
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If we had used the Device Region Gridding for the whole solution domain then the resulting 

number of cells would have been enormous! 

 

9.4. Modelling the remaining geometry. 

 

Apart from the device detailed models, there are three other significant pieces of geometry in 

the test setup. These are; 

 

1. Test PCBs 

2. SRBP base plus support wires 

3. Draught excluder 

 

The approach to modelling these items is described briefly below. 

 

9.4.1. Test PCBs. 

 

There are a total of seven test PCBs with various combinations of layer stack-up and copper 

layout (Section 6.2.1.) There are two possible approaches to modelling the PCBs; 

 

1. As a “lumped” component (“PCB Smartpart” in FloTHERM terminology). In this case, the 

PCB is treated as a single conducting cuboid. The conductivity of the cuboid is determined 

by the number of copper layers, the percentage copper coverage on the layers and the 

thickness of the copper. This information is entered in the PCB Smartpart dialogue and 

values of in-plane and normal conductivity are calculated automatically by the software. 

 

2. As a detailed model. It is perfectly feasible to model a PCB at a detailed level, whereby the 

various copper layers are explicitly constructed from thin copper cuboids. The bulk of the 

PCB is modelled as an NP-140 cuboid (a variant of FR4), with the copper elements locally 

overriding the NP-140 as described previously. The main problem to be aware of when 

adopting this approach is that the local gridding should be sufficiently fine so that the copper 

layers are captured and not overwritten by the PCB dielectric material. See Section 9.3. 

 

It is likely that the Smartpart approach to PCB modelling was originally developed in response 

to the inability to localize grids and/or limitations in computational power (see Section 4). As 

with detailed device models, it is the author’s opinion that these restrictions are no longer as 

relevant as they may once have been, and so there is no reason not to model the PCBs at a 

detailed level. 
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9.4.2. SRBP base plus support wires. 

 

The SRBP base is constructed from an off-the-shelf piece of Veroboard (or similar) measuring 

160 x 200mm. The board is perforated with a grid of holes on a 0.1” (2.54mm) pitch, with 

diameter 0.5mm. It has 61 copper strips running the length of the board on its underside, and 

each strip has 78 holes, giving a total of 4758 holes. 

 

Modelling such a structure in detail is out of the question (and probably not necessary) and so a 

“lumped” approach was adopted out of necessity. The lumped model used a PCB Smartpart 

with FR4 dielectric material and a single copper layer of thickness 0.035mm. The percentage 

coverage of the copper was calculated as follows; 

 

Board area = 160 x 20mm = 0.032m
2
 

 

Area of 1 copper strip = 2mm x 200mm = 4x10
-4

m
2
 

 

Area of 61 strips = 61 x 4x10
-4

 = 0.024m
2
 

 

Area of 78 holes = 78 x  x (5x10
-6

)
2
 = 6.1x10

-5
m

2
 

 

Percentage coverage for one strip = 100 x (1 - (6.1x10
-5

 / 4x10
-4

)) = 84.75% 

 

Total percentage coverage of copper = 0.8475 x (0.024 / 0.034) = 63.6% 

 

The decision was made to model the support wires as long thin rectangular cuboids of copper 

with their thermal attribute set to “conducting”. Although the wires used in the real test setup 

were of circular cross-section, FloTHERM does not easily model cylinders. As a compromise, 

the rectangular representations of the wires had a cross-sectional area (and hence volume) the 

same as their real-life counterparts. For wires of thickness 18swg this equates to a square 

cross-section of side length ~1mm in the model. 

 

9.4.3. Draught excluder. 

 

It was assumed that the main function of the draught excluder is to modify the pattern of airflow 

around the test setup, and that the thermal conductivity of this item is not critical as conductive 

heat flow through it is minimal. In the absence of any data for the thermal conductivity of real 

cardboard, the material assigned to the draught excluder model was chosen to be FR4 - 

primarily because of this material’s very low thermal conductivity of 0.3W/m.K. The influence of 

the thermal conductivity of the draught excluder is explored in the section on sensitivity 

analysis, Section 11. 
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9.5. Modelling radiation heat exchange. 

 

Experience has shown that radiation heat exchange must be included in thermal simulations, as 

omitting this effect can result in errors in simulated temperatures. This is particularly true of 

scenarios which involve natural convection only, where errors may be as great as +15% or 

more. 

 

FloTHERM allows for any cuboid surface to have a “radiating” attribute which allows the surface 

to receive and transmit thermal energy by electromagnetic radiation. FloTHERM calculates the 

“view factor” between radiating surfaces, which depends on the angle between surfaces, any 

partial obstructions between the surfaces and any reflected (indirect) paths for radiation 

exchange. In addition, a form of gridding or “subdivision” may be applied to radiating surfaces, 

which determines whether a surface is considered as a single radiating whole or a collection of 

smaller radiating surfaces. To an extent, setting a surface as “subdivided” can produce a more 

accurate result, at the expense of increased view factor calculation time. The law of diminishing 

returns also applies in this matter, as subdividing a surface beyond a certain point will not yield 

further improvements in accuracy. 

 

The FloTHERM “Help” files make the very valid point that the number of radiating surfaces in a 

simulation can have a significant effect on the time taken to carry out the view factor 

calculations. It is stated that “…doubling the number will roughly quadruple the amount of work 

to be done and the computer time required to do it.” It is the author’s experience that a 

simulation with a large number of radiating surfaces and a lot of surface subdivision can take 

longer to calculate the radiation view factors than to solve the flow and conduction aspects of 

the simulation (view factor calculation times of up to 90 minutes have been observed). It is 

therefore necessary to draw a balance between simulation accuracy and view factor calculation 

time. For the SOT427 and SO20 simulations, the following radiation attributes and subdivisions 

were applied, as summarised in Table 9.2. 
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Item Radiation attribute 

Draught excluder 50mm subdivided 

  

PCB (where not covered by copper) 5mm subdivided 

PCB outer copper layers 5mm subdivided 

PCB inner copper layers none 

  

SRBP base 50mm subdivided 

Support wires 5mm subdivided 

  

Device encapsulant  1mm subdivided 

Device metal tab (SOT427 only) 1mm subdivided 

Device solders (external) 1mm subdivided 

Device pins/legs none 

Device internal components none 

Table 9.2. Radiation attributes summarised. 
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10. Simulation results and comparison against experimental data. 

 

10.1. Simulated and experimental results compared. 

 

The simulated and experimental results are summarised in Table 10.1. 

 

Device/board FloTHERM project 

name 

Rth j-a_sim 

(K/W) 

Rth j-a_exp 

(K/W) 

Error 

(%) 

SOT427 / A 427-A 30.8 30.3 1.7 

SOT427 / B 427-B 28.3 26.3 7.6 

SOT427 / C 427-C 26.0 24.1 7.9 

SOT427 / G 427-G 57.9 49.3 17.4 

SO20 / S (die 1) SO20 1P S 105.0 93.4 12.4 

SO20 / M (die 1) SO20 1P M 89.0 81.85 10.6 

SO20 / L (die 1) SO20 1P L 76.2 69.9 8.7 

SO20 / S (die 2) SO20 2P S 142.5 132.4 7.6 

SO20 / M (die 2) SO20 2P M 118.4 110.95 6.7 

SO20 / L (die 2) SO20 2P L 98.0 97.6 0.4 

Table 10.1. Simulated and experimental results summarised, with error calculation. 

 

The results in Table 10.1. have been expressed in terms of Rth j-a rather than junction 

temperature Tj. This is because, when carrying out the real experiments, it was found that the 

ambient temperature Tamb varied somewhat from test to test (see Section 8.3. Table 8.1.), and 

comparisons of Tj would not take into account variations in Tamb. The Rth j-a calculation takes 

each specific Tamb into account and therefore makes a better basis for comparison. The error 

figures are calculated as a percentage of the experimental results i.e. 

 




















exp_athjR

exp_athjRsim_athjR
x100Error  

 

where 

 

Rth j-a_sim  simulated Rth j-a 

 

Rth j-a_exp  experimental Rth j-a 
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10.2. Comments on results. 

 

The results of Table 10.1. show a range in of 0.4% (best case) to 17.4% (worst case) in terms 

of percentage error, and in all cases the simulations predict temperatures higher than those 

observed experimentally. This tendency towards pessimism on the part of the simulations has 

been noticed numerous times by the author and should be seen as “the lesser of two evils”. If 

we accept that there will inevitably be errors in any simulation results, then it is better that the 

simulations predict temperatures which are too high rather than too low as this is a “safer” error 

when applying the results to real-life system design. It is greatly preferable to have a system 

which is running cooler than predicted rather than one which is running too hot! 

 

It also is important not to read too much into the results comparison at this stage
4
, as there are 

two main areas of uncertainty which have yet to be addressed. These are; 

 

1. The uncertainty associated with some of the material properties used in the simulations. 

 

2. The errors which may occur when making experimental measurements with real-life 

instruments. 

 

These are of uncertainty will be addressed in the following sections “Section 11. Simulation 

sensitivity analysis” and “Section 12. Experimental errors”. 

 

 

                                                 
4
 And this includes disappointment concerning inaccurate answers as well as being happy about answers which appear 

to be almost perfect! 
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11. Simulation sensitivity analysis. 

 

11.1 Background. 

 

There are numerous different wordings of the definition of “sensitivity analysis”. One definition is 

given by the Applied Statistics Group at the Joint Research Centre (JRC) of the European 

Commission, which states that; 

 

“Sensitivity Analysis (SA) is the study of how the variation in the output of a model 

(numerical or otherwise) can be apportioned, qualitatively or quantitatively, to different 

sources of variation… Sensitivity Analysis (SA) aims to ascertain how the model 

depends upon the information fed into it, upon its structure and upon the framing 

assumptions made to build it.” [11.1] 

 

It has been stated earlier that there is a degree of uncertainty surrounding some of the data 

used in the simulations carried out so far. Specifically with regard to thermal conductivity data 

for some of the materials modelled in the simulations. The aim of this section is therefore to 

investigate the influence of variations in this parameter on the simulation temperature results. 

 

11.2 Choice of simulation model and parameters. 

 

Due to time constraints it is not possible to carry out sensitivity analyses for all ten test setup 

simulations. The decision was therefore made to carry out the analysis for the setup which 

demonstrated a mid-range level of correlation with experimental results - the SOT427 device on 

board type “C”. The following material conductivities were chosen for the analysis as having a 

degree of uncertainty associated with their initial chosen values (see Table 11.1); 

 

Item Material 
Initial thermal conductivity 

(W/m.K) 

Draught excluder Cardboard 0.3 

SRBP Base SRBP 0.3 

Wooden bench (Section 9.2.3.) Wood (“yellow pine”) 0.15 

Device encapsulant Epoxy overmold (high-K) 

(from FloTHERM Library) 

0.7 

Table 11.1. Parameters chosen for sensitivity analysis. 
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For each of the parameters listed in Table 11.1., new simulations were run with the thermal 

conductivity (k) altered to; 

 

1. twice its initial value 

 

2. zero 

 

This is a fairly simplistic way of carrying out the sensitivity analysis, and is not related to any 

better source of thermal conductivity data for these parameters. However, the exercise should 

give us some “feel” for the influence of these parameters on the simulation results. 

 

11.3 Sensitivity analysis results. 

 

The FloTHERM projects created during the sensitivity analysis are listed in Table 11.2, and the 

results of the analysis are summarised in Table 11.3. 

 

FloTHERM project 

name 
Description 

427-C Original project, no parameters changed 

427-C SA01 Draught excluder, k x 2  

427-C SA02 Draught excluder, k = zero 

427-C SA03 Draught excluder completely removed 

427-C SA04 SRBP base, k x 2 

427-C SA05 SRBP base, k = zero 

427-C SA06 Wooden bench, k x 2 

427-C SA07 Wooden bench, k = zero 

427-C SA08 Device encapsulant, k x 2 

427-C SA09 Device encapsulant, k = zero 

Table 11.2. Listing of sensitivity analysis FloTHERM project names. 

 

 

Item Material 
Rth j-a (K/W) for; 

Original k k x 2 k = zero 

Draught excluder Cardboard 26.0 25.9 25.9 

SRBP base SRBP 26.0 25.9 26.1 

Wooden bench Wood 26.0 25.9 25.9 

Device encapsulant Epoxy overmold 26.0 25.3 27.6 

Table 11.3. Sensitivity analysis results summarised. 
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The analysis indicates that three of the four elements chosen for sensitivity analysis have 

almost no influence on the simulation results. In fact, even removing the removing the draught 

excluder completely (project <427-C SA03>) had no significant effect. It is only when we vary 

the conductivity of part of the device detailed model itself – the encapsulant – that any 

noticeable variation in results occurs. 

 

The observed “insensitivity” of the simulation results to variations in conductivity of the draught 

excluder, SRBP base and wooden bench, indicates that conduction heat transfer through these 

items is minimal. Their initial conductivities were initially very low anyway (0.15 or 0.3 W/m.K), 

and so doubling the values or reducing them to zero makes little difference to the simulation 

results. In addition, these items are physically distant from the source of heat dissipation - the 

device die - and it is only the conductivity of the device encapsulant (again, a very low value) 

which has a noticeable effect on simulation results. 
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12. Experimental errors. 

 

12.1. Instrument accuracy. 

 

The section should be read with reference to spreadsheet <Measurement errors.xls>. 

 

The experimental results presented so far have all assumed complete accuracy on the part of 

the instruments used for data gathering. In reality, we can never be completely sure that the 

reading displayed on an instrument is reflecting reality with 100% accuracy. In fact, it is likely 

that this is not the case, and few (if any) instrument manufacturers would make such a claim for 

their products. As far as the instruments used in this study are concerned, their accuracy limits 

are specifically stated in user manuals, and give us some idea of the extent of errors which may 

occur when they are used. 

 

Four instruments were used in the experiments described in this study – three multimeters and 

one digital thermometer. Care was taken to ensure that the same meter was always used for 

the same type of measurement. So, for instance, one meter was always used for temperature-

sensing diode VF measurements, and so on. This was done to allow for some consistency in 

meter error from test to test. The meters used are summarised in Table 12.1. 

 

Meter Serial number Specified accuracy Use to measure 

Fluke 51-3 Digital 

thermometer 

 1.1C for K-type 

thermocouple 

(0.05% + 0.3C) for meter 

Environmental chamber 

temperature 

Fluke 87-3 

multimeter 

34-55-02 (0.1% +1), 4V range Temperature-sensing 

diode VF 

Fluke 79-3 

multimeter 

34-55-06 (0.3% +1), 4V range MOSFET body diode VF 

Fluke 79-3 

multimeter 

34-55-11 (0.5% +5), 4A range MOSFET body diode IF 

Table 12.1. Meters used during testing. 

 

It is common to see meter accuracy expressed in the form (percentage of range + digit), as 

shown in Table 12.1. As an example of how this is interpreted, assume we have a Fluke 87-3 

multimeter displaying a voltage reading of 2.800V on its 4V range. According to this meter’s 

accuracy specification, the true voltage could lie in the range; 
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2.800 + ((2.800x0.001) + 0.001) = 2.804  (upper limit) 

 

2.800 – ((2.800x0.001) + 0.001) = 2.796  (lower limit) 

 

Of course, we have no way of knowing where exactly within that range the meter reading 

actually lies. We can only assume that it is somewhere in the calculated range. We are given no 

information regarding the statistical distribution of meter accuracy – a sample of instruments 

may exhibit a classical “bell curve” distribution, or they may all tend to read high (or low). 

Without access to the manufacturer’s production data it is impossible to say. The best that we 

can therefore hope to achieve is to define the limits within which measurements will lie. 

 

The remainder of this section will examine the potential influence of meter accuracy on 

measured results and the consequent correlation with simulation results. The analysis will use 

the data gathered for the SOT427-C board as an illustration. 

 

12.2. Temperature-sensing diode calibration and device temperatures. 

 

The method used for calibrating the MOSFET temperature-sensing diodes was described in 

detail in Section 7, and involved measuring diode VF (for constant IF) for a range of 

environmental chamber temperatures Tchamb. The calibration procedure therefore has two 

potential sources of error; 

 

1. The meter used for measuring environmental chamber temperature (Fluke 51-3). 

 

2. The meter used for measuring diode VF (Fluke 87-3, s/no 34-55-02). 

 

The VF and Tchamb data is shown in Table 12.2, and the corresponding graph in Fig. 12.1. 

(worksheet “SOT427 Diode cals”). 

 

Chamber temperature (C) Diode VF (V) 

28.8 2.852 

46.7 2.750 

70.5 2.612 

93.1 2.489 

Table 12.2. SOT427 temperature-sensing diode, calibration data. 
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Fig. 12.1. SOT427 MOSFET temperature-sensing diode calibration. 

 

The trend line of Fig. 12.1. shows a good linear correlation between VF and Tchamb and is of the 

form y = mx + c where m = -0.0057 and c = 3.0141. The m and c figures (grad and offset 

respectively) are important as they are used to convert the values of VF into temperatures 

according to the formula; 

 

grad

offsetFV
T


  

 

See spreadsheets <SO20 diode calibration.xls> and < SOT427 diode calibration.xls >. 

 

In order to place upper and lower error limits on the VF / Tchamb correlation, we must consider 

two cases; 

 

1. That both the temperature reading and the VF reading were at the high end of their 

accuracy limits. 

 

2. That both the temperature reading and the VF reading were at the low end of their accuracy 

limits. 
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These two combinations of worst-case accuracy define the upper and lower limits of possible 

error for the VF / Tchamb correlation. Knowing the accuracy specification of the meters, we can 

revisit the calibration data of Table 12.2. and determine the upper and lower limits for VF and 

Tchamb. From this data we can plot two new curves representing the upper and lower limits for 

the correlation. See Fig. 12.2. 

 

Fig. 12.2. SOT427 MOSFET temperature-sensing diode calibration with upper and lower error 

limits added 

 

So now we have two new sets of grad and offset figures for the upper and lower limits. These 

are; 

 

Upper  m = -0.0054, c = 3.0533 

Lower  m = -0.006 c = 3.0022 

 

The measured values of VF for the SOT427-C board were 2.892V pre-test (ambient) and 

2.752V post-test. These voltages correspond to temperatures of 21.4C and 45.0C 

respectively, and hence a T of 23.6C. We must also assume that these figures could be 

subject to voltage measurement error of (0.1% +1) (though for simplicity we will assume that the 

meter was reading similarly high or similarly low for each set of readings). So; 

 

VF v temp

y = -0.0054x + 3.0533

R
2
 = 0.9998

y = -0.006x + 3.0022

R
2
 = 0.9998

2.45

2.5

2.55

2.6

2.65

2.7

2.75

2.8

2.85

2.9

2.95

20 40 60 80 100 120

temp (C)

V
F

 (
V

)

Upper

Nominal reading

Lower

Linear (Upper)

Linear (Lower)



Page 64 of 75 

Upper  2.892V  2.896V and 2.752V  2.756V 

 

Lower  2.892V  2.888V and 2.752V  2.748V 

 

For the new grad and offset figures we have; 

 

Upper  grad = -0.0054, offset = 3.0533, T = 26.0C 

 

Lower  grad = -0.006, offset = 3.0022, T = 23.4C 

 

So the T figure, initially calculated as 23.6C may actually lie in the range 23.4C to 26.0C 

 

12.3. Device power dissipation. 

 

The device power dissipation is found by measuring the MOSFET body diode forward voltage 

(VF) and forward current (IF) and taking the product of the two (=PD). For the SOT427-C board, 

the measured values in steady-state were; 

 

VF = 0.718V 

IF = 1.418A 

so PD = 1.018W 

 

VF and IF were measured using Fluke 79-3 multimeters (Table 12.1.) with stated accuracies of; 

 

(0.3% +1) for VF and 

(0.5% +5) for IF 

 

Applying the accuracy figures to the measured VF and IF figures gives; 

 

Upper  VF = 0.721V, IF = 1.430V, PD = 1.031W 

 

Lower  VF = 0.715V, IF = 1.406V, PD = 1.005W 

 

(see worksheet “SOT427-C PD”) 

 

So the PD figure, initially calculated as 1.018W may actually lie in the range 1.005W to 1.031W. 
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12.4. Calculated upper and lower limits for Rth j-a. 

 

Now that we have upper and lower limits for T and PD, we can calculate the corresponding 

upper and lower limits for Rth j-a. 

 

We know that in general 

 

DP

T
athjR


  

 

so 
)lower(DP

)upper(T
)upper(athjR


  

 

and 
)upper(DP

)lower(T
)lower(athjR


  

 

therefore; 

 

Rth j-a(upper) = 25.9K/W 

 

Rth j-a(lower) = 22.7K/W 

 

and the originally calculated figure for Rth j-a was 24.1K/W 

 

12.5. Comments. 

 

The calculated Rth j-a(upper) and Rth j-a(lower) figures represent a potential error of +7.5% or -5.8% 

compared to the originally calculated figure of 24.1K/W. As a source of error this is significant 

when we are looking for correlations between real and simulated data of around 10 or 15%. 

 

Of course, this exercise has considered only the worst-case accuracy errors for each meter, 

and also the worst-case combination of meter errors. We would be very unlucky to experience 

such a situation in real life! In reality, it is more likely that there would be a spread of errors with 

possibly even some cancelling of their effects. However it is hoped that this exercise has at 

least demonstrated that we should not consider experimentally measured values as being 

100% accuracy. There will inevitably be some degree of unquantifiable error, and we should 

allow for this when making comparisons between simulation results and experimental data. 

 

Another potential source of experimental error is that of repeatability. In other words, for a given 

test setup, if we make a series of measurements under identical conditions but at different times 
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(for instance, on different days) will we observe identical results? No repeatability specifications 

are given for the instruments used in this exercise, and so the only way to determine the 

repeatability of the tests results would be by experiment. The subject of experimental 

repeatability was not investigated in this project, however it is a candidate for possible future 

investigation. See Section. 15. 
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14. Summary. 

 

14.1. Background. 

 

Automotive electronics has become very complex, with networked systems required to switch 

numerous high-power loads such as motors, lamps and solenoids. Traditional relay methods of 

load switching are rapidly being replaced with semiconductor alternatives. These typically use 

power MOSFETs to switch the loads as MOSFETs are easier to drive and have longer service 

life and result in lower overall system cost. 

 

MOSFETs are not perfect switches and dissipate heat in the on-state due to their on-resistance 

(RDS(on)). The degree of heat dissipation may cause significant temperature rise both in the 

MOSFETs and the PCBs to which they are soldered, and hence proper thermal design and 

management of the systems is essential. This is particularly true of Automotive environments 

where the systems may be expected to function in elevated ambient temperatures. 

 

The concept of “thermal resistance” has been used to characterize MOSFET thermal 

performance and is embodied in numerous JEDEC standards (JESD51-x series). Unfortunately, 

thermal resistance figures are highly dependent on test conditions and are not useful (or 

intended) for thermal design exercises. Alternatives such as thermal simulation are therefore 

needed to accurately predict the operating temperatures of devices in applications. 

 

Competing MOSFET manufacturers recognize the need for good thermal design, and provide 

some degree of resource to the end-user. These resources include various methods of 

modelling individual devices, however none of the publicly available information is useful for 

designing complete systems consisting of multiple MOSFET devices. 

 

14.3. Real device testing. 

 

In order to test the accuracy of the detailed models it was necessary to compare modelling 

results obtained from simulation with results obtained from real-life experiments. In order to do 

this, a series of experiments was devised that; 

 

 Were mechanically as simple as possible 

 Were easily describable 

 Had well controlled ambient conditions 

 Had a consistent method of data collection 

 

i.e. the real-life experiments were made as easy to reproduce in simulation as possible, with a 

minimum of unknown factors. 
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The electrical test method employed was in keeping with that described in JESD51-1 and used 

the MOSFETs’ pre-calibrated on-chip temperature sensing diode for determining die 

temperature. Test results were expressed as Rth j-a figures, as defined in JESD51-1. A total of 

ten different device/PCB combinations was tested - four for the SOT427 package and six for the 

SO20 package. 

 

14.4. Simulation results and comparison against experimental data. 

 

The real-life test setups were reproduced in simulation, with device dissipations set to those 

recorded in the real-life experiments. The simulations were run and die temperatures recorded 

for each of the ten device/PCB combinations. From this data, Rth j-a figures were calculated, 

which allowed direct comparison with the experimental results. 

 

The simulated results demonstrated errors in the range 0.4% (best case) to 17.4% (worst case) 

in terms of percentages, and in all cases the simulations predict temperatures higher than those 

observed experimentally. These are considered “safe” errors. 

 

Sensitivity analysis was carried out for the materials whose thermal properties were uncertain 

(device encapsulant, SRBP base material etc.) It was found that varying the thermal 

conductivity of these materials by a large degree had little influence on the simulated results 

and hence the uncertainty associated with these materials was of little consequence. 

 

An investigation was also carried out into the possible influence of instrument accuracy on the 

experimental data collected (and hence on correlation with simulated results). In a worked 

example it was found that errors could theoretically be as high as +7.5% or -5.8% in the worst 

case. However, this assumed worst-case performance on the part of all the instruments used, 

and was felt unlikely to occur under normal circumstances. It was also recognized that it is more 

likely that there would be a spread of errors with possibly even some cancelling of their effects 

and, in the absence of absolute measurement standards, the best approach is simply to be 

consistent in terms of which instrument is used to measure a given parameter. 
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17. Appendix. 

 

Appendix A. Constant power board design. 

 

The files referred to in this section are in the accompanying zip file <Constant power board.zip>. 

 

A.1. Purpose. 

 

The primary function of the constant power board is to maintain constant power dissipation in 

the target load – in this case a MOSFET body diode. As has already been discussed in Section 

fghj, simply applying a constant current to the body diode will not result in constant power 

dissipation. This is because the dissipation in the diode (PDIODE) is given by; 

 

FFDIODE I.VP   

 

where VF is the diode forward voltage and IF is the forward current through the diode.  

 

Unfortunately, VF is inversely proportional to temperature, and so as the diode starts to 

dissipate heat VF will fall and hence PDIODE will also fall. Although the system will eventually 

reach a steady-state condition, the final power dissipation will not be the same as that initially 

set, nor will it be easily predicted from the initial figure. This is because the steady-state 

condition is partially determined by the thermal characteristics of the load (device plus PCB and 

test fixture) and hence a method of maintaining constant power dissipation in the load is 

required. 

 

A.2. Constant power board circuit description. 

 

The schematic for the constant power board is shown in Fig. A.1. 
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Fig. A.1. Constant power board schematic. 

 

The heart of the circuit is IC2 – an Analog Devices AD633 Four-Quadrant Analog Multiplier 

[A.1]. The functional block diagram for the AD633 is shown in Fig. A.2. 
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Fig. A.2. AD633 functional block diagram. 

 

The AD633 has two pairs of differential voltage inputs – X1, 2 and Y1, 2 and a summing input Z. 

The output voltage W is given by; 

 

  
Z

V10

YYXX
W 2121 


  

 

In Fig. A.1. the MOSFET body diode is connected between SK5 (anode) and SK6 (cathode). 

SK6 is also connected to 0V. Current through the diode (IF) is measured by observing the 

voltage developed across 1 resistor R4, which is connected to differential inputs X1, 2. The 

voltage across the diode (VF) is measured by differential input pair Y1, 2. The voltage appearing 

at output W therefore represents (IF.VF)/10 or PDIODE/10 (input Z is not used and is connected to 

0V). The output of the analog multiplier is connected to the inverting input of op-amp IC1a. The 

non-inverting input of IC1a is connected to a potential divider formed by VR1 and R2, and the 

output of IC1a is connected to the base of Q2 via R3. IC1a will vary its output in order to 

maintain the same voltage at its inverting and non-inverting inputs. As Q2 is progressively 

turned on by IC1a both IF and VF will increase in the MOSFET body diode and so PDIODE will 

increase, with the circuit reaching steady-state when PDIODE/10 is equal to the voltage at VR1 

wiper. In this way, PDIODE may be set to a constant figure by varying VR1. The AD633 is the only 

component requiring both negative and positive supply rails, and for convenience the negative 

rail may optionally be created by encapsulated power supply PSU1. Q1 and R1 may be used to 

pulse the body diode power on and off, although this feature is not used in these experiments. 

 

The circuit consisting of R5, VR2, IC3 is intended to provide a convenient 250A constant 

current source for the MOSFET temperature sense diode. IC3 was found to be somewhat 
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sensitive to temperature, and so in the PCB layout this component was situated away from 

dissipating components R4 and Q2 (which were mounted on heatsinks). The circuit was laid out 

and on a commercial-grade 2-layer PCB, and design files are in sub-directory “iuyiuyiuyr”. The 

completed PCB is shown in Fig. A.3. 

 

 

 

Fig. A.3. Constant power board PCB layout. 

 

A.3. Circuit performance. 

 

The performance of the circuit was investigated by setting an initial level of power dissipation in 

a diode load and observing how the power varied over time (by measuring VF and IF with 

multimeters). The results are shown in Fig. A.4. (blue curve). Also shown in Fig. A.4. is the 

variation in power observed when the diode was connected to a simple constant-current power 

supply (red curve). 
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Fig. A.4. Variation in diode power over time for the constant power circuit (blue) and a constant 

current power supply (red). 

 

It can be seen from Fig. A.4. that the difference between initial and final power for the constant 

power circuit is around 1% - much less than for the constant current power supply at around 

9%. The variations observed in the constant power circuit are due at least in part to the self-

heating of current sense resistor R4. This component has a temperature coefficient of 

100ppm/C, so for a typical temperature rise of (say) 50C we would expect an increase in 

resistance of 0.5%, causing the power in the load to be reduced by 0.5%. This factor alone 

accounts for half of the drift in output power shown in Fig. A.3. A variation in power of 1% was 

deemed acceptable, and a method of accounting for small variations in power was determined, 

as described in Section 8.2. 
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