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Abstract— Because of Complex design and higher demand
for Printed Circuit Boards (PCB), thermal design of PCB
pose challenges to any heat transfer designer for perfect
design. PCB design proceeds on the strength of various
assumptions in the predictions of temperatures. Generally,
problems were solved for temperatures of a given PCB
card without taking all factors into consideration, but the
obtained results for those problems are not totally correct.
So a forward step was taken by considering all factors to
get the correct results. Some of the factors affecting
temperature distribution in PCBs are device power
dissipations, their distribution in a board, layer-wise
thermal conductivity and copper (Cu) spread within a
PCB, nature of drill-holes / thermal mass distribution and
finally electrical heating effects affecting thermal
performance of PCBs. All the above factors bring
uncertainty in prediction of temperatures in devices and
inferior design generally results in de-lamination of PCB
layers. Likewise, Joule Heating phenomenon also impacts
the thermal analysis which normally occurs in PCB.
Effects of DC drop due to passage of electric current inside
Cu-traces, impacts Joule heating effects inside traces of the
board and lead to trace level fusing. So in this report the
trace level heating was done with different Mechanical
computer Aided Engineering (MCAE) software tools by
giving the required boundary conditions and results were
obtained. The problems were also solved for no-joule
heating case and compared.

Keywords—Thermal Conductivity, Joule heating, Trace level
Hating.

. INTRODUCTION

With Complex Design and increasing wattage of devices, the
total heat flux from electronic components is steadily
increasing. This will result in temperature difference and
overheating of the PCBs and respective parts, which effects
the electrical performance and safety.

A Printed Circuit Board (PCB) is generally defined as the
board where electrical components are connected electrically
and supported mechanically by using pads, conductive tracks,
and other features engrave from copper sheets overlay onto a
non-conductive substrate. The Conductive circuit, which is
mainly used in PCB, is copper, even though aluminum, nickel,
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chrome and other metals are used sometimes. The printed
circuit boards are generally made of glass reinforced plastic
material with copper traces in place of wires. The board is
typically coated with solder mask which is green in color.
Fixing of components in position is done by drilling holes
through the board, then soldering of components is done after
locating them. The copper traces form a circuit by linking the
components together.

There are three collection of printed circuit boards, which are
generally used: single-sided one, double-sided one, and multi-
layered one.

1. Single Sided Board: only one surface of dielectric base is
placed through conductors.

2. Double-Sided Board: both sides of a dielectric base is
placed through conductors and plated-through-holes
(PTHSs) interconnects the layers usually.

3. Multi-Layer: 3 or more layers on board are modeled
through conductors which are separated by dielectric
material and PTH interconnects the layers or pads 4 layer
PCB is similar to design of 2 double layered PCBs.

Likewise 6 layer PCB is a similar design of 3 double layered
PCB. This modeling of layers is done by placing oxidizing
material between double layered PCBs. The type of the board
to be produced can be determined by density and structural
requirement, and circuitry complexity. Dielectric material
normally used is Epoxy.

PCB*s are rugged, inexpensive and can be highly reliable. The
advantage with the PCB*s which makes the production easy is
because of mass manufacturing. PCBs alternatives which are
normally used but less compared to actual are Point-to-Point-
Construction and Wire-wrap. PCBs manufacturing and
assembly can be automated generally but it requires the
supplementary design effort to map the circuit. As components
are seated and cabled with one single part, erecting circuits
with PCBs is faster and cheaper than any other electrifying
methods.

When the PC board consists only copper network and without
any embedded components, normally that type of board is
known as Etched wiring Board or Printed Wiring Board. A
board modeled with more computerized components is known
as a Printed Circuit Assembly (PCA), PCB Assembly (PCBA)
or Printed Circuit Board Assembly.
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In previous times PCBs were designed manually by generating
a Photo mask on a clear Mylar sheet, generally at two or four
times more than the prescribed size. At starting of schematic
diagram the Mylar sheet was laid out by component pin pads
and then routing was done to traces to connect the pads.
Traces were designed with self-adhesive tape. Pre-Printed
non-reproducing grids on the surface of Mylar sheet are
assisted in Layout. finished photo mask was photo
lithographically reproduced onto a photoresist coated on the
blank copper-clad boards so that the fabrication of board is
done. But Now-a-days the PCB design was made easy through
dedicated layout software which helps to do accurate and
perfect designs.

Normally the PCB is designed with the following parts:

(1) Components, (2) Pads, (3) Traces, (4) Vias, (5) Top Metal
Layer, (6) Bottom Metal Layer.

So there is a need to develop and examine heat transfer
processes in greater detail that allow electronic components to
be maintained below their failure temperatures. This is due to
the increasing demand for the development of more compact,
complex and reliable electronic packages. The lifetime of the
PCB is reducing day by day due to modern and minute designs
so by doing the heat calculation or analysis with different
conditions and compared, then the safe design of the PCB is
done within the required conditions and temperatures.

1. METHODOLOGY

Theory used to solve a thermal problem requires lot of
academic background is required to apply the conditions
required for the solution. In this project study, some of the
heat transfer basics are used to understand and get through the
problems. As we know there are three modes of Heat transfer

(1) Conduction, (2) Convection, and (3) Radiation.

For doing the thermal analysis of PCB the work done in the
report depends on conduction process.

In conduction, flow of heat is done by means of interaction
between fast moving molecules nearer to the hot end of a body
of matter and the slow-going molecules nearer to the cold end.
There is a result of successive collisions when a moderate
amount of kinetic energy of the speed molecules passes to
relaxed molecules, flow of heat is through the body of matter
from the hot end to the cold end. Liquids, gases, and solids all
conduct heat. Molecules interact less frequently in gases
because they are relatively far apart and less conductive
compared to liquids and solids. Some electrons in metals are
able to move freely and can often interact by collisions so they
are best conductors of heat. Due to temperature gradient, the
process is defined as a flow of heat. When across a boundary
the processes of conduction yield a net flow of energy.
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Fourier's law, is stated as the time rate of heat transfer
through a material is proportional to the negative gradient in
the temperature and to the area, at right angles to that gradient,
through which the heat flows. This law is stated in two
equalized forms: the differential form, in which locally we
scrutinize at the fluxes of energy or fluxes of energy .the
integral form, in which as a whole we scrutinize at total
amount of energy flowing in or out of a body, Ohm’s is the
electrical analogue of Fourier's law and while Newton's law of
cooling is a discrete analog of Fourier's law.

Fourier's Law of thermal conduction differential form shows
that the product of thermal conductivity, k, and the negative
local temperature gradient, —VT is equal to the local heat flux

density, 7

The heat flux density is defined as the amount of energy that
flows through a unit area per unit time.

T =—kVT
Where (In Sl units)
is termed as the local heat flux density, W-m—2

A is termed as the material's conductivity, W-m—1-K—1, is
termed as the temperature gradient, K-m—1.

VT Fourier's law is applied in its one-dimensional form for
many simple applications . In the x-direction,

o i
P e

Fa — — K

Integral form:

By integrating the differential form over the material's total
surface, then the integral form of Fourier's law is obtained as:

0Q
ﬁ__aj{_v:r-fﬁ

Where (In Sl units):

e og/ot is given as the amount of heat transferred per unit
time (in W), and

o diis expressed in an oriented surface area element (in
m2)

When the above differential equation is integrated for a
homogeneous material of 1-D geometry at constant
temperature between two endpoints, gives the equation for
heat flow rate as:

AQ AT

= — A —
Mt DM
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1. THERMAL SOLVER

In PCB thermal analysis the analysis type normally used to
solve is steady state analysis.

It is said that in theory of system, a steady state system has
multiple properties that are not changing in time. This means
that the partial derivative with respect to time will be zero for
those properties p of the system

IOp
Steady state is almost a normal situation compared to dynamic
equilibrium. If a system is said to be in steady state, then the
freshly observed behavior of the steady state system will
proceed into the future. The probability of repetition of
various state will remain constant in stochastic systems. In
maximum of the systems, the steady state is not achieved for a
time even though the system is started or initiate. This initial
situation of the system is often diagnosed as a transient state,
start-up or warm-up period.

= 0

When two or more reversible processes come at the same rate
then the dynamic equilibrium occurs and such a type of
system can be said steady state system. There is no rule that a
system which is in steady state is always necessary to be in a
state of dynamic equilibrium, because there is a chance that
some of the theories involved in system are not reversible.

(3)When two solid bodies of any design come in contact to
each other, the flow of heat takes place from the hot body to
the cold body. With this experience, the temperature profile
through the two bodies will be varied. There will be a drop in
the temperature at the interface between the contacted
surfaces. This phenomenon is result of thermal contact
resistance that exists between the contacting surfaces. Thermal
contact resistance is defined as the proportion between the
average flow of heat across the interface and the temperature
drop.

For a plate of thermal, area A, thickness L and conductivity k,
The calculated conductance is kA/L, Measured in units W/K
(4) By Stefan-Boltzmann law emissivity is the ratio of the
thermal radiation from a surface to the radiation from an ideal
black surface at the same temperature. The ratio of emissivity
alters from 0 to 1. The surface of a black object emanate
thermal radiation at the rate of 418 watts per square meter at
room temperature. At correspondingly lower rates real objects
emit radiation with emissivity’s less than 1.
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V. PROBLEM SOLVING FOR NO-JOULE
HEATING

A PCB board is taken with 24 number of components having
different amount of heat dissipations (W). The prediction of
the steady state temperature of a PCB has to be done in the
problem. Affects due to various thermal parameters assigned
to the components and board are studied and analyzed.

A printed circuit board is taken with 4.8inx4.4in in dimension
and 0.066 in thick. An academic problem with total 24
components with a total power dissipation of 8.3 W s
assigned and solved. The component and board details are
given below. The problem is solved in PC Analyze, TRM and
Electro Flo. The problem is solved for both 2-Layer board and
6-Layer board. The ambient temperature taken as 20 degrees.

Board Details:

S.no Printed Board Assembly Parameters

| X —axis |

size(in) .45

Yoeaxia
sizein) 1.73

Basi
thickness(i
3 n) 0.066

Given Board Conductivity
Board
! Material s-layer

Cond Kx*Ky=1.9401(W/in-Deg~<)
K2=0.0129(W/mn-Dex~<)
l.-!l)rl

Cond Kx*Ky=3 989 W/in-Deg~<)

K2=0.0149(W/in-Deg~<)
Heat Cap-0.6 (J/g-Deg C)
Density=-29 8(g/in"3), Amb temp-20 deg ¢

18 Resistors and 6 mogfets are taken

.00 Part Description Resistors Mosfets
| Herght(in) 0.094 a1
: Mass(g 0.34 1
+ - + 4
3 Leads 2 i
4| Leads CS Arealin"2) 0.00984 0.00907
$| LeadLength(m) | 00645 ' 0.0640
+ - * +
Heat Capacaty
.(| 00 00
(Jg-Deg C)
4 . +
7 Theta JC ! 10
+ . +
5 Stiisg Conductance 0.08 1016
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Component Designations:
Component | Ref e .| Dia | Power )
X-Dimf{in) | Y-Dim(in) X-Pos(in) | Y-Pos(in)

Name | Deg (i) | (eali)

Resistor R1% 206 118 L] L 14 141
Resistor R17 118 206 0 0 3442 1.059
Resistor Rl& 206 094 L 0 143 3
Resistor R13 118 206 L] 0 3441 357
Resistor R4 094 206 L] 0 1.49 26
Resistor RI13 118 A035 0 0 ., 013
Resistor RI12 118 A035 0 0 ARES 013
Resistor Rl 4053 011% 0 0 193 025
Resistor R10 403535 0.11% 0 0 193 0.62
Resistor R9 il 094 0 0 1.73 1381
Resistor RE 094 0206 0 031 1570 14
Resistor RT 094 0.206 [ 051 4110 058
Resistor R6 118 0.4055 0 0.51 1020 0.501
Resistor B3 118 0.4033 L 0.51 0.733 07917
Resistor R4 4053 118 0 031 1.926 0.920
Resistor R3 4033 118 0 051 1926 113
Resistor Rl 0.094 0.206 [} 0.3l 4110 0.730
Resistor El 0.094 0206 0 0.51 4110 AR
Mesfer | Q1 ] ] 03 | 073 1.4 03
Mosfer 2 ] 0 03 0.73 1.4 1.52
Masfer 3 ] ] 03 | 063 1.866 151
Mesfer, | Q4 ] ] 03 | 075 3.080 152
Maosher 5 ] ] 03 | 075 3.080 11
Maosfet Q8 ] ] 0.3 0.63 3.080 0.6

Final Results for 2-layer board

———i

T
3

EXRRRERAN ZaadsadEn
“dfush S .-
ERESEEESAN sadgnaaa
Gheernan Chanuus H

.28W/m-k (1.9401W/in-Deg C)

The results are:

Maximum Temperature is 161.57 deg C.
Minimum Temperature is 130.38 deg C.
The Final Results for 6-layer board:
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By Taking the Effective Conductivity of the board is:
101.36W/m-k (3.9905W/in-Deg C)

The results are:
Maximum Temperature is 159.62 deg C.
Minimum Temperature is 132.92 deg C

V. PROBLEM SOLVING FOR JOULE HEATING

As discussed in the previous chapters the temperatures of the
circuit board depends on various parameters and joule heating
is one of them. Joule heating is one of the main parameter
which affects the temperature of the board. In the previous
chapter problems are solved for no-joule heating and results
are obtained. In this chapter the problems are solved for Joule
heating case with different boundary conditions.

When the electric current traverse through a conductor then it
releases heat and it can also be explained as electric current
which flows is transformed into thermal energy. This process
is called as Joule Heating. It is given with an expression as the
amount of heat released is directly proportional to the square
of the current. Such that

Q oxI®.R.T

The simple physics which is behind Joule-heating or self-
heating can be explained as.

Consider the metal wire of cross sectional area A and length L
in a static electric field, E. An electron which is in the metal
wire will involve with several collisions. The average amount
of energy adrift to the ions per electron per collision can be
identified as follows. The force adjutant on an electron would
be: F = -eE,

e is termed as the electron charge. If the mediocre area
travelled between collisions is assumed to be X, the average
energy loss, can be
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Uavg = (-eE).x,

Where x = (average electron velocity, v)*(average time
between collisions, 7).

Therefore, from above it follows that

_ eET
x= [m]z

And
(eET)*®

Uavg =

Where, m is termed as the mass of the electron.

Therefore the mediocre rate of energy adrift to the ions per

unit volume is given by

neZ‘r

EZ

Uavg =

The power loss, p, is basically the average energy loss per
second is given by )

=—F(L4) = oo (1

Where, p is termed as electrical resistivity and j is termed as
current density. Since the electrical conductivity

c=(1/p),

Top component:

cheching 7 | peb analyss | joud: heating
mx HSma 885
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The above equation is the electrical power dissipation in a
metal wire of resistance R when a current | tides through it.
The temperature of the metal connectively is raised when the
above electrical energy gets transformed to thermal energy
(Joule heat). Hence, for steady current progress in a metal,
Joule heating equation can be explained as

d
P=12R=1V=—Q
dt

Where, Q is the total heat energy generated.

the steady state temperature of a PCB has to be done in the
problem. Affects due to various thermal parameters assigned
to the components and board are studied and analyzed.

Problem: A printed circuit board is taken with 4.8inx4.4in in
dimension and 0.066 in thick. An academic problem with total
24 components with a total power dissipation of 8.3 W is
assigned and solved. The component and board details are
given below. The problem is solved for joule heating in TRM.
The problem is solved for both 2-Layer board and 6-Layer
board. The ambient temperature taken as 20 degrees.

Temperature Results for 2-Layer Board with Thermal Vias:

¥ Lmm)

Max Temperature: 88.5 Deg C
Min Temperature: 85.5 Deg C
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Bottom component:

.
Interactve Statstcs Reports Transents

y ()

) [5] o p)
tjoet
Max Temperature: 92.3 Deg C
Min Temperature:86.7 Deg C
Temperature Results For 6-Layer Board With Thermal Vias:
T'op component:
o e i
roerachve LT Repors Tearwents
e R URTE D LB
o0 '8 compnerta” 200 me 3 DK Q000 Ohe meOim

rpet

Max Temperature: 88.6 Deg C
Min Temperature: 86.0 Deg C
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Bottom component:

tjrt

Max Temperature: 92.2 Deg C
Min Temperature: 87.0 Deg C

VI.  RESULTS AND COMPARISONS
A. Comparison of Temperature Results: . fResnd 6MQ§,£§I&£TW€ without Thermal Vi
Detail Amb-; 20 deg C
e No-Joule Heating Case:
Problem: Results from PC Analyze and TRM Without thermal
;/ilas Board Component | Ref | BC Componeat | Ref | BC
-layer Board:
Name | Deg |Analyze |TRM | Name |Deg | Analyze TR
8Resand 6 Mosfet active with Thermal Vias
Details Amb-; 20 deg C Resistor | RIS | 14378 | 13824 | Resistor | R6 | 15789 | 1882
Resistor | R17 | 14113 | 11267 Resistor | RS | 15312 | [73.01
| Deg | TR | cRaDLE | Pt el TR | crapLE Resisor | RI6 | 14012 [13013] Resisor | B4 | 15580 | 1809
Resistor | RIS | 89.81 | §7.17 Resistor R6 | 88.90 6.6 Resistor RIS | 14376 [12841| Resistor | B3 | 14945 | 16547
Resistor | RI7 | 86.39 | 84.10 Resistor RS | 8§63 73.62 : :
reive TR o0 T w0 TR T =i w00 T 5in Res%stor RI4 | 14410 | 13128 Res¥slor RD | 15768 | 21045
Resistor | RIS [ 8777 | 8814 | Resisor [ RS [ 8712 | 8155 Resistor | RI3 | 14790 [12221| Resstor | RT | 13930 | 1403
R o124 | w14 | s | w007 |00 Rt | RI2 | 1670 1620) Mok | Q1056 | L
Resistor | RI2 | 8636. | 8589 | Mosfet | QI | 9664 | 10622 Resistor | RIL | J4LI0 (11723 | Mosfet | Q2 | ML78 | 1074
Resistor | RI1| 8733 | 9112 | Mosfet | Q2] 978 | 109.¢ -
Resistor | R10 | 9017 | 10062 | Mosfet | Q3] 9623 | 105.11 Resgtor RID | 158 1245 Mot | OF | 199 IG5
Resistor | RO | 8687 | 9324 | Mosfet | Q4] 959 | 1005 Resistor | RY | 140.03 | 12389 | Moshet | Q4 | 14064 | 12731
Resistor | RS | 8845 | 9163 | Mosfet | Q5| 921 | 9756 -
Resistor | R7 | 97.19 | 11806 | Mosfet | Q6 87.11 | 9183 Resgtor RS | 1572 19109 Mokt | Q5 14287 | 1S
Resistor | R7 [ 13633 | 18932 | Mosfet | Q6 | 13078 | 10189
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e Joule Heating Case:
Problem: Results from TRM compared with Cradle, which
includes current

2-layer Board:

8 Resand 6 Mosfet active with Thermal Vias
Details Amb-:20deg C

Component | Ref TRM | CRADLE Component | Ref

Name Deg Name Dee TRM | CRADLE

Resistor | RI8 | 86.5 87.17 Resistor R6 | 8891 §1.53

Resistor | R17 | 86.89 | 84.10 Resistor R5 | 86.81 78.92

Resistor | R16 | 89.34 | 99.21 Resistor R4 | 88.56 90.89

Resistor | R15 [ 88.12 | 98.14 Resistor R3I| 924 93.76

Resistor | R14 | 90.67 | 97.54 Resistor R2 | 90.32 123.50

Resistor | R13 | 88.56 | 93.24 Resistor Rl | 926 98.18

Resistor | R12 | 89.20 | 95.89 Mosfet Ql| 86.81 | 11114

Resistor | RI1 | 8834 | 91.12 Mosfet Q2] 8711 | 11447

Resistor | R10 | 89.29 | 100.62 Mosfet Q3| 88.00 | 109.32

Resistor | R9 | 90.11 | 93.4 Mosfet Q41 86.71 | 105.18

Resistor | R8 | 8845 | 96.07 Mosfet Q5| 8891 101.8.

Resistor | R7 | 92.14 | 12222 Mosfet Q6| 87.16 | 96.68.

6-layer Board:

8Resand 6 Mosfet active with Thermal Vias
Details Amb-; 20 deg C

Component | Ref | et Component | Ref

Name | Deg Name | Deg TRM | CRADLE

Resistor | RO | 901 | 8324 | Mosft | Q4] 9571 | 10199

Resistor | RE | 8845 | 9298 | Most | QF | 9691 103

Resistor | RI8 | 865 | 7717 | Resistor | R6| 8891 | 9042
Resistor | R17 (8689 | 7410 | Resistor | RS | 8681 | 90.12
Resistor | RI6 (8934 | 8921 | Resistor | R4 | 8836 | 9071
Resistor | RIS | 8812 | 8804 | Resistor | R3I| 916 | 9083
Resistor | RI4 [ 9067 | 8754 | Resistor | R2| 9032 | 949
Resistor | RI3 8856 | 8324 | Resstor | RI| 906 | 9404
Resistor | RI2 | 8920 | 8589 | Mostt | Q1 | %681 | 10319
Resistor | RII | 8834 | 8LID | Most | Q2| 978 | 103
Resistor | R10 | 8929 | 9062 | Mosfet Q3] 95.00 | 10153

f

f

f

Resistor | R7 | 9014 | 0404 | DMosft | Q69616 | 1049
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VII. DISCUSSIONS

A steady state thermal analysis for a PCB board has been
carried out. The PCB card was assigned with appropriate
material, boundary conditions, and properties. The assignment
of thermal properties of materials was made by taking the
standard values. The problems are solved for both NO-
JOULE heating case and JOULE heating case. The problems
are solved and compared with different software's. As
discussed before joule heating in cards affect the final
temperatures, so the changes, which had been taken place due
to joule heating, are shown in the above comparisons. And by
addition of thermal vias in the board shows a drastic change
in the total temperatures. The boundary conditions which are
used like radiation, power dissipation and contact
conductance affects the temperatures. Both Orthotropic
thermal conductivity and isotropic Conductivity values are
taken for board conductivities and solved. There will be a
difference of 3-5 degrees temperature with joule heating case
and no-joule heating case. The problems are solved with and
without thermal vias to show the variation in change of
temperatures. The final results are compared with different
software's and results are approximately matching the
available data.
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