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ABSTRACT

This paper investigates the extent to which the thermal
reliability of components as a function of their location on a
convectively cooled printed c¢ircuit board {(PCB) needs Lo be
considered in the design process. A technique is then presented
so that a near optimal solution can be efficiently obtained.
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INTRODUCTION

Electronic components are typically dissipating more heat,
while fine line and surface mount technologies are enabling more
components to be placed closer together on a PCR, Presently,
hesides routing criteria, thermal management dictatas the
placement of the components. However, although the individual
component reliability is directl]ly related to temperature, a PCR
which is optimally designed with respect to thermal conditions
may not satisfy thermal reliability constraints [1,2]. This is
because different components typically have different
rasistances, heat dissipation factors and thermal reliability
sensitivities, As a result, the mean time between failure (MTRBF)
of a printed circuit board (PCB) as a function of the zssociated
component failure rate characteristics must be considered as an
additional criterion for effective PCB design.

DISCUSSTON OF RESEARCH

[n this article, we focus on determining the thermal and
thermal reliability characteristics of microelectronic components
mounted on the external sides of coplanar PCBs comprised of two
boards interconnected by fin-stock. Heat is dissipated by the
components and removed from the system via forced convection of
air passing through the fin-stock. The transfer of heat depends
on the thermal resistances between the bases of the components
and the fin-stock as well as the air temperature, heat transfer
coefficient and air mass flow rate.

Standard forced convection equations using finite difference
techniques were used to caleculate the thermal distributions and
Junction temperatures of the components on the PCB. From this
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liat of their thermal and reliabili:sy attributes are given in
'able 1. The reliability equations were taken from the MIL HDBK
217 D. Without loss of gencrality, the environmental pi factor is
0.6, the quality pi factor is 0.5 and learning pi factor is 1.0.
TABLE 1la COMPONENTS FOR SET 1
TIL LD, POWER (W) 8jc ( C/W) Complexity Fn. Pins
00105 - D 0.24 80 6 14
00205 - A 0.22 90 12 14
01009 - A 0.47 90 34 14
01102 - F (.80 10 19 16
01602 - D 0.20 90 4 14
01503 - 7 0.63 150 56 21
01801 - F 0.77 60 100 16
TABLE 1hb COMPONENTS FOR SET 2
[ PR B POWER (W) Qjc  C/W) Complexity Frn. Pins
00101 - A 0.01 90 1 11
G302 - D 0.10 130 1 11
00602 - Ek 0.55 80 3 11
01101 - 1. 0.80 10 63 21
01306 - F 0.50 90 57 16
01102 - & 0.99 20 19 16
01102 - F .80 10 19 16
The minimum and maximum average temperature and MTBF vere

calculated for

all

ol

P!

= 5040

each set on the PCB.

arrangements of
The data was placed into bins for graphing purposes. The average
temperature and MTBF distributions are shown in figures la,b and
2a,b. An interesting feature of this analysis is that the
temperature distribution is symmetric. It can be shown that this
is true on purely theoretical grounds, and expressions can be
derived for the maximum and minimum average component
temperatures. The distribution of average temperatures may be
adequately represented by a beta distribution. The MTBF
distribution is not well defined for the casgse of only 7
components.,

Tables 2a and 2b 2ive
associated values for the minimum and

the particular arrangements and
the maximum average



temperature and the total MTBF for each set of 7 components. For
set 2, the MTBF corresponding to the minimum temperature (103.1C)
gives a close approximation fo, but not the best MTBF. For set 1,
the best MTBF has associated with it a higher average temperature
than that associated with the worse case MTBF. This shows that
optimal MITBE values are not necessarilty proporticnal to
temperature as one may expect from intuition.

TABLE 2a

AVERAGE TEMPERATURE MTBF ARRANGEMENTS
123.81 (MAX) 3.45 47 6 31 25
111.46 (MIN) 3.69 52136 724
119.16 4.93 (MAX) 6 735 214
116.15 2.60 (MIN) 4 125376

TABLE 2b

AVERAGE TEMPERATURE MTBF ARRANGEMENTS

119.77 (MAX) 6.3 6 7 4 3 2 51
103.1 (MIN) 11.09 15 2 3 7 186
109.03 11.6 (MAX) 5 3 4 7 1 26
113.16 6.0 (MIN) 61 2 7 1 35

The weak relation between the average temperature and
reliablity of the arrangements can alsc be demonstrated by
subdividing the arrangements into subgroups (in this case we
chose 10 subgroups) forming a 10X10 matrix containing the number
of arrangements which correspond to a particular averase
temperature and MTBF. Tables 3a and 3b display the matrix for

component sets 1 and 2 respectively.

A diagonal line drawn through Tables 3a and 3b can be used
to visunalize the degree of correlation between the average
temperature of the components and the MTBF. The actual value of
the correlation coefficient is 0.13 for set 1 and -0.63 for set
2. Generally a correlation coefficient as low as 0.13 would be
considered without correlation and one with a value of -0.63
would be considered a weak correlation at best. In fact, the
positive value for component set # 1 indicates the counter-
intuitive result that one would expect a better MTBF for
arrangements yielding higher average component temperatures. 1t
is apparent that not all arrangements with low average
temperatures gives good MTBF values, as is commonly assumed. Thus
design guidelines based on thermal management procedures, such as
placing with respec! to the -component power dissipation, =hould
not be used. ’



TABLE 3a )
MTBF INCREASING

_____________ >

_______________________________________________ ']‘
P2 T 18 18 ( 0 0 0 0 E
5035 13 55 53 25 21 10 0 -0 t M
70 75 2} 62 51 94 18 35 7 0 : p
120 132 57 70 73 118 57 751 32 2 ! E
115 169 93 74 101 125 100 45 69 12 ! R
121 163 92 74'/73/113 117 43 63 36 : A
T7 138 120 80 753 76 120 54 50 3 \i1/ T
35 103 98 743 47 34 61 38 27 17 U
2 38752 17 34 28 32 41 26 11 R
0~ 3 20 25 23 11 7 19 8 0 E

TABLE 3b
MIBF INCREASING

_____________ >
____________________________________________ 'r
0 0 0 0 0 O 14 29 323 1 E
00 g | & 62 113 77 av g ' °f
¢ 1333 57 100 139 92 T 60 7 : P
22 55 35 B8 113 172 155 782 18 ] : g
52 83 73 112 139 112 134 80 11 6 ! R
B9 105 108 123 1337136 101 37 o9 2 ! &
92 123 115 1587107 87 651 26 5 0 Nt/
Ty 132 /81 i3 54 3() } () {) () |
93 105 64 30 6 ( 0 0 0 0 R
50 T2z 6 0 0 0 0 0 0 b

The determination of an optimal or near optimal arrangement
of components is a complex task due to the multi-objective,
nonlinear, location-dependent nature of the problem. A sure
me-thod of determining the optimal MTBEF arrangement for a set of
components is by ennumeration. Table 1 shows the cost of
evaluation in terms of computer time as a function of the number
of compenents in the set. Obviously, a more efficient means of

determining an optimium or a near optimium set arrangement is
needed,



TABLE 4

No. of No. of [BM PC AT Computer
Components., Arrangements. processing time {(minutes)

1 24 0.2

5 120 0.8

6 720 4

7 5040 28

8 10320 221

9 362880 2016

10 3628800 20160

A STATISTICAL SOLUTION

From the disscussion above, it is evident that direct
consideration of the PCB thermal reliability is necessary to
guarantee a reliable design. However, for realistic board sizes,
with quantities of components in the hundreds, a comparision of
all possible arrangements would be prohibitively costly, if not
computationally impossible. Several optimization techniques for
solving such combinatoric problems exist, most notably simulated
annealing [6)] and 1t's derivatives [7]. wWe will ofter here, a
~impie technique which will result in near optimal arrangements.,

I'f the exact statistical distribution of the MTBF of the PCE
over all of the possible component arrangements were krnown, one
could compute the number of randomly selected arrangements which
would need to be investigated to insure, to a certain confidence
level, that at least one of the arrangements tested was within a

desired amount of the optimum. Such a formula is easily derivad
to be

N = log (1 - CL) / log (1 - Pr(MTREO>MTBF desired))

where
N = number of arrangements to be investigaterd
CL = confidence level
Pr(x>y) = the probability of selecting a value of

MTBF larger than y.

However, figures Z2a,b show that the MTBF distribution is not
a simple one, and obtaining an analytic estimate of the
distribution function would be difficult at best. The question
is then to estimate a value of N apriori for the unknown
distribution of MTBF. We will derive an order of magnitude
estimate and show that for the case of seven components,
satisfactory results are obtained. Chebyshevs 1nequality states
that the probability of obtaining a result larger than k standard
deviations from the mean of any distribution is less tharn or
equal to l/l«:1 . or

EE



a
Pr( avg-k sig < x < avg+k sig) <= 1/k’

This formula may be applied to yield an estimate for N by
replacing the inequality by an equality and assuming that the
MIBE distribution is syvmmetric about the mean. The resulting
Formutla for the number of random trials vhich need be
investigabled to obbtain v doerred MUTBE 13

N o= log(1-Cly/log(l-1/KY )

For a confidence level of 95% (CL=.95) and a desired MTBF
level at least two standard deviations from the mean (k=2) the
ahove formula gives N=23. This value is an order of magnitude
estimate (it is in fact a lower bound) on the number of
arrangements which must be considered to obtain an MTBF level
which 1s satisfactory.

The component sets #1 and #2 were investigated by testing 23
random arrangements of each. This was done 1000 times for each
component set, and the resulting maximum MTBF obtained for each
random selection of 23 arrangements noted. The distribution of
these values are shown in figures 3a,b. It can be seen that in
all cases, the arrandements which would be selected from the 23
random samples are near the absolute optimum MTDF.

CONCTUSTONS

We have shown that the PCDR temperaturs and reliability
states are highly dependent on the component arrandements. We
have also shown that neirther o minimization of the average POR
temperature nor an ordering of componernts bhased solely on
component power dissipation will result in an optimal thermnl
re;iability design. This was further supported hy a statistical
correlation hetween the temperature measure and system
reliability as a function of component arrangement.

Selecting the best arrangement out of the large population
of arrangements is rarely cost and time effective. However, the
simple random sampling technique presented in this paper is an
cfFicient and practical statistical solution to the prceblem which
gives an approximation to the optimium arrangement.

Further work is underway to strengthen the estimate provided
tor the selection size N. This includes an analysis of the actual
statistical distribution of the MTBF, and estimates of the
absolute maximum and minimum values which can be used to estimate
N for absolute MTRF values, as opposed to relative
MTBIE values.,



NUMBER OF OCCURANCES
(Thousands)

MEAN COMPONENT TEMPERATURE DISTRIBUTION

COMPONENT SET # 1
1

0.9

0.8

0.7
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0.5 —
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111.66 116.66 119.46
MEAN COMPONENT TEMPERATURE
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MTBF DISTRIBUTION
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