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ABSTRACT

This article presents a mathematical theory for
component placement for reliability based on the ther-
mal response of conductively cooled printed wiring
board. Placement procedures based on the theory are
then developed and a general placement methodology is
discussed.

INTRODUCTION

In order to establish uniform methods for pre-
dicting the reliability of electronic equipment, there
are a number of handbooks, specifications, and guldeli-
nes which can be utilized. In these reliability pre-
diction methods, the failure rate A; of an electronic
component is generally [l] dependent on the temperature

chi in the form {
. _ -A 1
A (Tje;) =D +Be i chi} (1)

where Aj, By, and D; are constants determined by
package type, enviromental considerations, and electri-
cal characteristics. When the components are connected
in series, the total fallure rate for the printed
wiring board (PWB) unit is the summation of the com-—
ponent failure rates.

In the placement of electronic components on a PWB,
reliability prediction and analysis have typlcally been
treated as post-processes. However, reliability is a
critical part of the PWB design process and has been
the toplc of several recent articles [15-18]. 1In par-
ticular, Pecht, Palmer, and Naft [17] have examined
placement for reliability on convection cooled boards
and developed placement routines for determining near
optimum placement configurations. Dancer, Pecht, and
Palmer [15] have examined and compared several optimi-—
zation schemes for convectively cooled PWBs for com—
putational accuracy and speed, and Mayer [l18] has
examined optimizing reliability and life-cycle cost
based on the thermal design in avionics.

The reliability of the PWB unit 1s dependent on the
failure rates of the individual components, which are
montonically increasing function of the component junc-
tion temperature. The thermal response is, in turn,
dependent on the heat dissipation and locations of the
individual components. In the general case, where the
heat dissipation rates and the temperature sen-
sitivities of all the components on the board are not
equal, determining the optimal placement requires n
factorial permutations between the n locatlions.

In this paper, a scheme is developed for component
placement for reliability in terms of the thermal
response of conductively cooled PWBs operating at
steady state conditions. The 1dealized situation in
which N components are to be placed in N locations
along a single row is considered. A general methodo-
logy for component placement for the board is then
discussed. We assume that components are placed on the
PWB in relatively thermally independent rows, and that
heat 1s transferred from the components to constant
temperature (Tg) heat sinks located at each end of the
row. This assumption 1s good 1f heat rails are
employed on the individual rows or if the rows are
thermally matched.

FORMULATION

To optimize for reliability the goal 1s to deter-
mine the placement of N components in a row on a PWB
which yields the minimum total failure rate Ap. If the
components are optimally placed, then switching any two
components will result in an increased total failure
rate M'. Assuming components i and i+l are switched,
the difference in the total failure rate is

N
(M = A = jél{ A(Tie' ) = A(Tie 5} (2)

where ch'j is the junction temperature of component j
which occuts as a result of interchanging i and i+l,
and TjCj is the junction temperature of component j in



the original placement configuration. Since Ap is
assumed to be the minimum total faillure rate, the right
hand side of equation (2) must not be negative.
Therefore, the objective of placement for reliability
is to ensure that the result of interchanging any two
components on the PWB results in a non-negative value
for equation (2).

To determine the fallure rate for each component on
the PWB, it is necessary to calculate the component
junction temperature. This requires calculation of
- each component case temperature and the board tem-
perature. If a component j at position x4, is assumed
to be a point source dissipating heat at a rate of 43>
then

T, T,
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where q4;, 1s the rate at which heat 1s transferred to
the left hand sink, 94R is the rate at which heat
transferred to the right hand sink, T; is the board
temperature generated at position xj, k is the thermal
conductivity of the board, L 1Is the length of the
board, A 1s the cross-sectional area of the board, and
RjL and Ryp are the thermal resistances between the
source and the left and right sink, respectively. From
conservation of energy principles, the rate of heat a4
dissipated by a component j must be equal to the rate’
at which heat is transferred to the sinks. Therefore,

ay =y * O (5)

Substituting equations (3) and (4) into equation (5)
and solving for the board temperature yields

R..R L - x2
po- St 40 Ty 6)
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Without loss of generality, the two heat slnks are
assumed to be at 0°C. The temperature contribution of
component j at position xy 1s then be written as

X (L - xk)
e Tf"“_—‘xj_)} n

Tj(xk) = Tj + MIN { j

The board temperature, T(x), at any position X on
the row resulting from N components is determined by

N
- ; 8
T(x) = T+ jzl TJ.(x) (8)

The junction temperature Tjcy of component k is equal
to the board temperature under the component plus the

temperature increase between the board and the junc-
tion,

chk(x) = T(x) + qk(Rxxk + chk) (9)

where Rxxy is a constant which specifies the thermal
resistance between the case and the board for component
k, and Rjcy 1s a constant which specifies the thermal
resistance between the case and the junction for com-
ponent k. Thus, the junction temperature of any com-—
ponent k is a function of its position on the board.
The goal is thus to develop the board temperature
equations are developed for the N components on the row
for the original and the new placement configurations,
and then introduce these equations into a Taylor series
approximation of equation (2).

For the original placement configuration, the board
temperature at any position xy excluding positions xy
and xy4) is given by
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For the original placement configuration, the board
temperatures at x; and xj4] are glven by
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. For the new placement configuration, the board tem-
peratures at xy and Xy4) are given by
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The failure rate prediction equation can be
approximated by a Taylor series expansion around a
Junction temperature TO, such that

= 4y T) (T -T)m
AA(T) = 2, (T ) + 16
((T) = 2 (T) mzl e ~ (16)

Using the Taylor series expansion to express the
failure rates of all the components resulting from
switching components i and i+l to the positions 1+l and
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Recalling that the junction temperatures are solely a
function of the board temperatures, the difference
terms, [ch ' = Tjc ], of equation (17) are the dif-
ference betwWween the board temperature resulting from
switching components and the board temperature with
components in their initial position. For any com~
ponent k at x, the difference between the switched and
initial junction temperature is given by

q
(Tjey = Tie, ) = Ei%i(L TG TRy
94
oAttt TRy T X)) (18)

where X > X410 and
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where x, < x; < xy41. The difference between the
switched and the initial junction temperatures for com~
ponent 1 is given hy
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and the difference between the switched and the initial
junction temperature for component i+l is given by
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Substituting the difference equations (18)-(21)
into equation (17) yields
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where ¢x is the distance between xj4} and xj.

Since the original placement configuration is
assumed to generate the minimum total failure rate, the
right hand side of equation (22) must be greater than
or equal to zero. If this is not true, then the origi-
nal placement of components cannot be optimal with
respect to the total fallure rate. Equation (22) can
thus be used to prove that a particular placement
arrangement 1Is optimal with respect to the total
falilure rate.

In the range of operating temperatures utilized in
MIL-HDBK-217E[1], the derivatives of the failure rates
in equation (22) with regspect to the junction tem—
perature are always positive. The sign of the terms
being multiplied by the derivatives are dependent on
the positions of x; and xy4;, the magnitudes of q; and
qi+]1, and the heat dissipation rates and positions of
all other components. For example, the quantity

(L - ZXi_ §x) (23)
has a sign change when x; passes through the point x ,
when xp is defined by P

xp = (L - 8x)/2 (24)
For

xp < (L - 8x)/2, (25)

the value of the quantity is positive. Either end of
the row can be assumed to be the starting point. If
the placement is symmetric on both sides of the board
in terms of position and heat dissipation rates, the
value of the summations defined by

i-1

2 g (L - x) = Z q.x

(26)
_i+2 j j J

goes to zero as x; goes to L/2. If the placement is
nearly symmetric, then these summations generally
result in a positive quantity for x, between zero and
L/2 and a negative quantity for x fetween L/2 and L.
However, 1if the position reference 1s reversed by
setting zero equal to L and L equal to zero and the
positions of the components are redefined then both
sign changing quantities defined by (23) and (26) can
be maintained as positive values for any x_ between
zero and (L-6x)/2. Finally, a sign changepin equation
(22) can also be produced by the difference in the heat
dissipation rates of components i and i+l in the
failure rate derivative terms of all components
excluding 1 and i+l in the right hand side of equation
(22).

Equation (22) can be simplified if second and
higher order terms are assumed negligible with respect
to the first order term. Thus
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In equation (27), the quantities multiplied by the
failure rate derivatives of both components 1 and i+l
have the same form with opposite signs. Thus for the
placement to be optimal in terms of reliability with
respect to the thermal response of the PWB, the
following inequality based on equation (27) must be
valid.
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Equation (28) can be used to verify that a given
placement configuration is optimal. It does not expli-
citly predict the optimum solution. In regards to any
constructive placement scheme, the positions of com-—
ponents are unknown untill they are assigned to a posi-
tion on the board. Thus, all quantities which are
determined by the positions of the components on the
board are unknown. However, a placement scheme can be
developed using approximations for the effect of the
unknown placement configuration on the junction tem-
peratures of the components and the unknown positions
of the components.

The placement scheme is based on a priority metric
defined by

dx (Tie,) N
S 2 5 - 2% - &x) + L -
PR, 5 [qj(L x, = 6%) k=%+2 q, (L - %)
N N d) (Tie,)
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To simplified the priority metric, we note that deriva-
tives of the components on each side of component j are
multiplied by the heat dissipation rate of component j.
In addition, the quantity resulting from the other com-
ponent derivatives reflects the effect of the heat
dissipation rate of component j. The effect of the
heat dissipation rate of component j is also reflected
in the first quantity in the priority number.
Therefore, the effect of the derivatives of the other
components can be neglected. Thus the priority metric
is simplified to

dx.(Tjc,)
PN = __l__;._

; T [qj(L - 2xj - 8x)

N N
+ ) g - x) —kgl q, %, ] (30)

k=1+2

However, the unknown placement configuration must still
be approximated for a placement scheme to be employed.
It is possible to further simplify equation (30) by
neglecting the unknown placement terms for all com-
ponents not under consideratlion. If we neglect the
effect of the heat dissipation rates, the positions,
and the derivatives of the components not under con-—
sideration, equation (27) simplifies to

(Ap = ApKAL ) d;(Tie,)
Sx[L = 2x, - 6x] daT d3
_ dry(Tiey ) 1)
dt 1+1

Equation (31) allows us to develop a placement proce-
dure that 1is dependent only on the component under con-
sideration. If Ap is the minimum total failure rate,
the left hand side of equation (31) must be positive
for x, less than (L - 68x)/2 referenced from either heat
sink.  Thus, a placement scheme can be developed using
the priority metric, PRNj defined by

dx (Tjc.)
J J q

PRN, = T i (32)

Here, only the approximate junction temperature of com~
ponent j is needed to calculate the priority number.
The ordering of components is only dependent on the
individual component derivative of the faillure rate
with respect to temperature, and the heat dissipation
rate of the component.

Limitations in the use of the priority numbers
defined by equations (29), (30), and (32) may arise due
to the first order approximation. Therefore, any
method based on the priority metrics will not guarantee
an optimum placement solution. Furthermore, the abi-
lity to accurately predict the junction temperatures of
the components without knowing the actual placement
will also reduce the accuracy of any placement scheme.



However, once an initial placement is generated, it can
be checked for optimality and improved.

PLACEMENT PROCEDURES

In this section, three constructive placement pro-
cedures for minimizing the total failure rate on a row
are Introduced. In each procedure, a target location is
determined and a component 1s selected from the set of
the unplaced components, placed in the target locationm,
~and a new target location is determined. Once a com-—
ponent is placed, it is removed from any further con-
siderations. Initially, all components are assumed to
be in the unplaced component set. Selection 1s based
" on the priority metrics developed earlier.

" PROCEDURE 1

In this placement procedure, the priority metric
PRN; given by equation (32), defines the selection cri-
terlon. The first target location 1s the open position
closest to either of the two heat sinks. The board
" temperature at the target location is approximated by
assuming that the heat dissipated by all of the com—
ponents to be placed, excluding the component under
consideration, are added together, and the result is
treated as a single source located at the center of the

board. Thus, the board temperature at the target loca-
tion is
(qsumT - qi)xl qi(le - xf)
Tbi(xi) = TKA + AL + Ts (33)

where gqsum, 1s the sum of the heat dissipation rates of
all components and qy is the heat dissipation rate of
the component under consideration. The junction tem-
perature for component 1 1s determined by

chi(xi) =T . (xi) + qi(Rxx1 + chi) (34)

b

The priority number, PRNji, of equation (32) is eva-
luated for all components in the unplaced set, and the
component with the maximum priority number is selected
and placed in the target locatiom.

The second target locatlon is the open position
closest to the other heat sink. The board temperature
1s determined by an equation similar to equation (33)
that includes the thermal contribution resulting from
the placed component. The junction temperature for any
component 1 placed in the target location x, is
approximated by

- - - ¥2
e (x ) = (qsumT qi)(L Xn) N qi(an Xn)
Je ¥4y 2kA KAL,

4% (L - %)
+ — + Ts + qi(Rxx1 + chi) (35)

where qsum; 1s the sum of the heat dissipation rates of
all unplaced components, qi 1s the heat dissipation
rate of the component under consideration, x, is the
position closest to the heat sink, and q) and x;
correspond to the heat dissipation and position of the
first component selected.

Again, the priority number for each unplaced com-—
ponent 1s evaluated and the component with the maximum
priority number is selected. The sum of the heat
dissipations of placed components multiplied by their
positions relative to the closest sink on both sides of
the board should be tabulated by

QXsum1= Z qix1 (36)
A
where A 1s the set of all placed components on the
range 0 < x < L/2,
and
QXsum2 = % qi(L - xi) (37)

where B is the set of all placed components on the
range L/2 < x < L. By comparing values of QXsumj and
QXsump, the next target location is selected on the
side with the smaller QXsum. Target locations on the
left side are order [xz, X3y Kby oo and target loca-
tions on the right side of the board are order [Xn—l’
Xp-2s X35 =+« |« For components in the unplaced set,
the components' junction temperature 1s approximated by

2

(gsumy = q )%, . qq(x, L - x)
TKA KA,

(L - xt) X

1 Twap -t QXsumy

chi(xi) = Ts +
+ QXsum
+ qi(Rxxi + chi) (38)

where x; is the new target location , gqsum; 1s again
the sum of the heat dissipation rates of all unplaced
components, and 1 is the component under consideration.

The placement procedure selects the target location
on the side with the lower QXsum. Once the target loca-
tion is determined, the board temperature is approxi-
mated at the target locatlon for each unplaced
component. Then, the priority number 1s evaluated for
each unplaced component. The unplaced component with
the highest priority number at the target location is
selected and placed in the target location. The proce-—
dure continues untll all components are placed.

When x; 1s at (L-6x)/2 as measured from either heat
sink or inside the region around L/2 (i.e. the
blackened region in figure 1), ordering takes place by
selecting components with the lowest priority numbers.
At the zero point, only two components are now in
question and a thermal check of the entire row will
reveal the actual positioning.

PROCEDURE 2

A similar placement procedure can be carried out
using the priority metric defined by equation (30). 1In
this case, the position of the target location along
with the heat dissipation rates and positions of the
placed components must be considered in evaluating the
priority metric. For the selectlion of the first two



components which are placed at x] and Xy, the procedure
follows the same method as in Procedure l. The selec-
tion of target locations 1s also the same. The dif-
ference lies in the evaluation of the priority metric
after the first two components have been selected.

For all placed components, the priority nuamber is
thus evaluated by

dX (Tjc,)
S R I - -
PNj 7 }qj(L 2xS 8x)
+ (qsuny - qj)L/2 + QXtot } (39)
where
QXsum, - QXsum,, for x < L/2
QXtot = 2 1 t

QXsum1 - QXsum for xt > L/2

2!
xg 1s defined by

X, s for x, < L/2
x = (¢ t

- > 2
(L xt), for X, L/

x¢ 1s the target location, and QXsumj and QXsum, were
defined in Procedure 1. Again the selection is made
based on the maximum value of the priority number. At
the zero points, it is necessary to keep the QXsum's of
both sides approximately equal.

PROCEDURE 3

This placement procedure employs the prilority
metric defined by equation (29). The difference from
the other procedures is in the approximation of the
priority metric; namely the approximation of the deri-
vatives of the components not under consideration.
From equation (29), we approximate the priority number
by the following equation.

dA (Tje )
pNj = T [qj(L - 2xs - &) + (qsum; - qj)L/2
+ QXtot] + DFsum (40)

where j is the component under consideration, DFsum is
defined by
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for x. > L/2. For the first two summations on the
placed component sets A and B, the junction tem-—
peratures of these components are approximated by

(qsumT -'a.)Xk
3 = — )
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where x, 1s the target position under consideration,
and ¢ 1s the heat dissipation rate of the component
under consideration. For the summation of unplaced set
of components, the juntion temperature is approximated
by

— L L.. 2
(gqsum, qi) 4y (xt xt)

. T L
Tie =T AT A— Y 7
2
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» -
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Initially, all components are assumed to be in the
unplaced set. The first two target locatlons are adja-—
cent to the heat sinks. The first two components
should be selected using Procedure l. Selection of
components 1s based on the maximum priority number
defined by equation (40). A record of the priority
numbers of the selected components 1is obtained in the
following manner

Z dki(chi) “
PNsum, = —_— q,X 5)
1 LeA dT 171
and
. dxi(chi)
PNsum2 = 3 — g 4¥ (46)
ieB

where A represents the set of components placed between
zero and L/2, and B represents the set of components
placed between L/2 and L. After the first two com—
ponents are selected to be placed adjacent to each
sink, the remalning target locatlons are selected by
comparing PRsumj and PRsumy. The open location on the
side of the hoard with the smallest PRsum 1s selected.
Target locations on the left side are ordered {x3, x3,
X4, .«.} and target locations on the right side of the
board are ordered {Xn-l’ Xg-2s Xp-3s ...T Selections
are always made based on the component with the largest
priority number. The procedure continues until all
components are placed.



PLACEMENT FOR AN ENTIRE PWB

In placement for rellability for a PWB, the board
is divided into slots that form rows and columns on the
board to accommodate individual components. The method
for placing the components on the board is performed by
using placement procedures similar to those previously
defined.

Initially, all components are assigned to the
unplaced set. The board temperatures at the open slots
adjacent to one of the heat sinks is calculated
following equation (33). The heat dissipated by all
the components 1is considered as a single source at the
center of the board. The priority metric defined by
equation (32) is employed to evaluate a priority number
for all of the components. Components are then alter-
natively assigned to the open slots adjacent to the
heat sinks based on the highest priority number in the
unplaced set. Target locatlons are selected from the
columns of open locations adjacent to the heat sinks.
The procedure is to fill the edge locations and equally
distribute the components with respect to the sum of
the heat dissipation rates along each individual row.
For example, the first two components selected are
placed in opposite corners on the board. The procedure
continues until the two columns adjacent to the heat
sinks are filled. During this process, the QXsumy's
and QXsumy's are calculated as in Procedure 1 for each
individual row.

The selection of the subsequent target locations is
based on QXsumt, the sum of the QXsum| and QXsum) for
each individual row. The row with the lowest QXsumt 1s
selected. Column selection is based on QXsumj and
QXsump. The open location nearest to the placed com-
ponent on the side with the lowest QXsum 1is selected.
The board temperatures at this open slot 1s calculated
following equation (38). For components on the
selected row, equation (38) is not modified. For
placed components not on the selected row, the tem-
perature contrilbutions are scaled by the distance of
the placed components to the selected row. Those
placed components closest to the row have a greater
effect than those placed further away from the selected
row.

Once the board temperature at the selected posi-
tion 1s approximated, the priority metric defined by
equation (30) is employed to evaluated the priority
numbers of the unplaced components in the target loca-
tion. The component with the highest priority number
1s selected and assigned to the target location. The
selected component is removed from the unplaced set and
the QXsum's are recalculated and a new target location
1s selected. The selection of a new target locatlon
and the evaluation of board temperature at the new
target location are repeated as previously described.
Selections are always made based on the component in
the unplaced set with the highest priority number. The
process continues until all components are placed on
the board.

DISCUSSION

To examine the assumptions and the approximations
made in developing the procedures, test cases were exa-
mined by computer simulation. These cases consisted of
sets of seven components taken randomly from the
MIL-HDBK~217E [l]. The board was assumed to be
constructed from multilayer epoxy fiberboard with a

thermal conductivity in the plane of the heat sinks of
34.3 W/m°C. The heat sink temperature were set at 20°
C. The available positions were evenly spaced along
the row. The thermal resistance between the case and
the board, Rxx, was assumed to be a function of the
number of pins of the component. For each set of seven
components, the minimum total failure rate based on a
serially connected system, along with optimum placement
configuration for the minimum total failure rate, was
determined by examining all 7!=5040 possible arrange-
ments. The placement configurations and the
corresponding total failure rates were also determined
using Procedure 1, 2, and 3 for each set of components.

In the majority of examples tested, each of the
three procedures accurately predicted the optimum pla-
cement for reliablility based on the thermal response
of the board. In some cases, the procedures predicted
the mirror image of the optimal placement con—
figurations. In the cases where the procedures failed,
the inequality given by equation (28) was found to be
violated. This inequality can be used to check the
results quickly to determine 1f the placement is indeed
optimal. When the placement proceduces failed the
resulting total failure rate was normally only a few
precentage polnts off the optimum. The error is attri-
buted to the approximation of the junction temperatures
and the assumptions made in deriving the priority
number equations.

Each prediction method required less than 5 seconds
on an IBM AT computer, compared to approximately forty-
five minutes required to examine 7! = 5040 possible
arrangements. The fact that predicted failure rates are
either optimal or near optimal gives weight to the use
of such ordering schemes when high reliability is
required.
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