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ABSTRACT

A comparative study is presented that demonstrates
the importance of including both the material restatance
and the spreading vesistance in the calculation of effertive
condnetivity for printer] circuit board applications. An
analytically based Fourter series model is used to calculate
etfecrive conductivity in three dimensional test coupons.

Results show that models hased exciusively on cross-
plane and in-plane resistive networks are not adequate for
predicting effective conductivity in muitilayer, laniinated
printed circwit boards. The mixed boundary conditions
fouud in most microelectironic applications accentuate tlie
importanuce of spreading resistance between heat sources
and the convective boundaries. Discrepancies bstween
commonly used methods of calculating effective conduc-
tivity and methods incorporating both the bulk material
and spreading resgistance can be greater than 100% for ge-
ometries typically found in microelectronics applications.

NOMENCLATURE
source half length, m

-

A = cross sectional flow area, ®
b = source half width, m

Bi = Biot number, = hL/E

¢ = substrate half length, m

d = substrate half width, m

h = heat transfer coefficient, W/m?K
k = thermal conductivity, W/ mK
L = flow length, m

L = characteristic length, 1

Ltk = counters

N = total number of layers

t = layer thickuess, m

R = thermal resistance, °C/W

Greek Symbols

o] = composite eigenvalue in length and
width

] = eigenvalue associated with the length
variable

A = eigenvalue associated with the width
variable

K = conductivity ratio. = ky/k)
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& = functional value used in spreading
resistance
Subscripis
1,2 = top and bottom layers, respectively
£ = effective
f = Huid
P = parallel
8 =  series
INTRODUCTION

Thermal modeling of multilavered printed cireuft
hoards is sometimes simplified through the use of an effec
tive conductivity that comnbiues the influence of individ
ual laver conductivities into a unique property value that
can be applied as a single, homogenecus value throughe
out the domain of the PCB. Several schemes have beett
proposed for calculating effective conductivity, including
what is generally considered to be the lower and upper
bounds of effective conductivity, namely, the series a
“cross-plane condnetivity® and the parallel or “in-plane
conductivity™, respectively. A simple average of the up-
per and lower bounds on thermal resistance can provide aa
accurate measure of effective conductivity when the dit
ference between the bounding solutions is amall, but this
is gencrally not the case in PCBs where the ratio betwes
the effective conductivity based on the parallel and serie
paths is typically of order 25:1 or pgreater. QOther aves
aging schemes, sucl as the hatrmonic or geometric mean
of the twe limiting solutions can be used but these meth
ads tend to favor one of the limiting conrlitions more than
the other and the calrulated effective thermal conductiv-
ity may be appropriate for certain design conditions but
not for others. |

Many attempts have been made to characterize an &
fective conductivity in composite structures ranging from
systems of parallel cylinders, as deseribed in the orgh
nal works of Rayleigh [1] and later detailed in the worky
of Kelier {2], to embedded spheroidal inclusions in & ®e
rounding binder, as described by Benveniste and Mild
[3]. Gautesen {4] in his modeling of a periodic rectangulst
geometry, proposes the use of the geometric mean of the
conductivities based on a serirs and parallel path resistor
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uetworl. I ovder to sarisfy the limiting conditions as the
overall thickness of the rectangular grometry approaches
an mfimitely thin or infinitely thtick body, Gautesen mod-
ilios the effective conductivity as lollows:

ks kp ~ (1)
where iy 35 the total thickness of the composite and w is
the overall width. Lewnczyk et al. [8) propose the use of
the harmonic mean of the series and parallel path con-
cductivities based on analytical studies where the overall
resistance of conmposite structures was used 1o nd 1he el-
fective conductivity necessary to match the equivalent in
a single layer stiucture.

Conventional scliemes used to calculate effertive con-
tluctivity are only applicable if boundary conditions are
uniformly applled and spreading resistance can be ne-
plected. Consequently the calculated value of effective
couductivity is based only on the resistance of the bulk
matevials and all other intrinsic resistances between the
source and the sink are exciuded. Unfortunately, the
mixed boundary value problems typical of minted cir-
cuit board applications do not lend thewselves Lo these
iclealized bhoundary conditions. The spreadiug resistance,
wlich is often of shnilar or greater magnitude tha:z the
bulk resistance, st he acenunted for wm the calculation
of effective conductivity, and any estitnates of conductiv-
ity hased solely on series and paralle] resistor networks
can lead to significant miscalculations of temperatures in
PCBs.

This study will assess the importance of several design
options and examine their significance in the calculation
of an eflective conductivity that can be used Lo represent
the true thermophysical Lehiaviar of 8 multilayer board
witli convection cocled boundaries and a heat source at
on¢e boundary. The desipn cptions examined are:

L, =

1. Relative location of high and low conductiv-
ity layers in relation to the heat source: A
significant portion of the heat dissipated from elec-
tronic packages mounted on the surface of PCBs flows
through the laminated structure of the board and into
the surrounding boundary layer. The heat spreading
within the PCI aud in turn the effective conductiv-
ity can be strongly influenced by the proximity ol the
high and low conductivity layers relative to the loca-
tion of the heat source.

2. Heat source size and location: The manner in
which heat moves from the heat source into the layers
of the PCB and finally into the surrounding ambient
air is influenced by the heat spreading associated with
both the size and the relative location of the heat
BOuUrCe.

3. Convective boundary conditions: Although the
film resistance is not directly included in the calcu-
lation of eflective conductivity, it must be considered
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indirectly throngh the ealculation of the spreacing re-
sistauce and consequently the effective condurtivity.

The factors described above will he examined for test
couprms containing a single heat source. The caloulatesd
value of effective conductivity will be compared to liniting
cases for in-plane and cross-plane conductivities. Results
will be summnarized to clearly show which design param-
eters have the groatest. influence on the caleulation of ef-
fective conductivity.

AVERAGING TECHNIQUES

A laminated plate or printed civcuit board has clealy
defined upper and lower bounds on thermal conductivity
of the bulk matorial, given by the eross-planc conduetivity
{perics path} and the m-plane conductivity (parallel path),
respectively. as defined in Eqgs. 2 and 3.

. N

ke = Dt/ 2 _tilk (2)
1;1 1_1N
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=1

=1

For many electronics applicatious these bounds are
witlely spared as a result of the three to four ordes of
magmtude diffcrence between the bulk conductivities of
copper and FR4. As an example, a five layer board with
two signal planes and three dielectric planes of FR4 would
have an in-plane conductivily of 18 W/mK and a thiough-
board cuonductivity of 0.42 iV/m K. In these cases, neither
of the two limiting values appears 1.0 Ire the ohvious choice
for use as an effective conductivity anel an average of the
two limiting values is typically used . 'Lhiee averaging
gchemes are used to calculate etfective conductivity; i) the
arithmetic mean, ii) the geometric mean or iii) the har-
monic mean, defined as follows:

k, + k
arithmetlc mean = —'—-;J (4)
geometric mean = I . (5)
TR,
harmonic mean = 2 ks - by) (G
ks + K,

Each of these averaging procedures weight the upper
and lower bound in a dillevent manter, such that the arith-
mietic wean provides the highest estimate of the average
and the harmonic mean provides the lowest estimate of
the average. Given these three averaging schemes, and as-
suming that the effective thermnal conductivity ¢ould take
on any value between the upper and lower bounds, the
geometric mean would appear to be the prefeared choice
because of its more neutral weighting scheme. It ¢can also
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be sliown from Eqs. 4-0 that the geometric mean can be
derived from:

geometric mean = Varithmetic mean - harmonic mean
(7)
Although the geowmetric mean appears to weight the
twn extremes in a more neutral manner, the quostion re-
maing; does the geomettic mean provide a goeorl sstimate
of the cflective thermal conductivity (or the thermophys-
ical properties and the geometry heing considered?

Effective Conductivity

The approach chasen to estimate effective conductiv-
ity in a composite structure is based an an accurate caleu-
lation of the total theymal resistance between the source
and boundaries of the solid at the Auid/solid intexfaces.
The real structure of the composite is then replaced with
2 homogesieous structure of similar overall dimensions and
boundlary couditions, where a value for the conductivity
is determined that produces the same solid-l>ody thermal
reststance.

The solid-body thermal resistance is the accumulation
of thermal resistance encountered between a heat source
and the fluid/solid interface. The solid-boedy thermal re-
sistance can be calculated as:

(Tmurcb '; Twnh‘::} (3}

The thermal resistance within the solid consists of two
romponents, the bulk material resistance and the spread-
ing resistance. Theorcfore the total resistance hetween
source and the fluid/solid boundaries can be written as:

Rarul it =

(9)

While Eqs. 2 - 6 can be used to calculate the ther-
mal conductivity of the bulk materials, the geometric and
thermophysdical property valites used in these calculations
of resistance cannot be expected to capture the influence
of the spreading resistance. The spreading resistance is
strongly influenced by the size of the source, the relative
position of layers in relation to the source and the con-
vective boundary conditions. Yovanovich et al. [6, gives
a detailed method for calculating spreading resistance in
two layer, circular annular systems. The procedure clearly
demoustrates that Lhe spreading resistance is an lnpor-
fant component in calculating the solid-side resistance of
a body. This procedure is extended in Yovanovich et al.
[7], to include rectangular bodiea with a single, concen-
trically located heat source and a convective boundary
condition on the boundary opposite the source.

Ycovanovich et al. [7] have derived an analytical ex-
pression for both the bulk resistance and the spreading re-
sistarnce in a two-layer, square substrate with a concentric,
square hoat source. The example chosen by Yovanovich
is insulated on five sides of the cuboid-shaped substrate,

Rlulin' = thk + Rmremi
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with a convective boundary condition over the surface op-
posita the lieat souree. In this instance, the bulk material
resistance of the tayoers is identical to the cross-plane or se-
ries resistance of the cuboid. The spreading resistance is
raleulated based on the sum of two strip source solutious
and a rectangutar xource solution,

S‘ Tam{bh]l sin{ad)* 5
¢ A6 Pedin

lprnnf At
n=! m=1
= 1 sin{aé)* 5
~ a2diedk,
(a_u] . .
1 sinir{bA)?
—~ 2 b2\ cdlky (B (0
where
a, b - heat source half length and width
e, d - snbstrate half length and width
&, A8 - eigenvalues (length, width and
composite)
&y - conductivity of the frst layer
iy, ta - layer thicknesses
Bi - Biot number, = hL/k
h - Rlm coefficient
L - characteristic length
i SN T finctivnal with dependence on
¢n|,n f(ﬂ,ﬁ,t’i,}t,ﬂ‘j,thtg,ﬁ]

The functional dependence of Eq. 10 clearly shows
that the rcsistance between the source and the sink can-
not be based solely on in-plane or cross-plane board re-
sistances or a combination of the two resistances. The
calculation of spreading resistance niandates that condi-
tions imposed at the boundaries, such as source size and
convectiva conditions be incorporated into the calculation
of a solid-bady resistance and in tnrn an effective conduc-
tivity. In addition, the source location must be considered
for non-concentric applications.

DISCUSSION
Modeling

All sitnclations performed in this study were con-
ducted using an analytical model based on a gencral three-
dimensional Fourier series solution applied to laminated
substrates with arbitrarily specified boundary conditions,
as detailed in Culham and Yovanovich {8]. The solu-
tion procedure provides a convenient means of calculating
the total resistance to heat flow between a heat source
on a multilayer stack and the fAuid/solid interface gver
which the convective boundary conditions ate applied.
The Fourier series inodel provides local values of tempei-
ature and heat fiow rate throughout the composite body
that can be Integrated over any smface to determine the
mean temperatures used in Eq. 8.
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Chice the total solitdl-hody resistance hetween the heat
wuree andd the canvection cooled surfaces is ralenlated, an
iterative procecure is used to ind the total solid resistance
for a single layer substrate with the same total thickness
ail bonnedary conditions, The thormal conductivity re-
griredd 10 ohtain an equivalent resistance is defined as the
cffective conductivity of the hoedy

h = 5 WK

haatl source
25mmx25mm-2.5W

T hw § W/mTK
1-‘——- 50 men —ae-|
Layer Materia! Thickness Conductivity
{mm}) (WImK)
1 FR4 0.5283 0.4
P Cu 0.0356 400.0
3 FR4 0.52%3 0.4
4 Cu 0.0356 400.0
5 FR4 0.5263 0.4

Figure 1: Test Coupon Used in Effective Uonductivity
Studies

Dage Case

A typical five layer PCB wnith two signal planes and
three dielectric planes is used a3 the base case for cotpar-
ative study. The test coupon for the base case, as shown
in Fig. 1, has overall dimensions 50 mm »x 50 mm x 1.62
mnt. This test coupon has a concentrically lacated 25 mm
x 23 mm heat source that is assumed insulated on the ex-
posed surface to assure that the 2.5 W of heat input is
directed into the top laver of the multilayer stack.

A convective boundary condition of 5§ W/m*K is as-
sumed on both the upper and lower exposed surfaces.
Since the coupon is designed to represent an isolated sec-
ton ol a larger PCB, Lhe side walls of the coupon are
treatacl as adiabatic, representing a plane of synnuetry
within the PCB.

In each of the parametric studies presented, the over-
all dimensions of the test coupon and the total heat input
to the source are preserved. In addition, the volume [rac-
tions of copper and FR4 are preserved in each test case.
As a result, the effective conductivity calculated using the
averaging techniques given in Eqs. 4-6, provide the same
numerical results for all cases studied, as shown in Tahle 1.

Layer Placement
The caleulation of the series and parallel path effective
conductivities, as defined in Eqs. 2 and 3, respectively, do
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Talile 1: Conductivity Values Calculated Using Egs. 4 - G

Method Conductivity
1Wimk
in-plane 17.62
cross-plane 0.42
arithmetic mean 9.02
geometric mean 2.71
harinonic mean 0.82

not account for the position of individual tayvers in a mul-
tilayer stack. These equations can be used to calculate a
representative conductivity for the bulk matevial but, they
do not consider the effect of spreading resistance eneoun-
tered in the heat flow path between the source and the
sink. The combined influence of the resistance in the buik
material and the spreading must be included in any calcu-
lation for effective conductivity if an accurate representa-
tion of the thermal conductivity in a multilayer stack is to
be captured by a single value. The spreading resistance,
as given in Eq. 10, demonstrates a strong dependence on
the proximity of individuals layers to the source and the
sink.

A five layer test coupou, as shown in Fig. 1, is used as
the base case for parametric study. The overall thickness
of the copper layers and the FR4 layers are preserved but
the position of the layers in the stack is varied, as shown
in Fig. 2. The laminate construction for the five cases
examined are jisted in Table 2.

Both copper layers are placed dircctly under the heat
source in Case 1. In this configuration, the spreading re-
sistance is minimized and the calculated value of effective
conductivity approaches the in-plane value of conducliv-
ity. By minimizing the spreading resistance the heat flows
essentially unrestricted within the copper layers. Since the
side walls are insulated, heat must turn to flow to both
the upper and lower surfaces. The added resistance asso-
ciated with the turning assures that the calculated value
of effective conductivity will always be less than Lhe upper
limit set by the true in-plane conductivity.

Cases 2, 3 and 4 demoustrate configurations in which
the spreading resistance plays a proportionately increasing
role. The calculated values of eflective conductivity lie
midway between Lhe limiting cases sel by the in-plane and
cross-plane conductivities, In each case the constriction to
heat flow under the heat source is affected by the laminate
structure in the PCB.

The final example given in Case 5 offers A maximum
spreading resistance and in turn the lowest calculated
value of effective conductivity. The effective conductivity
is 5.0 WW/mK, more that 80% higher than the estimated
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Figure 2: Influence of Layer Placement in the Calculation of Effective Couductivity
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Figure 3: Influcnce of Source Size in the Calcutation of Effective Conductivity
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Figure 4: Influence of Source Location in the Calculation of Effective Conductivity
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Table 2

Material aud Thicknesses for Layer Position
Sturty (all dimensions in tmim)

CASE
LAYER 1 2 3 3 3
1 Cu Cu FR4 FR4 FIR4
0.0356 0.0356 0.5263 0.7893 (1.5263
2 Cu FR4 Cu Cu FR4
0.0356 0.5263 0.0356 00356 0.5263
3 FRd4 FR4 FRJ4 Cu FR4
0.5263 0.5263 05263 0.0336 0.5263
4 FR4 FR1 Cu FR4 Cu
(J.5263 0.5263 0.035G (L.784U> (.03586
5 FR4 Cu FR4 — Cu
0.5263 00356 0.5263 — 0.0356

effective conductivity obtained using the geoinetric mean.

As shown in Fig. 2, the effective conductivity can
vary significantly as a result of the placement of the var-
ous layers in the PCB. Neither the limiting conditions
nor the averaging schemes provide 2 means 10 account for
the effect of spreading resistance. For the five cases shown
tlie effective conductivity can vary between 15.02 and 5.00
¥/mK. The arithmetic mmean provides the most neutral
estimate of eflective thermal conductivity in this case but
erTars of vp to 80% are ohtained.

Source Size
The relative source area (¢ = source area/hoard area)

is varied Letween 0.01 and 1.0 while preserving the lami-
nate structure and the boundary conditions shown in Fig.
1. This study is analogous to examining the packaging
density on a populated PCB wo determine its effect on the
1esistance to heat flow in the board and consequently, the
esltitnation of an effective conductivity.

The example of a fully populated board (€ = 1) with
adiabatic sidewalls leads to a situation where spreading is
not a factor and the heat flow lines run in a perpendicu-
lar direction between the heat source and the sink. The
bulk resistance of the laminate structure is based on a se-
ries path resistor network and the calculated value of the
effective conductivity is equal w the cross-plane condac-
tivity.

As the relative size of the source is reduced, the role
of spreading resistance becomes more significant but at
Lhe same time the exposed surface for convection cooling
increases and the overall resistance tends to decrease, re-

sulting in A higher effective conduetivity, as shown in Fig.
3. However, as the relative source area shrinks below ¢
= 0.1, the spreading resistance increases significantly and
the caleulated value of effective conductivity starts 1o de-
crease. h

The geometric mean could be used as an average value
for PCBs where the percentage of sonrce coverage can
vary. however. errors of 70% ran arise for tvpical values of
g.

The variance in the calculation of effective conduc-
tivity associated witly changes in relative source area is a
clear dewonstration of the interaction of the bulk resis-
tance and the spreading resistance. As the source area
changes, the spreading resistance is affected by both the
change in the area of the convection cooled boundory and
the constriction of heat RBow in the vicinity of the heat
source. The interaction of these eflects leads 10 a spe-
cific value of ¢ where the effective conductivity Lakes on a
maximum value.

Source Locatjon

The previous studies all pertained to concentrically
located heat sources on a test coupon. However, in some
instances the heal source may not. be centrally located on a
substrate, thus influencing the heat flow path establisiied
between the source and the sink.

Case 1 is the base case examnple, shown in Fig. 1,
where the effective conductivity is calculated as 8.28
W/mlI(. Case 2 demonstrates a translation of the souree
along one axis while Case 3 is a result of a translation
along two axes. The effect on effective conductivity is sig-
nificant in both instances, as shown in Fig. 4, with a 42%
and 67% increase, respectively.

Preliminary inspection of the configurations selected
in Case 2 and 3 would indicate that the spreading resis-
tance should be significantly higher than with the cou-
centrically located heat source used in Case 1. This in
itsell would result in a decrease in the calvulated effective
conductivity for Case 2 and 3. However, the effective con-
ductivity is based on the combined effect of the resistance
of the solid and a ratio of the cross sectional flow area to
the How length, as shown in Eq. 11,

A
f.:l. = 1,f (Rlﬂh'f ' 1‘)

When the heat flow is one-dimensional, the cross sec-
tional flow area and the flow length are clearly defined
but in two-dimensional flow these values are difficult 1o
quantify. Even without having the ability to quantify the
length of the flow path or the cross sectional flow area, we
can see that both Case 2 and 3 will provide an increasc in
the heat flow path between the source and the sink, which
leads to a higher eflective conductivity.

(11)

Convective Boundary Condition
The calculation of ecffective conductivity should be
hased on the resistance to heat fow in the solid and should
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Figure 3: Influence of Heat Transfer Coefficient in the Calculation of Effective Conductivity

not extend beyond the boundary of the solid. The resis-
tance associated with the boundary layer is factored out
of the valculation of the solid resistance by defining Eq.
8 with the mean temperature of the wall at the inter-
face between the solid and the surrounding fluid. How-
ever, as shown in the functional dependence of the spread-
g resistance, given in Eq. 10, the spreading resistance
is a function of the Biot number and consequently, the
heat transfer coefficient. While the Ruid-side resistance
{R; = 1/h4) is not directly included in the calculation of
the effective conductivity, the effect of the Ruid boundary
rondition on spreading resistance must be considered.

The meometry shown in Fig. 1 is used to determine
the effect of the Leat transfer coeflicient an spreading re-
sistance and the calculation of the effective conductiv-
ity. The convective boundary condition on the upper and
lower suyrfaces is varied between 107! and 10* W/m? K in
10 fold increments. The data are presented in the form
of a Biot nuinber, which is deflined as i - £ /k;. The char-
acteristic length, £ is chosen to be the square root of the
source area which is equivalent Lo the side length of the
SOUree,

The eoffective concductivity approaches a constant
value Liclow B¢ = 1 and ahove [l = 100 witih & quasi-
linear transition between these two vahies, as showi n
Fig. 5. As Di approaches zero, the spreading resistance
becomes independent of the heat transfer coeflicient and
the spreading is only a function of the geometry and ther-
mophysical properties, which leads to a constant value
for effective conductivity. Similarly in the other limit, as
Bi approaches infinity, the spreading resistance sclution
again becomes independent of Bi and a constant value
of eflective conductivity is obtaincd for all large valucs of
Biot number.

Typical electronies application rarely see Biot num-
Lers grealer that 10 and most applications will be in the
range 10-7 < Bi < 10°. As a result the effect of leat
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transfer coeflicient on effective conductivity is minimal for
typical electronics applications,

CONCLUSIONS

The comparative study to ascertain the role of apread-
ing resistance in the calculation of effective conductivity
has revealed that both the material resistance and the
spreading resistance must be accounted for if a represeu-
tative, eflective conduclivity is o be determined for wul-
tilayer printed circuit boards with mixed boundary con-
ditions. The in-plane or parallel path conductivity pro-
vides an upper bound on eflective conductivity while the
cross-plane or series path conductivity provides the lower
bound. None of the averaging schemes proposed appear 10
provide a good estimate for the range of design conditions
examined.

Although series and parallel resistance paths are com-
monly used to calculate effective conductivity, these metls-
ods do not provide any mechanisms for including the of-
fects of layer location in a mullilayer stack, packaging
density, heat source placement or Biot number. Effec-
tive conductivity can vary by as much as 300% when the
conductive signal planes are relocated from ardjacent to
the source of heat to the opposite boundary, The ef-
fective conductivity can range from the lower bound ie.
the cross-plane conductivity, for a full populated board to
a maximum value at roughly 25% densily for the cases
examined in this study. The placement of heat sources
near adiabatic boundaries can have a major infiuvence on
the calculation of effective conductivity but the effect an
the heat Aow path length probably has a more significant
impact in the caleulation of effective conductivity. The
boundary layer resistance does not play a direct role it the
calculation of effective conductivity but it does introduce
a secondary effect through the dependence of spreading
resistance on Biot number. For the range of Biot num-
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bers found in most. microelectronic applications, changes
in the convective houndary conditions do not introduce
significant changes in the effective conductivity.

Any procedure for calculating effective conductivity
that does not include both tlie mnaterial and spreading
resistance should he avoided when calculating tempera-
rure or heat Bux distribution in multilaver printed circuit
hoards.
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