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The electrical current carrying capability of a surface or buried trace located within
a fiberglass printed circuit board (PCB), is of important interest in the microelec-
tronics industry. The maximum allowable trace power, hence local integrity and
maximum allowable operating temperature, will depend on several parameters in-
cluding the circuit board thermal conductivity, thickness, trace size and location.
A two-dimensional, steady-state thermal conduction analysis is made on a finite,
plane homogeneous medium (PCB), to examine the trace behavior. The trace is
modeled as a zero-thickness, strip heat source with specified uniform temperature,
and it’s position in the medium is varied. A two-dimensional thermal analysis is
also performed on a multilayered cell model with finite heat source, to establish an
accurate, effective thermal conductivity for a typical PCB. Results are tabulated
and presented graphically for both the two-dimensional trace and effective con-

Waterloo, Ontario, Canada N2L 3G1 ductivity models.

Introduction

A typical printed circuit board (PCB) used in the micro-
electronics industry is constructed of alternating fiberglass and
copper layers, as shown in Fig. 1(a). In the case of single-sided
boards, attached to their top surface are the various electronic
components. The components can be surface mounted or have
pins that penetrate the board to a specific copper landing. The
heat generated within an electronic package is dissipated to
the fluid and to the PCB. The thermal resistance of the PCB
then becomes part of the analysis to accurately estimate the
chip die temperature.

The conduction problem associated with the heat flow
through the PCB has been investigated by numerous research-
ers. The PCB is generally treated as composed of uniform,
homogeneous mulitiple layers which occupy the entire dimen-
sions of the PCB domain. By assuming an approximate ef-
fective thermal conductivity for the muitiple layered system,
the PCB can be modelled as a single homogeneous medium,
with considerable savings in computational effort and time.

This work will focus on two specific aspects of PCB thermal
analysis. First, an examination into trace thermal behavior will
be conducted, whereby the trace is surface mounted or buried
in the domain exposed to uniform cooling conditions over the
PCB trace cell. The trace temperature rise can limit the elec-
trical current that can run through a trace. By fixing the tem-
perature of the trace to the maximum allowable operating
temperature of the substrate medium, the total heat flow can
be determined over a range of geometric parameters. The trace
represents a finite-sized copper strip, as shown in Fig. 1(5),
which is actually more realistic than a uniform copper layer
across the board. Due to etching, the copper layers occupy
only finite-strip locations, i.e., traces, within the PCB. A single
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trace will be examined, having a specified uniform tempera-
ture. This should give the designer a guideline as to placement
of the copper layers (i.e., traces) within or on the surface of
a PCB.

A second examination is conducted into establishing an ef-
fective thermal conductivity for a multilayered PCB. Previous
work of this nature has usually assumed a series or parallel
thermal resistance analysis, to obtain a well known conduc-
tivity expression. Although this will not provide very good
agreement in temperature levels across the PCB, and especially
at a heat source, it will be shown that the mean heat source

a) Typical Multi-layered PCB

b) Trace Location Within The PCB
Fig. 1 Trace location in a PCB
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Fig. 2 Multilayered 2-D pcB model

temperature, hence PCB thermal resistance, can be closely
estimated. Since many typical circuit boards are composed of
three or more individual layers of alternating fiberglass and
copper, the simulation advantages are again clear from a com-
putational viewpoint.

All analyses in this work will use a separable Fourier series
solution to the conduction problem. Other numerical proce-
dures could have been used, but the simple analytical approach
chosen has proven accurate and reliable in many previous
studies (Negus and Yovanovich, 1986; Lemczyk et al., 1988;
Lemczyk et al., 1989) and allows for easy and accurateé im-

plementation on a personal computer.

Two-Dimensional Analysis

Before commencing the individual analysis of the 2-D trace
and effective conductivity models discussed, we will introduce
some general equations and relations needed for all solutions.
The multilayered effective conductivity system shown in Fig.
2, will be used as a basis for reference.

From Fig. 2, we consider a general multi-layered board where
in each layer,

viT;=0 )]

and a homogeneous thermal conductivity, k;, is assumed. The

local coordinate system, X, Z, of each layet is located at the
bottom left corner as illustrated, for each layer.

For steady-state, two-dimensional heat conduction, a sep-
arable Fourier series solution for T, — Tr= T;(x, 2), can be
obtained straightforwardly,

8,(z) =sinh(\z/L1), n=1, 2,3, ...3 Bol2)=2 4)
and this satisfies the insulated end conditions (8T/dx = 0) for
each layer at x = 0, Ly, with

Ap=n7 &)

For multiple layers, the layers are perfectly attached to each
other, thus satisfying along the whole of each interface,

Ti(xv ti) = Ti+l (X, O) (6)
aT; 3Ty
L )= , 0 7
ki 5z (x, &) P (x, 0) M
where

k:
K= 8

' ki+l

in Eq. (2) may be related

Using orthogonality, the constants
and it can be shown that

t0 each other using Eqgs. (6) and D,

in proceeding from layer i = 1 to layer i = M,
Aivin= ai,nCOSh()\nti/L\)
+ by psinh\ti/Ly), 1= 1,2,3... @
bivin= Ki(ai.nSinh()\nti/Ll)
+bi_,,COSh()\,,[,’/L1)), n=1, 2, 3, ... (10)
@is10=ai0+ bioli (an
bivi0=kbio (12)
The bottom surface of the system (z = 0 of layer i = 1)1is
exposed to a uniform convective boundary condition
aT, hL
L 2 _BiT,=0; z=0,0=x=sLg jy=——
1 az iy 0, Z 0, O<X<L1, Bll kl (13)
which easily yields
bl,n:'gnal,n (14)
where
Bi Bi
g=t,n=1,2,3, .3 o= (15)
L,

n
A general form for the expansion of T (X, ty) can be ob-
tained,

T, ) = S, @abse(s tu)c0sx/L) - (16)
n=0

and also for the temperature gradient, at 2 = I

=]
Ti(x, ) = 3 cosA/L1) [inan(2) + binBa(] @
n=0
where
on(2) =cosh(\-2/L1)5 n=0,1,2,...; 3)
_____  Nomenclature
Qins bin = Fourier series coefficients for each layer i
Agn = symmetric solution matrix [N + 1} for
Fourier coefficients
Bi,, Bi, = dimensionless Biot numbers
¢, = approximate Fourier series coefficients in
minimization solution
Jim Jan = recursive multilayer functions in Fourier
series solution
F = quadratic functional for Fourier coeffi-
cient solution
gn = relational coefficient
hy, hy = surface convection film coefficients,
w/m’K
ku, ke, ks = effective harmonic-mean parallei and
series thermal conductivities, W/ mK
k;, = thermal conductivity for each i-layer,
W/mK
Ly, L, = system dimensions: length and width, m
N = Fourier series truncation value
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specified system heat flux for effective
conductivity models, W/m

total heat flow for trace model cases (a)
to (d), W

thermal resistances for trace model cases
(a) to (d), °C/W

q7 qS

Qm Qb: Qcy Qd
Rm Rb9 Rcv Rd

T -

T, = trace model contact temperature =
Ty, °C
t; = i-layer thickness in z-direction, m
T, = ambient (fluid) temperature, °C
T, = two-dimensional steady-state temperature
field in each layer i, °C
w = heat source contact length, m
X, Y2 = Cartesian coordinates
O Bn = hyperbolic functions for Fourier solution
«; = thermal conductivity ratio = ki/kivi
N, = Fourier characteristic roots
6, ' = Fourier series function, derivative of
Voped = dimensionless thermal resistance factors

for trace model cases (@) to (d)
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Fig. 3 2-D trace models

aT, > ,
o (6 00 = 3 auabu(n, hocosO/Ly)  (17)
n=90
with
¢M(n’ z) =fl,nan(z) ’hfZ,an(Z), n:O’ 1’ 2a e (18)

The derivative function ¢, is obtained by differentiating
with respect to z. For i = 1, the f; ,, J>,» functions are defined
by

fl.n=1’f2,n=gmf1,0=11.f2,0=g0 (19)

These are recursively defined if / > 1 using the above as initial
values, and Egs. (9) to (12). This procedure is summarized in
Lemczyk et al. (1988).

2-D Effective Conductivity Model. Using the above so-
lutions, the multi-layered system in Fig. 2 has the remaining
boundary conditions to be satisfied on z = ty of layer i =
M:

aﬂ-‘—_—i; =ty Osx<w; (20)
az kM
hL
LI—M+Bi2TM=0; =ty wsxs<L; Bhp=-—2
dz ky
2))

Using these equations, we can define the quadratic func-
tional form using Egs. (16) and (17)

Ly N 2
F= So [Z Clrn () —r(x)] dx (22)

n=0

and minimizing this with respect to c,, (i.e., setting dF/dc; =
0), we can obtain a symmetric set of N + 1 linear equations

[Ak,n]cn =Tk (23)

for the approximate solution of the unknown c,, which are
expressed in terms of the a,,. Using Egs. (20) to (22), the
entries of [Ay,,], ry are given in detail in Lemczyk and Culham
(1989).

2-D Trace Model. The systems shown in Fig. 3 represent
the two-dimensional trace models to be studied. The substrate
is a single homogeneous medium with thermal conductivity,
k. Figure 3(a) shows the basic thermal cell for modelling the
trace. The trace (contact) temperature 7. will be fixed for all
cases. Four cases will be considered which give insight into the
thermal resistance behavior and heat flow rate of the trace
model.
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The approximate solution of the temperature field in Eq.
(16) will involve the minimization of the quadratic functional
for the Fourier series to obtain the necessary coefficients c,.
This will be defined for all cases as

w N 2
F= S [Z Cribm 1 (X) =1y (X)} dx
0

n=0
L
+5

w

N 2
[ D Cnalx) —r:(x)] dx (24

n=0

The z-location and particular functions v, r can be estab-
lished from the specific boundary conditions below. These are
outlined in detail in Lemczyk (1990).

Case (a). The trace is located on the top surface (z = 1)
of the model in Fig. 3(a). Also, h; = h, > 0. Using Eq. (16)
which satisfies Eq. (13), the remaining boundary conditions
become

T=T7,; z=t; Osx<w; 2%5)
oT ha
Ly —+BihT=0; z=t; wsxs<L Bi2=i (26)
9z k
The total heat flow rate and thermal resistance will be defined
as
. W gs
= Bi, —+= 7
Qa kLZTc< L) L1+Tc> (2 )
T.
R,=— (28)
Q,
with

N
gs=a1000 (DW+Ly D a1aba (£)SiINNW/L)/N,  (29)

n=1
The form for Q, reflects the fact that there is convective
cooling with A, over the range 0 < x < L, even though the
boundary condition in Eq. (26) only uses w < x < L,. The
total heat flow will be comprised of the sum of heat entering
the solid and leaving through the fluid film coefficient over

the contact zone 0 < x < w.

Case (b). By locating the trace mid-way at z = ¢/2 of the
cell model in Fig. 3(4), and maintaining h, = h, the resulting
analysis can be performed on a symmetric half-cell as shown
in Fig. 3(b). The resulting total resistance will thus be one-half
that for the system in Fig. 3(b). Therefore, Eq. (16) can be
used with the boundary conditions

T=T, z=t/2; O<xsw (30)
aT
—=0; z=t/2; w=xs<IL, (€1))]
dz

Oy and R, will reflect the total system values, i.e., two of
these half-cells, hence

Oy =2kL,qs (32)
T,

Ry=== 33

=0, (33)

where g, is of the same form as Eq. (29).

Case (¢). By setting 4, = 0, and leaving the trace on the
surface z = ¢ as in Fig. 3(a), gives Q,, R, of the same form
as Qa, R, in Egs. (27) and (28).

Case (d). With 4, = 0, and placing the trace at z = 0, the
analysis is identical to using the system shown in Fig. 3(b) (i.e.,
a mirror image), with total thickness ¢, and identifying 4, =
0 instead.

In this case we get

DECEMBER 1992, Vol. 114 / 415

-

‘ 4




Table 1 Polyamide and FR4 trace comparisons
W ! L 1 Qu Qh Qc QJ R u R b R < R d o
[um]  [pm]  [um] (W] [W] W] Wi CC/W] [C/W] ["C/W] [°C/W]
(% 10°7) _
Polvamide £ = 0.2 W/mK
. 10 10 20 .036 .036 .036 .018 25.0 25.0 25.0 50.0
10 50 20 .036 .036 .036 .018 25.0 25.0 25.0 50.1 o
10 10 50 .089 .090 .063 045 10.1 10.1 144 20.1
10 50 50 .090 .090 .063 .045 10.1 10.0 14.3 20.1
30 50 100 0.179 179 108 .090 5.02 5.01 8.35 10.0 o
30 100 100 179 179 .108 .090 5.02 5.02 8.35 10.1
50 50 250 436 438 239 221 2.06 2.05 3.77 4.07
S0 100 250 439 .442 .240 221 2.05 2.04 3.75 4.06 —
FR-4 k=0.4 W/mK
50 1000 100 178 178 126 .088 5.07 5.07 7.17 10.3 —
50 2000 100 176 175 125 .086 5.13 5.13 7.19 10.5
S0 1000 250 .440 442 259 218 2.04 2.04 3.47 4.12
50 2000 250 435 435 .259 213 2.07 2.06 3.47 4.22 —
250 1000 500 .884 .886 .484 438 1.02 1.02 1.86 2.07
250 2000 500 .884 .886 484 .438 1.02 1.02 1.86 2.06
250 1000 1250  2.12 2.16 1.13 1.07 424 416 .795 .840 —
250 2000 1250  2.10 2.14 1.13 1.05 429 .420 .794 .859
Table 2 Trace comparisons for Bi, < 0.1 Q4= kL1gs Gy
2 / v ¥, ¥ T, B
Bl_ l/L] w Ll \I’a b . d Rd=—'£ (35) —
X 10 Qu
888{ 8i (1)(1) g(Z)gg 2(3)(3)(2) 2(2)88 igg(z) A dimensionless thermal resistance factor will be defined
0.001 1. 0.1 5018 5012 5018 1.003 for all cases (a) to () as
0.001 1 1.0 .5002 .5002 .5002 1.001 ¥ =kL,R (36)
0.001 10 0.1 .5040 .5034 .5040 1.012 —
0.001 10 1.0 .5025 5025 .5025 1.010
<102 Trace Results
001 o1 0.1 210 7226 1.147 1.240 Table 1 shows the dimensional results for two specific sub-
0.01 .01 1.0 .5000 .5000 .9091 1.000 strate materials, namely polyamide and fiberglass (FR4).
0.01 1.0 0.1 5150 .5092 9219 1023 Polyamide is a polymer material being used in the construction —
88{ ) (1)‘0 (1)(1) gggg 2(3)%‘5‘ 3232 i?ig of special microelectronic components, and fiberglass is a typ-
0.01 10, 1.0 5238 5250 9099  [.100 ical PCB material. The maximum operating temperature was
7 taken as 110°C for each material. Setting T; = 20°C, hence
r -10 ol
‘ the contact temperature becomes 7. = 90°C using the tem-
8} 8% (1) (1) 1-2832 1'2882 z'gggl %38? perature difference definition for 7;. Over a wide range of —
0.1 i 0.1 6441 5891 1111 1.223 geometry, with L, = 1 m, and setting Ay = A, = 10 W/m’K
0.1 1. 1.0 .5238 .5250 .9901 1.100  (approximate natural convection film coefficient), the results __
8} 18 (1)(1) 2222; g; (1)(6) 1;;(1)2 %(1)(2)(3) show that there is little sensitivity to placement of the trace

on the surface (Case (@) or mid-way through the medium (Case
(b)), for either polyamide or fiberglass, if the top and bottom
boundary conditions are similar. o
Table 3 Trace comparisons for Bi, > 1.0 It is important to note that for polyamide, the range of Bi, =
was .001 < Bi, < .0125, and for fiberglass .0025 < Bi, <

Bir YL w/Ly ¥ ¥y 1 e Ya .03125. When &y = 0, and the trace was placed on the top )
X 10 surface with convective cooling 4, (Case (¢)), or on the bottom
1.0 .01 0.1 3155 31125296 -5355  surface (Case (d)), there was a difference in results. For
}8 1'01 (1)(1) (l)ggg (1)3297 ég(l)g . 1'255’7 polyamide, at Bi, = .001, there was a 100 percent gain in the
1.0 L 1.0 ‘6667 7500 9990 3000 al}owable heat flow rate, i.e. twice the heat flow.is possible
1.0 10. 0.1 .1935 3614 2017 1.223 with the top surface placement of the trace. For Bi, = .0125,
1.0 10. 1.0 0917 3000  .1000 1.100 a9 percent increase is possible. -
% 10} For fiberglass, at Bi; = .0025, a 43 percent increase in heat
10.0 o1 o1 0461 0465 0813 0913 flow rate is possible yvith surface placement, and for Bi, = —
10.0 .01 1.0 .0052 0053 .0100 0110 .03125, an 8 percent increase. In comparing Cases (a) or ),
10.0 1 O.(l) 8(5)3% 8288 8?88 %:;(2)(5) with (c) or (d), it is clearly seen that a 100 percent increase in
10.0 1. 1. . . ) . - Seen _
00 10 o1 ‘0545 3163 0546 133 trace };eat ﬂow‘;ate 1sfp0551ble if top and b_ottorp syrfa}ces a.rlel
10.0 10, 1.0 0099 5550 0100 1.010 suitably exposed to a free stream. The trace optimization wi
< 10° not be a function of depth placement if both surfaces are  —
5 5 % =509 556 X suitably cooled. In the extreme limit, where one surface is
100. .01 1 .6 . . .01 : :
100, ol 10 “0ee7 0750 1000 3000 aisu.me? 1ri)sglartle§ih,eth}e( optlzin?.ll placer;lent of the trace should
100. 1. 0.1 8882 8.444 8892 2234 Obviously be 0 exposed fim surface. )
100. 1. 1.0 .0990 2.550 .1000 10.10 A wider range of parameters were studied in dimensionless
100. 10. 0.1 .8891  31.18 8892 1124 form for the trace cell Cases (a) to (d). Results are given in —
100. 10. 1.0 0999 25.05 -1000  100.1 Tables 2 and 3 for 0.00! < Bi, < 100, 0.01 < t/L, < 10,
416 / Vol. 114, DECEMBER 1992 _ Transactions of the ASME
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100 === TTTooeeoo..
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Fig. 5 ¥, for Bi, = .01, .1
1400 -
120.0; ‘\\\~‘ Biz—_' 01
10007 T m e - Smaee
80.0 t/L,
- .01
X 60.0 ---- 1.
1 - 10
40,0 4
] Bi,=0.1
200 4 e
0.0 T
1.0

w/ Ly
Fig. 6 ¥, for Bi, = .01, .1

0.1 < w/L, = 1.0. Results are also shown graphically in Figs.
4 to 10. For Bi, < 0.1, there is very little difference in results
of trace depth placement if &, = A, > 0. Only for Bi, = 1.0,
and t/L, > 1, does there appear a dependence on depth place-
ment. For Bi, < 0.1 there will always be greater thermal re-
sistance for Case (c) than (a) or (b), however for larger Bi, it
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becomes readily apparent that this trend will reverse itself
(between (b) and (c) only) since the least resistance path is on
the top surface.

Effective Conductivity Results

Approximate parallel and series effective thermal conduc-
tivities for multilayered structures have often been used to
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Table 4 Thermal resistance comparisons for a 3-Layer PCB
3 laver PCB; ks = 0.41, kp = 9.12, ky = 0.78 W/mK o
w/L, R R Mo A Rp o A Ry To
0.1 134.3 139.0 3.9 130.7 -2.7 135.1 0.6 o
0.25 147.4 156.7 6.3 142.9 -3.0 150.1 1.8
0.5 172.3 183.5 6.6 166.8 -3.2 175.6 1.9
0.75 205.6 212.2 32 199.2 ~3.1 206.0 0.2 o
0.9 230.4 233.5 1.3 224.0 -2.8 228.8 -0.7
1.0 259.7 259.7 0.0 250.4 -3.6 25581 -1.8
14.0 B 120.0 ¢ i
] 3 wi_.=0.5
12.0 4 1100 £ S—iayer _
] - 230 kg
] S3AD0 Ko
10.0 100.0 ¢ ; —
] £
8.0 ~
4 O 90.0 £ _
=9 ] o &
-~ 1 3
6.0 7 b £
= ] 80.0 ¢ _
40 ] 3
] 70.0 ¢ -
20 ]
A 60.0 Soriienicliiiaenatbiroiiiind liqacugaiad o
] 0.0 0.2 0.4 0.6 0.8 1.0
0.0 T T T T T e T T R T
0.0 02 0.4 06 0.8 10 x/Ly
W / L1 Fig. 12 3-layer PCB temperatures for w/L, = 0.5 o
Fig. 10 ¥, for Bi; = 1,10
120.0 -
w/L,=0.1 116.0 | -
0cooo 3-layer
£2000 kg 112.0 = —
ADNALA kp E
QQQO0 0 ky —~ C
1080 F —
St £
e o 1040 £ 00000 3-layer -
\9\_() £ Qoooo ke
100.0 | 48828 Kk -
£ Q00 ky
96.0 :LJAA_LAAXA‘J(lAlJLLLlA\X[Ill4I|A‘Al st deaa g sasd —
0.0 0.2 0.4 0.6 0.8 1.0
20.0 Bl bon s oo ol X/L1 o
0.0 0.2 0.4 0.6 0.8 1.0 Fig. 13 3-layer PCB temperatures for w/L, = 0.9
x/ L
Fig. 11 3-layer PCB temperatures for w/l, = 0.1 —
15.0 q
] W/L!
model geometries close to the ideal parallel and series heat 10.0 T~ ~. - N 8;
flow paths. For an M-layered PCB, for each layer having ] AIRY - O' 3
thickness ¢; and thermal conductivity, &;, the formulas for these 42 ] AR _— o
are: N 504 N
(g >
M M iy 1 AR -
kp= Z (kiti)/z i (37 . o0 TR
i=1 i=1 = ] NS o
N’ \
M M 8 _505 N N
ks=> ] D (ki) (38) - 507 RN
i=1 i=1 ] : Tl o
The specific objective of this study was to see how close an ™ —1°<°€ ) -
effective thermal conductivity, using a single homogeneous Py 1 e -
medium, can model an actual multilayered PCB. A conjugate 10 ] '
heat flow model for PCB analysis, such as META outlined by oo 0z ax | oe o8 10 _
Culham et al. (1990), uses a single one-dimensional homoge- x/ Ly
neous medium, thereby requiring some estimate for an effective Fig. 14 Percent diff. in PCB temperatures as predicted by ky
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thermal conductivity. It was found that a harmonic-mean ther-

An accurate expression for PCB effective thermal conduc-
mal conductivity, defined as

tivity was obtained based on the harmonic mean of the equiv- o
1/1 alent parallel and series PCB conductivities. This can be used

kipt== <—+—) (39) by single medium PCRB codes, without need of discretizing

2 \kp ks through the PCB thickness to account for each individual layer.

gave the best approximation to the pCp thermal resistance for ~ The computational bavings are tremendous
the typical systems studied. A 3-layer PCB was modeled (refer most PCB constructions compri of th : —
to Fig. 2), having L =778 x 10~¢ m, k, = 04 W/mK, 1, copper and fiberglass, Although thjs WJI} not give completely
=36 x 10-° m, k, = 386 W/mK, ¢, = 7.78 x 10~ m, k,  accurate temperature levels over the. entire P
= 0.4 W/mK. These represent a layer of copper placed between  the mean heat source temperature will be ap
two layers of fiberglass, the overal] thickness being approx. accurately, as found to be within
1.6 mm, a typical PCB thickness, A convection coefficient of a very accurate prediction of the PCB ther , —
h = 10 W/m*K was used on the eXposed surface, with 7, =  considerable computational savings.
20°C, and the tota] heat flow rate was fixed at 0.4 W for all

contact. A range of 0.1 < w/L, < 1,9 Wwas studied; for re- the Natural Sciences ang Engineering Research Council of .
sitance evaluations, £, = 0,01 m, L = 0.02m. The values anada and to Bell Northern Research Ltd., Kanara, Canada,
of thermal resistance reported are twice the actual resistance under CRD grant no. 661-062/88.

for the cell in Fig. 2,i.e., Tepresentative of a ful] celj with trace

width 2w,

Results are shown in Table 4 and Figs. 11 to 14, Table 4 References
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