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Characteristics of Transmission Lines with a
Single Wire for a Multiwire Circuit Board

HISASHI SHIBATA AND RYUITI TERAKADO

Abstract —This paper presents the characteristic impedance 20 and the

phase velocity UP of is’ansmission lines with a single wi;e for a multiwire

circuit board (MWB) under” the quasi-TEM wave approximation. The

characteristics are discussed” for each of three investigated strictures ax

(I)H = h + r, (II)H = h, and (III)H = h – r, where r, h, and H are the

radius of the wire, the thickness of the dielectric (adhesive layer), and the

distance from the grouud plane to the center of the wire, respectively. A

charge simulation method is used for the calculation of the parameters. 20

and UP are presented in grapfdcaf form for adhesive relative dielectric

constants c* of 1.0, 2.65, and 5.0 as a function of r/h. An approximate

formula of 20 for the structure of case (If) with c* = 5.0 is also presented.

1. INTRODUCTION

T HE MULTIWIRE circuit board (MWB) [1]-[4] has

become a center of attraction as a new technology for

the printed ,wiring board. The technology is simple to

design and offers the possibility of high interconnection

density. The manufacturing process is described in [4]. The

cross section of an MWB with a single wire is shown in

Fig. 1. The electrical characteristics of the structure shown
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Fig. 1. Cross section of a multiwire circuit board with a single wire.

in Fig. 1 are discussed in 1[2],[3]. In general, the experiment

based on the propagation delay [5] is used to obtain the

characteristic impedance. Therefore, it is very important to

present, theoretically, the design data for the impedance of

the structure shown in Fig. 1.

For this purpose, we consider three structures as shown

in Fig. 2. The configurations of the structures are specified

by the parameters r/h and H, where r, h, and H are the

radius of the wire, the thickness of dielectric (adhesive)

sheet, and the distance frc)m the ground plane to the center

of the wire, respectively. Because the coating of wire and

the overlay in Fig. 2 have been neglected, the structures of

Fig. 1 and Fig. 2(a) are different in a strict sense. However,

when the thickness of the overlay is thin, the structure of

Fig. 2(a) is, approximately, a good model for the analysis
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Fig. 2. Three structures for the analysis of the structure shown in Fig. 1.
(a) H=h. (b) H=h+r. (c) H=h–r.

of the structure shown in Fig. 1. Furthermore, it is signifi-

cant to analyze the structures of Fig. 2(b) and (c) because

these states of wire may be taken by the conditions of the

wiring and the thermal press. The structure shown in Fig.

2(b) has been reported in [5]–[9]. However, the characteris-

tics of the structures shown in Fig. 2(a) and (c) have not

been published.

Lines with a conductor of finite thickness involving

two-dielectric layers can be analyzed by using an integral-

equation method [10]–[13]. In the present work, the Green’s

function [10], [11] which already satisfies the boundary

condition on the dielectric interface, ,is applied to a charge

simulation method [14], [15] for computations of the line

capacitance. The capacitances of the line without adhesive

calculated using this meth~d are in g’ood agreement with

theoretical values [9]. Using the quasi-TEM assumptions,

the values of line capacitance are used to calculate the

characteristic impedance and the phase velocity, which are

presented in graphical form for each of the structures

shown m Fig. 2. The graphs are presented for adhesive

relative dielectric constants C* of 1.0 (air), 2.65, and 5.0

(epoxy resin), and a range of r/h values. An approximate

formula of the impedance of the structure shown in Fig.

2(a) with the adhesive of c“ = 5.0 is also presented by

employing the calculated results. Comparing the values of

the present formula with experimental measurements [3]

shows good agreement.

H. CALCULATION OF CAPACITANCE

We use a charge simulation method [14], [15] in calculat-

ing the line capacitances of the structures shown in Fig. 2.

In this method, the distributed charges on the wire surface

are equivalently replaced by the discrete fictitious line

charges in the wire. The practical application of the method

to the structures of Fig. 2 is shown in Fig. 3. In Fig. 3, the

line charges and the contour points are equally arranged on

the circles with radius rq and r, respectively. It is now

assumed that the coordinates of the charge points and the

contour points are represented by (xj, yj) and (xi, yi),

respectively. Because the line charges and the contour

points are arranged symmetrically with respect to the x-axis,

as shown in Fig. 3, we have

yk = R sin fi(k-1), k=i, j=l,2,3, ”””, n (1)

r
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Fig. 3. Arrangement of the contour points on the wire surface and the
line charges in the wire.
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Fig. 4. Potential function at point J’(x, y).

where n is the number of pairs of line charges at the points

(xj, yj) and (xj, - yj)

For analysis based on the above method, we need the

potential function at the point P(x, y) for each of the four

cases shown in Fig. 4. In Fig. 4, A is the magnitude of line

charge at the source points. The potential function in the

presence of both the dielectric interface and the ground

plane, as shown in Fig. 4, is derived using the method of

images [10], [11]. The potential at P is given by

@l(x?Ylxj)*Yj)

\

A

[

(x. +xj-2h)2+(y-yj)2
— – ~ln

= 4%Y~ (X-xj)’+(y - yj)’

(X+Xj-2h)2+(Y+ Yj)2+(~_~2)

(i-xj)’+(y+yj)’

. f ~mln (x+xj+2mh)2+(y- yj)2

~=() (X-x, )’+(y-yj)’

. (x+x, +2mh)2+(y+yj)2 1(x-xj)’+(~+~‘
forx>h, xj>h (2a)
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the superposition of the potential $C,(i = 1,2,. “ “, n ) at ev-

ery contour point and by solving the system of n linear.

- ‘~T~OE~) ~ Kmln
(x+xj+2w@’+(y-3)’ equations for n line charges under the boundary condition,

—

(x-x, -2nzh)2+(y-y,)2
$,, =1. Thus, the line capacitance C per unit length is

~=o
obtained as

(x+xj+2mh)2+(y+ y,)2

(x-x, -2m@2+(y+y,)2’

+3(X> Ylx,, + Y,)

=A(l+K) m
~TcO ~ K~ln

(x+x, +21nh)2+(y-yJ2

~=(j (x-x, +2mh)2+(Y-Y,)2

(x+x, +2mh)2+(y+Jj)2

“ (x-x, +2r?zh)’+(y+3)”

(4)

In the following section, the accuracy of the capacitance

will be shown in relation to the potential error on the wire

surface for various r~/r ratios.

111. ACCURACY OF THE METHOD

In this section, the relation among the capacitance error,

the potential error on the wire surface, the number of

charges, and the arrangement of charges are discussed. As

a premise of the discussion, the condition

@,(nz+l)-@, (m)<lo-lO, (s=1,2,3,4) (5)

for x > h, 0< x, < h (2c) is used as the criteria for terminating equations 2(a)-(d),

A

[

(X+ X,)2+(EPJ)2 . (X+X,)2+(Y+Y,)2
@4(x, YlxJ, fYj) ‘—

4moc* ln (x-x, )’+(y-y,)’ (X- X,)2+ (Y+ Y,)2

co

+ ~ K“ln
[(x+x, –2rnh)2+(y -yJ)2][(x+ x,+21?zh)2+ (J’-.@2]

nl=l [(x–x, +2?nh)2+(y -yJ)2][(x- x,-2mA)2+(y-}; )2]

[(x+x, –2rnq2+(y +y, )2][(x+ xj+2mh)2+(y+J’, )2]

1
[(x–x, +2mh)2+(y +y,)2][(i –x, –2?izA)2+(y+Y, )2] ‘

for OGx<h, O<x, <h (2d)

where

~=l–f”
~ IS the image coefficient [10].

In 2(a)–(d), co and E* are the permittivity of a vacuum and

the relative dielectric constant of the adhesive layer, respec-

tively. Because the potential is separated into four parts

according to the location of the point of observation and

the location of the lirte charge, we have to use them

properly. For instance, @l is used for the analysis of the

structure of Fig. 2(b), and Od is used for the structure of
Fig. 2(c). For the structure of Fig. 2(a), not only are @l and
@qused, but +2 and 03 are used as well. Furthermore, for

the line charge at y = O, we have to use the potential

function as

(s=1,2,3,4)
~4,(X,.YlXJO) (j=land n)” (3)

The number of repetitions until termination for 2(a)-(d) in

the practical computation is shown in the following sec-

tion.

In the charge simulation method, the magnitudes of the

line charges AJ(j=l,2, ” “ “ , n) are determined [14] by using

which have been presented in the form of the infinite

series. Also, the double precision computation for a digital

computer is used. Under the condition of (5), the number

of terms in the summation m for cases of c* = 2.65 and
~* = 5.() are about 30 and 60, respectively, fOr praCtiCal

applications. Of course, the number m lessens if we use a

less stringent conditiori for the termination.

Firstly, we compare the values of capacitance using the

method based on (4) with the theoretical values [91, for the

lines with c“ = 1.0. The comparison is shown in Fig. 5. Fig.

5(a) shows the values of the function F and the capacitance

errors versus rq /r. The evaluated function F for the poten-

tial error on the conductor surface has been defined as

follows by Murashima et al. [17]:

(6)

In (6), M is the number of check points which are placed

on the middle point of the adjacent contour points, and fi,

is the difference between the potential on the check point

and the given boundary potential. This evaluation [16], [1’7]
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Fig, 5. Relation among the potentiaf error on the wire surface, the
capacitance error, the arrangement of the charges, and the number of
charges. (a) Values of the evaluated function F and the capacitance
error versus rg,/r for various n, (b) capacitance error versus n for
various r/h ratios, (c) potential error on the wire surface.

is based on the fact that the potential error by the charge

simulation method yields generally the maximum value at

the middle point between the adjacent contour points on

the conductor surface.

In Fig. 5(a), both F and the capacitance error are obvi-

ously reduced by increasing the number of charges. They

are also reduced as rq /r approaches zero. However, the

later phenomenon is not always general [17]. Therefore, we

use rq/r = 0.2, after due consideration of the safety. Fig.

5(b) shows the capacitance error versus n for various r/h

ratios when rq/r = 0.2. In Fig. 5(b), the capacticance errors

increase as r\lz increases. Furthermore, Fig. 5(a) and (b)

shows that the values of capacitance in this paper present

the lower bounds, because this method is equivalent to

dealing with the charge density on the wire surface. Fig.

5(c) shows the potential error on the wire surface of the

structure with r/h = 0.2 and H = h when rq/r = 0.2 and

n = 9. In Fig. 5(c), there is no notable difference in the

distributed potential errors for C*= 1.0, 2.65, or 5.0. It can

be concluded that the capacitance errors, as well as the

values of F for 6* = 2.65 and 5.0, are almost the same as

those for C* =1.0. Therefore, we can investigate the accu-

racy of the capacitance by inspecting the potential error on

the wire surface.

IV. GRAPHICAL PRESENTATION OF Z. AND up, AND

AN APPROXIMATE FORMULA

The parameters, a characteristic impedance Z. and a
phase velocity UP,for the structures shown in Fig. 2 can be

obtained from the line capacitance as follows:

Z.= l/uocoq (7)

‘p = ‘O //Ceff (8)

where

Ceff = c/co effective relative dielec-

tric constant,

co capacitance without ad-

hesive (e* =1.0),

c capacitance with adhe-

sive present, and

U. = 2.997925X 108(m/s) velocity of light in free-

space,
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Fig. 6. (a) Characteristic impedances and (b) phase velocities versus
r/h.
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Fig. 7. Effective relative dielectric constants versus r/h.

assuming quasi-static TEM propagation. The characteris-

tics are presented here in graphical form for each of three

cases of (I)H = h + r, (II)H = h, and (III)H = h – r. Then,

we use the number of charges n and the arrangement of

charges rq/r as follows:

rf=9

}rq/r =0.2 “ (9)

Fig. 6(a) shows the characteristic impedances of three

structures as a function of r/h for c* =1.0, 2.65, and 5.0.

Fig. 6(b) shows the corresponding phase velocities. In Fig.

6(a), Z. for case (I) approaches zero in the limit when r/h

approaches infinity. However, cases (II) and (III) are quite

different from case (I). Zo, for cases (II) and (III), is zero

when r/h =1.0 and 0.5, respectively. In Fig. 6(b), Up, for

case (I), increases as r/h increases. However, those for

cases (II) and (111) decrease. Fig. 7 shows the correspond-

ing effective relative dielectric constants (.ff.

From the results of Fig. 6, we obtain a useful approxi-

mate formula of Z. for the structure with c* = 5.0 of case
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(H). That is [12]

20 =17.08 +34.831n ~, fore* = 5.0,0.01< ~ <0.3.
.

(lo) “3]
The errors of this formula are within 0.35 percent when

compared to the data of Fig. 6(a). Furthermore, the dif- [141

ferences between the present formula and the experiment

[3] are about 2 (Q) for the wire of 2r = 0.16 (mm). [15]

V. CONCLUSION

The characteristic impedances and the phase velocities of

MWB’S have been presented in graphical form for three ’161

analytical structures. An approximate formula which is

useful for design of MWB’S has also been presented. [17]
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