Calculation of Transmission Line Parameters with the
Boundary Element Method

INTRODUCTION

The objective of this paper is to demonstrate the efficient calculation of design parameters using
the boundary element method coupled with a highly interactive package for entering the transmission
line configuration. The geometry of the problem that can be solved is arbitrary. Conductors may be

infinitesimally thin or may be of finite area. As well, the conductors may be embedded in one or
more dielectric materials.
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i, INTADUCT IO

The abjective of this paper is to desoastrate Ehe efficient calculation of design pariae-
ters using the boundary elesent sethod coupled with a highly iamteractive package for
entering the tramsaission line confiquration. The qecsetry of the probles that cin be
solved is arbitrary. Canductors say e infimitesimally this or say be of finite area. As
well, the coaductors say be eabedded im one or ware dielectric sakerials.

With the advent of pawerful sicrocoaputers, coaputations that were once saly passible oa
aini ind sainfrase computers, are now possible on wicrocossuters. [a additiea, aicroces-
paters offer Righly interactive graphics capabilities which can be an invaluable aid in
the design af 4 systes. The geometry, material properties, ind other inforsation can be
patersd with the help of & souse or digitizer and iswedialely displayed. This approach
ainimizes bussn error and the tise required to eater or wodify a particular probles.
Esphasis bas been placed on the salution tise of warious probless, when im fact the data
preparation can be by far the sost tise consusing. Data that takes hours to eater by hand
can be eatered in winwtes with the help of a powerful user inkerface.

Calculation of design paraseters for transmissios line configurations, where a static
approsimition is adeguate, requires bhe salubion of Laplace’s equakion in  Lwo dimensions
gnder  grescribed boundary coaditions. The boundary elesent sethod has bees shown Lo be an
gfficient techaigue for the solution of Liglice’s equation for piecewise hosogeneous wedia
[4]. This is, wainly, due to the redection of one in disensionality as all Ehe wnknowns
are located only oa the bouadaries and Enberfaces. This differs from the finite difference
and finite eleaeat wmethods in which the whale dosain wust be discretized. The wnknawn,
cosputed using the bousdary elesest sethod, is the equivaleat charge that sustiins Lhe
field. Dmce Lhe equivalent charge is known any paraseter can be derived.

A nuaber of exaaple probless are solved and cospared wilh results available ia the litera-
kure, A11 calculations were performed on 4n [BM-PC sicrocosputer,

7. PROBLEM DESCRIPTIOM AMO FORMULATION

The probles consists of twa or sore conductors in @ bousded or wnhounded region contaiming
ane ar sore dielectrics. Figure | illustrates & qemeral wnbownded Lrinsaissiom lime com-
figuration with aslEiple diglectrics.

he capacibance watrir i3 fownd by sebting bhe j*» conducter to one wolbt and all the ather
conductors to tero volts. The free charge per uail length on the i*" conductor is the Lj*"
element of the capacibince wabtrin.



Fig. 1. A conductar-dielectric transaission line -iﬂ'iﬂg-EIHt:

The inductance aatriz can be found by Laking the inverse of the capacitamce wmalriz uwilh
the product of the free spice permittivity and the free space perseability (1l.

(L] = potalCo]" ()

Cs is the free spice cipacitance matrix. The inductance calculakion assuses all currzat is
flowing on the surface of the coaductor.

Oa the disleckric interfaces the equivalent charge is the polarization charge that wouid
exist if the saterials were replaced by free space and an equivilent charge placed on the
interface [21. The interfice Between conductors and dielecirics consists of 4 free Charse
ples a poldriration charge Forsing the total equivalent charge.

The electric flur density at each point of a conductor interface is discontinuous by in
amount proporticnal to the free charge. That is
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where n 15 drasn from sediage (1) imto eedies (2}, For @ comdector of finite cross sectica
the interios Field is rero yieiding
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where n 15 the oubward normdl and &5 05 the saterial exferior o the comdector.
To calculate the free charge the equivaleat charge aust be fownd fros which the normal

derivative of the Field say be calculated. The total fres charge ger unit length o the
it® condector is simaly

= J folr lde (4

where the integral is takem aver the Boundary of the i*™ conductar. The charge is calcu-
lated with the j** conductor 4t one wolt. Thas

II. = tlj u‘] illr:riil-l [5}
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or C,,=3, when the j** coadector is fized at one volt, M, is the total nusber of conduc-
kors less the ground or refersace conductor.

The equivalent charge is fousd by forcing it to sakisfy prescribed bousdary conditians
wnder 4 functioa which relates the location and effect of the charge Lo any point an  the
boundary or interfsces. This fenction is referred to as a Green’s Fanction or, sore
descriptively, the influence fuactioa.

The pateatial at any paint in the region due to the equivaleal charge is expressed as

1 k
Hrl = — [ In —— #ir") dr’ (&)
i le=¢"{

ubere £, i5 the free space peraibtivity and #ir’) is the equivalent charge on the conduc-
kors and interfaces. The quantity k is aay constankt greater than the largest distance
betwesn any two points an the conductars and inkerfaces.

For the interfaces the coatinmity of the electric flux density yields

g — - — = (7

Sabstitubing the inkeqral forw of the norsal cosponents of the electric field produces

I 71 [ B ey} wlp"de’ + fegtig) wlg) = 40 (B}
b

wbere 6 (r,r’) is the norsal derivative of the Green’s fonction with respect to the
unprised variable and db is all the interfaces and conductor boundaries.

Equation (&) is eaforced on 4ll cemductor boundaries and sguation (30 saforced om all
inkerfaces to detsraine the squivalent charge [71.

1. BOUNDARY ELEWENT TECHNIGUE

To cospute the eguivalent charge, the coupled lntegral equations (a] and (3] are solved
wsing the boundary elesent wethod (BEM). BEM is a variation of the sethod of sceeats. The
cosductors and interfaces are divided into sealler subdivisions, referred to as elesents,
over which the charqe as well as the geosetry is defined parametrically. The [inear para-
setric representation of the charge over alement 1 is

rulbh o= a8 ¢ agll=§)  Digil (91

ind & and . are the unknowns ko be determined. Equation (9) cin be put in vector fors as

£=a"a [1g]

where 47 are the limear fusctions. The geometry over each elesent is sodeled to 2 higher
srder to accosscdate curvatwre. To accusulate the systes satrix, Galerkin's sethod [3] is
applied ko either squition 15} or (81. Far conductor Boumdaries the patential is enforced
usimg equation ().



Gubstituking (100 imta (&} and applying Balerkin's sethod yields

J!_[r_:l #irl = [ air} [ Bir,r] axlr’) dr' g [
ib iv bl

wivere db comtaims all condectors amd di are all the interfaces.

For interfaces, equation (8} is enforced wsing Balerkin's sethod. This results in & systea
of equations which is disgonally strong provided the integrations are” performed accu-
rately. To imsure this, special integration scheses are required when the charge and
observation paints coincide (r=r'l, The resulting systes of equations is GRhen salved
yielding the desired equivaleat charge. More in-depth informaticn oa the boundary elesent
sethod can be found in reference (41,

. SOLWED FROBLEMS

Five exanples are solved using the ELECTRD cosputer-aided engineering toal. The results
agree well with those available in the references. ALl capacitance values are in farads
per seter and the indectance valwes are in hearys per weter, [spedances are in obas.

Exaaple |

The capacitince of two coupled sicrostrips is calculated. The geoaetry and disensions aof
the probles are shown in Figure 2.
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Fig. Z. Twa coupled microstrips.

The dielectric above Lhe finite ground plane has a relative permittivity of 2. Eight ele-
aents were used on the ground plane and two elesents on each side of the two wicrostrips.
Four elesents are placed om the interface Between the conductors and ten elessnts on the
resainder of the interface (top and two sides). The salution time was three minutes. The
results are cospared with those of (71 in which an infinite ground pline and dielectric is
assused. Table I containg the results of both computations. Results are in agressent.

Table I
Comparison of capacitance calculations
ELECTRO Reference 7]
i ® [g-u= 09224 ¢ |G-
E.; Sl e 08504 ¥ 9=+
Cay =, H g 1g=te {8504 ¢ 150t
L2z B g lg-1e 0. 9284 1 [g-ve




Exingle 2

Figure J shows three conductors in three differept dielectric media. The probles was
extracted From (LY and the resulbs compared.
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Fig. 3. Coaductor arrangeaent for Exasple 1.

The center rectanqle is conductor |, the upper rectingle is conductor 2 and the circle is
canductor 3. The relative dielectric constant of the wpper and lower slab are 4.5 and 4.8,
respectively. Eight elesents were placed on all three conductors. Teelve elesents were
placed on each borizontal interface and the ground plane. Dee elemsnt was put on each ver-
tical iaterface. Tea winutes was required ta enter Ehe probles and the salution tise was
ten sinutes. The results in Table IT are the capacitance with and without the aaterials
present. The indectince values are also imcluded. The results are seen ta be in agreeseat.

Example §

The ispedance is calculated for a single aicrostripline
ing a dielectric substrate, as shown in Figure 4.

Table I
Conparison of results for Exasple 2
Ciy Lis
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of iafinitesimal thickness Louch-
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Fig. 4. Zingle wicrostripline,

The relative permittivity of the dielectric is 31. The ispedasce can Be calculated from
the capacitance matrix, free space capacitance satriz and velocity of light as Follows.

= m (EZ)

L.

Ten elesents were placed on the strip, tea eleseats on each side of the skrip and twenty
eleseats on the ground plane. The results are cospared with [3] shere an infinite gqround
glane and dieleckric is assumed. The results or the two wethods are cospared in Table [if.
The impedance values calculated by GLECTRD are slightly greater due to the fimite dielec-
kric and ogrownd plane. Approxisately two sinutes was required ko enter Ehe probles and
five sinutes required for each calcslation.

Table 11
lmpedance for single microstrip.

L/ ELECTRD Refersace (3]
10,0 1.434 £ 807
3.00 1.925 7.302
2.30 13.14 12.93
.00 7.5 o

Exampic 4

The even and odd sode capacibance (0., Gl Qmoedance (1., I.) and effective relative
peraitbivity [(Ks, Kg) are calculated for 4 cousled pair of microstrip tramsaission lines.
The relative permittivity of the slab is [0. The ewen and odd aode values were derived
fram the cae-by-one sodes [B1. The gecmetry af the pair is as shown in Figere 3 and cos-
pared wikh the results in [4].
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Fig. 5. Coupled pair of sicrostrip line.
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Eight elesents were pliced on each strig, four elzssnks on Lbhe isterfacs betwsen Lhe
strip.!, fourtees elesents on the resaiader of the top part of the dielsctric, ahé da each
side and Fourtzen elesents on the lower park of the dieiectric. Fourteen eideenks were
placed on the ground plame. The results are Listed ia Table IV. Less than five winubes was
required ta solve khe probles.

Table I¥
Even and odd sode parameter resalks.
ELECTROD results Reference [&]
w=l.1
Ce | 0.5525 1 10-'® 5451 1 [0-ie
L": ﬂ.ﬁii i =" E.lﬂlﬁ : g="
g ﬂl.'ﬂ' 1530
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Ke b 331 b.15
Ka .03 J.477
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La Q.7605 x 10~ 0.9600 ¢ 10-t®
Ca Q2019 o 1o G. 2009 ¢ 107"
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Ka EEE g'ge..
w=1.0
413 1 10 1418 1 10t
B L | RELE
}: ﬂ:ﬂ ﬂ:m
Ke 1.571 7.200
Ko 3713 3,677

Ezanple 3

The even and odd aode capacitances are calculated for the configeration Allustrated ia
Figure &.
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Fig. &. Coupled smspended stripiine.

The two conductors are pliced on a dielectric with a relative constant of 19, Eight ele-
#ents are contained on each stripiine and siztesn oa the outer comductor. Elght elesents
are located on the lower part of the dielectric, Four Between the conductors, and eight on
the remaining. The tokal tise to compute the parameters was eight winutes. Entering Ghe
probies required ben winubes. Hesults are listed in Table Y.

i,
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Table ¥
Paraseters of coupled aicrostrip.

Even Hode l Odd Mode

5=1),5

C Q. 4306 ¢ [Q-1° 9.7253 ¢ 16=12

1 1624 72,03

K 1.757 2.453
g=f, 2

% 0.3547 1 10—ve 0.103% ¢ 10-*

120.7 b

K 1.5867 1.370
5=0,1

C Q. 525 = [0-re 0.1481 2 Q0=

I 129,71 Z.

K .67 I.170

boundary elesent technique, combined with a highly Intarictive user laterisca, auia-

sates the design of standard and non-standard transaission line configurations. Prodlea
qeametries, and matarials can be conveniently described from the conceptual stage and be
analyzed to obtain the desired design parameter. Accurate and reliable results are due to
the boundary elesent technique and the user inkterface which minimizes human error.
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