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High Frequency Loss and Electromagnetic Field
Distribution for Striplines and Microstrips

H. Louis Lo, Member, IEEE J. Frank KauffmanMember, IEEE and Paul D. FranzorMember, IEEE

Abstract—A new three-component measured equation of in- hybrid edge/nodal vector finite element method (VFEM) is
variance (MEI) boundary condition is developed and applied to designed to handle the lossy microstrip in an MCM, but its
the hybrid edge/nodal vector finite element method. The electric o fect conductor boundary condition which just assigns zero
field distribution on the cross section of various lossy trans- field on the boundary was used for this numerical method
mission lines is calculated. The propagation constant of a lossy . . . . :
transmission line with coated conductor strip is also calculated. There is no other boundary condition being used with the
The three-component MEI boundary condition simulates the hybrid edge/nodal VFEM because the eigenvalue equation
field distribution on the artificial boundary for electromagnetic  from hybrid edge/nodal VFEM is not compatible with the
field excited by the surface charge density and the three vector 4541 houndary condition or any local boundary conditions
components of the electric current density. Numerical experi- "
ments are performed to test the method by comparing calculated other than perfect CondUCto_r_ bou_ndary_ condition.
transmission loss with the measured data. The MEI boundary condition is a simple local boundary

- _ condition. It is based on a linear finite difference equation

__Index Terms—Finite element method, measured equation of for determining the electric field distribution on the boundary
invariance, microstrip, multichip module, package design, prop- . ;
agation mode, triplate strip. element. Because the MEI boundary condition incorporates
the conductor geometry into the finite difference equation,
the boundary condition can be placed very close to the
conductor surface without sacrificing accuracy. The small

ITH rapid improvement in transistor switching speeds;alculated area for the numerical method with MEI boundary

the interconnections within and between integratezbndition will reduce the size of the matrix equation for
circuits (IC's) are increasingly limiting the performance ofhe calculation. Therefore, the current density distribution on
very large scale integration (VLSI) systems [1]. These fine cross section contour of the conductor can be calculated
interconnect lines are often complex structures containimgth limited computer resources. But, prior to this work, the
multiple layers of dielectric and/or conductor materials. FAVIEl boundary condition was used only for calculating two-
example, many multichip module (MCM) technologies usdimensional (2-D) scattering of TE or TM waves [2], [3].
clad copper interconnect structures, cables often use gdid-this work, the theory of the MEI boundary condition is
coated conductors, and even IC interconnects are becoméxtended to the boundary condition for the hybrid edge/nodal
heterogeneous. VFEM for calculating the electric field distribution of a

Unfortunately, no current electromagnetic modeling teclpropagating wave in a transmission line in MCM.
nigue can handle multilayer conductors. Computer-based modThis paper is organized as follows: The theory and the
eling techniques are essential if we wish to evaluate multipé@plication of the three-component MEI boundary are dis-
technology alternatives and to produce simulation models. ¢assed in Section Il. The application of the three-component
this paper, we extend the measured equation of invariand&l boundary condition for the hybrid edge/nodal VFEM is
(MEI) boundary condition to handle such structures. explained in Section Ill. The calculated results are compared

In order to calculate the electromagnetic field distributiowith measured results in Section IV. Finally, our conclusions
accurately with limited computer resources, it is very impomre offered in Section V.
tant to choose an efficient numerical method with a suitable
boundgry conditiont'o truncate the infinite space. Thgloss from Il. THEORY AND MODELING
the strip conductor in an MCM causes the electric field to be . o )
induced in the axial direction. Therefore, the field distribution 1N MEI boundary condition is based on a finite difference
for a wave propagating along a transmission line in an Mcduation to describe how the electromagnetic field distribution

is affected by the surface charge and axial electric field. TRE @ boundary element relates to the field distribution on the
neighboring elements. The finite difference equation is given
Manuscript received March 19, 1998; revised November 3, 1998. This pa
was supported in part by DARPA under Contract DASHO04-94-G-003-P2,

I. INTRODUCTION AND MOTIVATION

an NSF Young Investigator Award, and a North Carolina Supercomputering n—1

Center Research Grant. . — 1
H. L. Lo is with Tyco Submarine Systems Ltd., Holmdel, NJ 07733 USA. Z a;p; =0 (@)
J. F. Kauffman and P. D. Franzon are with the Department of Electrical and =0

Computer Engineering, North Carolina State University, Raleigh, NC 27695 . .

Do’ 9 9 Y 9 Wherei = 0 corresponds to the boundary element ang
Publisher Item Identifier S 1521-3323(99)00994-6. 1,4 =2,---,4 = n—1 correspond to the neighboring elements.

1521-3323/99$10.001 1999 IEEE



LO et al: HIGH FREQUENCY LOSS AND ELECTROMAGNETIC FIELD DISTRIBUTION 17

conductor by the following relation:

— —

E=jwA 2

with

—

1= Ho . Frt) J(r7) dr?
=5 [ a1y () a @

where S is the cross section of the conductey, is the free
space permeability, ang(7]r) is the Green’s function.

The direction of the electric field on each node is perpendic-
ular to the cross section plane of the strip conductor, and the
electric field on the nodes of a boundary cell is calculated by
the axial component of the current density distribution in the
conductor. By using a finite difference equation to represent
the relationship of the field distribution on the nodes in a MEI
cell, the field distribution on the boundary node is determined
by the field distribution on its neighboring nodes.

For the eight-node MEI cells shown in Fig. 1, the axial
component of electric field on node &, is determined by
the following finite difference equation:

a1 By +asks + azbz + asky
+asEs + aglBg + arkr = Ey 4)

whereay,---,a; are the coefficients of the finite difference
equation, and the values must be calculated for each MEI cell.
Fig. 1. The boundary cells for nodal field calculation. The variablesEy, - - - , 7 are the axial components of electric
field on the nodes in a MEI cell, and their values are calculated

Letay = —1, and the coefficientsy, - - - , a,,_; are determined by the axial component of current density distribution in the
by applyingn — 1 distributions (called metrons) [2] of surfaceconductor. By using the equivalence principle [5], the effect
current density on the conductor. The field distribution on tH¥ the current density distribution inside the conductor can
boundary element is determined by equation (1) instead of E9 replaced by a current density distribution on the conductor
the mesh equation from finite element method. The theory gface. For an assigned current density distributimet(on
MEI boundary condition is based on three postulates: k) on the surface of the conductor, the axial component of

Postulate 1: The coefficients of (1) are location dependenglectric field distribution on node is

Postulate 2: The coefficients of (1) are geometry specific. ‘ S o o

Postulate 3: The coefficients of (1) are approximately in- Ej (7 = j'{CG(ﬂT/)Jé(Tl) dr’ (5)
variant with excitation. _

Postulates 1 and 2 explain why we can use MEI boundathereC' is the contour of the condugtoié‘(r’) is the surface
to replace the whole outer space. Postulate 3 enables usugent density ofnetronk at pointr’ on the surface of the
replace the outer boundary of FDM/FEM mesh cells by MElonductor, and?(+]+') is the Green’s function. For the infinite
cells as shown in Fig. 1. transmission line, the Green’s function is the Hankel function

Outside the conductor, the electric field in the axial dire®f zero order and second kind [3].
tion is induced by the current inside the conductor, and theSeven metrons are needed to derive the coefficients
transverse electric field is mainly due to the surface charge,---, a7 in (4). The electric field distribution on node O,
on the conductor. In order to reduce the complication of th@de 1,---, node 7 is calculated by (5) for each assigned
eigenvalue calculation for the propagation modes, we calculatetron. After substituting the electric field on the nodes in (4)
the boundary condition of electric field in the axial directioipy applying seven different metronsietrono0, - - -, metron6
independent with the electric field in the transverse directioan the conductor surface, we get 7 equations as

7
S aEj=E;, i=01,---6 (6)
A. MEI Boundary Condition for the Electric 7=t

Field in the Axial Direction where E/ calculated by (5), is the electric field intensity on

In order to calculate the field distribution on the boundamyode : due to metronj.
nodes of the FEM mesh, eight-node cells are used as showiThe coefficientsay,- -+, a7 can be determined by Solving
in Fig. 1. The axial component of the electric field outsidéhe linear equations in (6). Therefore, the electric field distri-
the conductor is related to the electric current density in theition on node O is determined by (4), and this boundary
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Fig. 2. The positiorl on the periphery of the strip conductor. VAP AN eV /
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condition is used to truncate the infinite space outside the
calculated area.

In order to solve the coefficients; to a7, in (4), seven
different metrons of current density distribution on the con-
ductor surface are needed. We define the length of the cross
section contour of the conductor strip Asand the point on Fig- 3. The boundary cells for edge field calculation.
the cross section contour of the strip/ias shown in Fig. 2.

Because the metron and the space derivative of the metifiace current density perpendicular to the axial direction. On
must be continuous functions [4], the seven distributions ge surface of the conductor, the direction of the electric field
surface current density in the axial direction are assigned asctor due to the surface charge density is perpendicular to

Conductor

sinusoidal distributions the conductor surface, and the electric field due to the surface
2kl E—01.23 current density is parallel to the conductor surface. The edge
iy cos L’ A elements of the numerical mesh in the dielectric are used to
VGRS SRR T (7 ©er | ise
sin (k =3)mr E—456. define the two orthogonal field components: the electric field
L ’ o perpendicular to the artificial boundary, and the electric field
The axial current density on the conductor surface can Barallel to the artificial boundary. _
approximated by a summation of Fourier series For a perpendlcular-e.dge MEI cell in Fig. 3, the elec_trlc
s . field £y on the perpendicular-edge element 0 is determined
2kl 2(k — 3)wl by the following finite difference equation:
g :Zbkcos LW —i—Zkain% y g a
k=0 k=4 a1 Ey 4 asEy + a3y + asEly
6 — — — —
_ bed (1), (8) +asF5 +asEe + arE7 = Eg 9)
k=0 where the coefficients;y, - - -, a7 are calculated by applying

The residuals of the MEI boundary equations for the thé metrons on the surface of the conductor. The value of the
current distribution of the sinusoidal components in (8) amaetron for surface charge density on the cross section contour
zero because we use these terms to evaluate the finite dffthe conductor in Fig. 2 are assigned as

ference equation for the boundary condition. The use of the kel

geometry specific Green’s function for the metrons to calculate N cos , k=0,1,2,3
the coefficients of the finite difference equation makes the use QD=9 o —3)m (10)
of additional terms unnecessary. Mei al. [2] have shown s —————, k=4,56

that the residuals of the boundary equations are almost zero ]
for additional higher-order terms in the summation of (8). Wherek is the metron number. _

The electric field intensity on perpendicular-edge elemient
B. MEI Boundary Condition for Transverse Electric Field in Fig. 3 is due to the surface chargeetronk as

The boundary condition for the electric field due to the EF@) =[VVFED)] - 5
surface charge density is modeled using the MEI cells with 1 AP
perpendicular-edge elements, and the boundary condition for = [ ngG(FIT Qs (") dr'| -5 (11)
the electric field due to the surface current density on the
transverse plane is modeled using MEI cells with parallel-edgénere V*(7) is the electric potential on the perpendicular-
elements as shown in Fig. 3 because the MEI boundary candaige element, Q*(+') is the electric charge density on the
placed very close to the conductor surface. On the transvecemductor surface fometronk, ¢, is relative permittivity,eq
plane, the electric field outside the conductor is determinéithe permittivity in free space, an§l is an unit vector on

both by the surface charge density on the conductor and #dge:, whose direction is toward the artificial boundary.

dreneq
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After seven metrons in (10) are applied to the finite difwherey,. is the relative permeability of the region of interest,
ference equation (9) for a perpendicular-edge MEI cell, thg is the complex relative permittivity of the region of interest,
coefficients of the MEI cells can be solved as described) ande, are the permeability and permittivity in free space.
in Section II-A. By the same argument for eight-node MESBubstituting (16) into (15), we get the vector Helmholtz's
cells, the electric field on the perpendicular-edge elementeQuation
is determined by the finite difference equation (9) for the - s . =
perpendicular-edge boundary condition. The electric field on VX (VX B) = kypré £ =0 17)
each perpendicular-edge element on the artificial boundary,jfere ko is the wave number in free space, and it equals to
determined by the finite difference equation calculated fro[p\/m.
the MEI cell of this boundary element instead of the mesh'kqr 4 conductor, the electric field and the magnetic field are

equation from FEM. o related according to the time-harmonic Maxwell's equation
For the parallel-edge MEI cells in Fig. 3, the parallel-edge

element 0 is determined by the following finite difference Vx H=J+ jwekE
equation: =0 + jweE
alﬁl + GQEQ + agﬁg + a4E4 = (‘7 +jW6O)E
+ asEs + agEs + a7Er = E (12) = jw <1 _ ji)eoE"’ (18)
where the coefficients;y, - - -, a7 are calculated by applying o

7 metrons of transverse current density on the surface of there f is the density of the conduction current, is the
conductor. The metrons of the surface current density on téenductivity of the conductor, and is the radian frequency.

cross section of the conductor in Fig. 2 are assigned as In order to simplify (18), we define the complex relative
permittivity of a conductor as

2
. cos 2FmL. k=0,1,2,3 N 1)
Jo() = . 2(k—=3)nl (13) R weg
sin , k=4,5,6
L and for a lossy dielectric it can be written as

where k is the metron number.

The electric field intensity on the parallel-edge elemént & = er(l—gtand) (20)
from a metron is calculated by wheree,. is the relative permittivity of the dielectric, andn §
-~ N R is the loss tangent. For a lossless dielectric, the loss tangent
L (7) = jch(FlT )IS(r") - 5 dr (14) is zero. The VFEM functional of the Helmholtz’s equation on

) ) S the 2-D cross section is given by
wheres; is the unit vector on edgé whose direction is coun-

terclockwise and parallel to the artificial boundary, aﬁtﬂﬁ) = // [(V x (V x E) — /fgurgrﬁ) .E*] dz dy
is the conductor surface current density on the transverse plane Q

for metron &. _ _ L = [ [ (VX E) (VxE)* — ke, E - B dz dy
After seven metrons in (13) are applied to the finite differ- Q
ence equation of the parallel-edge MEI cell, the coefficients (21)

of the MEI cells can be solved as described in Section II-
A. Therefore, the electric field intensity on the parallel-edg ) :
element 0 is determined by (12) for the parallel-edge bounddRF SUPerscripk means the ComP'eX conjuga_te. )
condition. The electric field on each parallel-edge element on" order to aPp'y VFEMto th? field calculation, we assign a
the boundary is determined by the finite difference equati(%’mber of hybrid edge/nodal triangular cells to cover the cross

calculated from the MEI cell of this boundary element instea%FCtion of the strip conductor, and the partition is illustrated
of the mesh equation from FEM in Fig. 4. The edge element$F.;}, of the VFEM cell on

the right-hand side of Fig. 4 ar@tl,EtQ, and Etg. The
node elements{ £}, of the cell areE:/],E:/Q, and E:/g. The
distribution of the electric field in the:,y, and =z directions
for the enclosed area of each cell is determined by the field

In a source-free lossy medium, the homogeneous vect@fength of the edge/node elements in the cell as
Helmholtz's equation for the electric field is

here(2 is the calculated area on the cross section plane, and

I1l. HYBRID EDGE/NODAL VFEM WITH
THREECOMPONENT MEI BOUNDARY CONDITION

. . E, {UY{E:
Vx(VxE)-KE=0 (15) E=\E,| = | {VIT{E}. (22)
. B.| |{NY{E).
where the wave numbek. is a complex number for the
conducting region where{U} and{V'} are the shape-function sets for the edge
elements{ NV} is the shape-function set for the node elements,
ke =wy/picee T is the transpose operator for the vector, a@rid the square

=w/ troéreq (16) root of —1. The factorj is used to time the shape function
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Fig. 4. The 2-D cross section of a stripline with triangular cells for VFEM calculation.

of node elements, because the field in the axial directionrisplace the node boundary elements in the axial direction in

perpendicular to the field in the transverse direction. (26), and we get
In order to get the electric field distribution on the finite , ,
element edges, we substitute (22) into (21), and minimize the YEH B} — (K HE:} = {0} (28)
VFEM functional by The ith row of matrix [K’,] and [K’_] in (28) contain the
oF . coefficients of a linear equation for calculating the electric field
0B 0, t=1,23,--- N (23) distribution of theith element. In order to make the boundary

elements in (28) become independent of the propagation
where N is the total number of edges. This results in theonstant, the rows of the boundary elements in the axial
following matrix equation: direction are assigned to zeros for matfix’,]. The rows of
the boundary elements in the axial direction are replaced by the
(K] = 7 [Me] _’Y[Ktz]:| [{Et}} _ [{0}} (24) finite difference equations from the MEI boundary condition
=[] [K.:] | [{E:} {0} for matrix [K’_]. The electric field distribution on the bound-

Separating the electric field strength into transverse and &Y nodes is, therefore, determined by the finite difference

. . . . . _equations which are obtained by truncating the infinite space
ial components in (24), we get the following matrix equatlon:%y an artificial boundary—MEI boundary condition,

—[Kul{E} + (KB} + 7 [Me]{E:} = {0} (25) B. Aoplving Vector MEI Boundary Condition f
_ _ . Applying Vector oundary Condition for
VB = TGN ={0) (26) 4 Flements in Transverse Direction
Eliminating the axial component from these two matrix equa- In order to truncate the open space for the hybrid edge/nodal
tions, we get the following equation which is used to obtaFEM calculation, we apply the MEI boundary condition for

the propagation constant the edge elements on the boundary in (27) and get
[Kit]{Et} - ’72([Ktz][Kzz]_1[Kzt] + [Mtt]){Et} = {0} [K;t]{Et}
(27) — V(KK 7 K] + [Mu])Y {Ee} = {0} (29)

We call (29) HTMEI equation with HTMEI standing for Hy-
brid edge/nodal FEM with the Three-component MEI Bound-
ary Condition. The rows of the boundary elements in matrix

The boundary condition for the axial elements is to dé{K;.|[K..]7[K.:] + [My]) of (29) are set to zero for
termine the field intensities of the elements on the artificiahaking the boundary condition independent of the propagation
boundary by the MEI boundary equations instead of the hybrdnstant;y. The rows of the boundary elements in mafiig/, |
edge/nodal VFEM mesh equations. In order to truncate thee replaced by the finite difference equations from the MEI
infinite open space, the MEI boundary equations are usedbtoundary condition.

A. Applying Vector MEI Boundary Condition for
the Elements in the Axial Direction
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Fig. 6. Calculated and measured transmission loss versus frequency.
C. Eigenvalue Problem A = ~2, in the eigenvalue equation represent the propaga-

In order to calculate the propagation mode of (27), wion modes. By substituting the eigenvalue of the dominant
propagation mode back into (27), we calculate the transverse

rewrite it as o7 S : S
electric field distribution on the cross section of the stripline.
A{E,} — AB{E,} = {0} (30) The electric field distribution in the axial direction is calculated
) by substituting the eigenvalue of the dominant propagation
with mode and the transverse electric field distributipf, }, into
A=[K/] (26).
— -1 /
Ej\_([QKtZ][K“] (K] + [Mua]) IV. COMPUTATIONAL RESULTS
=",

We coded this method in Fortran and ran it on a Cray-YMP
where~ is the complex propagation constant. IR{E;} =y, computer. In order to estimate the transmission loss and the
then {E,} = B~1y. SubstitutingB{E,} by y, and {E,} by electric field distribution in the conductor more accurately,

B~'y in (30), we get the hybrid edge/nodal VFEM with the three-component MEI
. boundary condition is used to calculate the electric field
AB™y — My = {0} (31) distribution on the cross section of the transmission line. The

boundary condition truncates the infinite space by a layer of
boundary elements. The calculated results using edge/nodal
My = \y. (32) VFEM with the three-component MEI boundary condition are
close to the measured data at frequencies below 1 GHz. At
Since the matrix)M is not sparse, we have no choice but thigh frequenciesX*1 GHz), the conduction current density is
use a dense-matrix solver (QR decomposition) for calculatiegncentrated in the area close to the conductor surface due to
the complex eigenvalue. The solutions for the eigenvalueskin effect. Because the surface roughness of the conductor

Assigning M = AB~!, we get an eigenvalue equation
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Fig. 11. The transmission line with a thin-film inorganic dielectric.

Fig. 9. The current density distribution on the cross section of the cen

strip of the triplate geometry at 4 GHz. ¥ Fig. 5. In order to compare the calculation results with the

experimental data published by Taguehil. [6], the distance

between two ground2/+t, is set to be 91@m, the thickness
and the transmission loss from the ground are not includgglthe conducting stript, 10 um, and the width of the strip,
in the calculation, the measured data are somewhat higherooo,;;m. For the dielectric, the relative dielectric constant,
than the calculated results at the higher frequencies. The s set to be 7.55, and the loss tangeat, 6, is 0.005. The

calculated results can be used to choose the best structureciffquctivity, o, of the copper (reduction from CuO) is 2:5
the transmission line to be used in the MCM without the cogty g/m [6].

of making samples, and for reducing the turn around time for rhe ransmission loss is a function of frequency as shown

improving performance. in Fig. 6. The theoretical values are simulated by HP85150
) o microwave design system (MDS). The results calculated by
A. The Triplate Strip Line the hybrid edge/nodal VFEM with the three-component MEI
The hybrid edge/nodal VFEM with the three-componertoundary condition are close to the theoretical values which do
MEI boundary condition is used to calculate the transmissiot include the loss from the ground, but the results calculated
loss of a triplate strip. The cross section of the line is illustratdny the edge/nodal VFEM with a wall of perfect conductor [7]
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Fig. 12. The transmission loss versus frequency for the microstrip coated with a thin-film inorganic.

as its boundary condition are larger than the theoretical results 13 um
and measured data. The perfect conductor boundary condition ’4——————"
used in [7] is shown in Fig. 7. The measured data are higher
than our calculated results, because our calculated results do CriCu/Cr Metai Line
. (100ACr /A0kACu/100ACr )

not include the loss from ground plane. The three-component
MEI boundary condition makes the field distribution in the
dielectric close to the real situation, and improves the accuracy
of the calculation.

In order to know how the current density distribution on the
cross section of the conductor affects the transmission loss, A e
we plot the current density distributions on the cross sectig@,. 13. The transmission line coated with a thin-film chromium.
of the conductor for different frequencies. For 2, 4, and 6
GHz, the current density distributions in the strip conductor are
shown in Figs. 8-10. At high frequency, the current density For the microstrip structure shown in Fig. 11, the strip
distribution concentrates on the area close to the conductmnductor is buried in the polyimide dielectric with a ground
surface, and the effective cross section area for conductiglane under it and the space above strip conductor is filled
current is smaller than the effective cross section area at lavith polyimide. The strip conductor is copper clad with a thin
frequency. Therefore, the transmission loss is larger for tfiBn of inorganic dielectric. The dimensions of the structure
higher frequency wave. are shown in Fig. 11. The thickness of the thin-film inorganic
dielectric is much smaller than the thickness of the conductor.
Because the transmission loss from the strip conductor is much
larger than the loss from the inorganic dielectric, the electric

The MCM manufacturers usually use copper as the coproperties of the inorganic dielectric are assumed the same as
ducting metal due to its low resistivity which provides thesthe electronic properties of polyimide to simplify the numerical
MCM technologies a distinct performance advantage at lowalculation. The loss tangent of inorganic dielectric is assumed
cost. Polyimide is chosen as the dielectric material in the MCM be zero, and the relative dielectric constantjs 3.0, which
package for its low dielectric loss. In order to eliminate this the same as the relative dielectric constant of polyimide for
reaction between copper and polyimide [8], [9], a diffusiothe transmission loss calculation. The conductivity of copper
barrier layer between copper and polyimide is often added fiyr the strip conductor is 5.& 107 S/m.
the manufacturers. There are two barrier layers reported [10]:The transmission loss of the inorganic dielectric clad mi-
a thin film of inorganic dielectric and a thin film of metal. Wecrostrip is a function of frequency as shown in Fig. 12. The
used the structures published by Adeetal.[10] to calculate calculated transmission loss is smaller than the measured data
the propagation losses of the microstrip transmission lines amecause the transmission loss from the ground and the cladding
compare the calculated results with the measured data. Tielectric is not included for the numerical calculation. At
structures in Ademat al. [10] are: the microstrip clad with low frequency, the skin depth of the conductor is larger than
inorganic dielectric and the microstrip coated with chromiunthe thickness of the conductor, the major transmission loss

S um

B. The Coated Interconnection Used in an MCM
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Fig. 14. The transmission loss of a transmission line coated with chromium.

comes from the strip conductor. Therefore, the difference efuation in the transmission line, then a HTMEI (29) is
the transmission loss between the calculated results and filvenulated. By calculating the eigenvector of the lowest-
measured data is smaller at a lower wave frequency. mode eigenvalue of the HTMEI equation, we obtained the

By using a Balzers BAK 760 electron-beam evaporator [1(ffjeld distribution on the transverse plane. The square roots
the strip conductor is constructed of Cr/Cu/Cr with the thickef the eigenvalues are the complex propagation constants.
ness of 10 /4 um/lOO,& as shown in Fig. 13. The thicknessThe real part of the propagation constant is the attenuation
and width of the copper conductor in Fig. 13 are the same @snstant and the transmission loss can be calculated by the
the copper conductor in Fig. 11 for comparing the transmissiattenuation constant.
loss between these two microstrips. The conductivity of the The boundary condition for the hybrid edge/nodal FEM is an
copper is 5.8x 107 S/m, but the conductivity of chromium approximate method for the field distribution calculation. The
is only 7.75x 10° S/m. infinite space with the effect of the ground plate(s) is truncated

As shown in Fig. 14, the calculated transmission loss is stilly the three-component MEI cells for the boundary condition.
lower than the measured data, and the difference between Tihe boundary condition is not only used to simulate the
calculated results and the measured data in Fig. 14 is smalleve propagation in the open area, but also applied to hybrid
than the difference in Fig. 12. That's because the loss tangedge/nodal FEM to calculate all the possible propagation
of the clad inorganic dielectric in Fig. 11 is larger than thenodes. The finite difference equation of the MEI boundary
loss tangent of polyimide. condition is used to define the boundary elements for the

In order to choose the best transmission line structure foalculation. We coded the technique to run on a Cray-YMP
the system performance, we compare Fig. 14 with Fig. 1@mputer. Typical run times were 20 min.
The skin effect is not significant on the cross section of the The transmission loss consists of the loss from the strip
conductor at low frequency, the difference between the trarnductor, the loss from the dielectric, the loss from the
mission loss of the Cr/Cu/Cr microstrip and the transmissiaonductor surface roughness, and the loss from the ground.
loss of the inorganic dielectric clad microstrip is small. AFhe calculated transmission loss of this paper includes the
the frequency increases, the current density is higher in tless from the strip conductor and the loss from the dielectric.
area close to the bottom of the strip conductor. Because fhige trend of the calculated transmission loss is consistent with
resistivity of chromium is higher than the resistivity of coppetthe trend of the measured transmission loss. The calculated
the transmission loss of the Cr/Cu/Cr microstrip is higher tharansmission loss is 5-10% less than the measured transmis-
the transmission loss of the inorganic dielectric clad microstrgion loss in general. The relatively small difference between
for wave propagation at high frequency. the calculated and measured transmission losses suggests that

the transmission loss is dominated by the loss from the strip
conductor, and the loss from the dielectric.
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