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The Finite-Element Method for Modeling Circuits
and Interconnects for Electronic Packaging

Anastasis C. Polycarpou, Panayiotis A. Tirkitember, IEEE,and Constantine A. Balanigellow, IEEE

Abstract—A full-wave finite-element method (FEM) is formu-  circuits mandates the implementation of full-wave techniques
lated and applied in the analysis of practical electronic pack- sych as the finite-difference time-domain (FDTD) method [1],
aging circuits and interconnects. The method is used to calculate the spectral-domain approach (SDA) [2], and the finite-element
S-parameters of unshielded microwave components such as patch "
antennas, filters, spiral inductors, bridges, bond wires, and mi- metho‘?‘ (FEM) 3]. The.FDTD method is probably the mOSt
crostrip transitions through a via. Although only representative ~ €xtensively used technique for the analysis of geometrically
microwave passive circuits and interconnects are analyzed in complex packaging structures. It was initially applied for
this paper, the underlined formulation is applicable to structures the evaluation of frequency_dependent parameters of basic

of arbitrary geometrical complexities including microstrip and i oqtrin discontinuities [4], [5]. It was later successfully
coplanar-waveguide transitions, multiple conducting vias and

solder bumps, multiple striplines, and multilayer substrates. The IMPlemented in the analysis of more complex structures such
accuracy of the finite-element formulation is extensively verified as filters, microstrip transitions, bond wires, bridges, etc.
by calculating the respectiveS-parameters and comparing them [6], [7]. However, the main drawback of the method is
with results obtained using the finite-difference time-domain that curved surfaces and nonrectangular volumes are usually
glzsl,?aTdDi)sggghe%d' Computational statistics for both methods are modeled using a staircasing approach. The SDA technique
' ) o ~is also very popular in the area of microwave-circuit analy-
Index Terms—Electronic packaging, finite-element method, in- - gj5 and design. Its main disadvantage though is that it can
terconnects, passive circuits. only handle metallizations in the same plane. Although the
method can be extended to treat conducting transitions in
I. INTRODUCTION the vertical plane [8], it still is restricted to specific types of
monolithic-microwavégeometr!es' On thg contraryf the FEM is the_most versatll_e
integrated-circuit (MMIC) technology resulted inand flexible numerical technique to be used in the analysis

electronic packages of significantly smaller size and a largd 960metrically complicated electronic packaging structures.

number of printed interconnects on the motherboard. Accurdtf€ introduction of vector finite elements [9], the valuable
design and optimization of such high-speed high_densif)(pntrlbutlons on absorblng—boundary c_ond|t_|ons (ABC's) [10]
microwave circuits and interconnects becomes a maj%?d the el_‘fectlver_less of sparse matrix iterative solvers, crea_ted
challenge when it comes to high performance and low cog conducive enwronlment for the evolut!on of the method in
High-frequency operation is usually the main cause of stroH@e area of computational ele.ctromagnetllcs.. The FEM has been
coupling and interference among neighboring transmissi§xXtensively used for scattering and radiation problems [11],
lines, thereby affecting the overall electrical performance ¥f@veguide propagation problems [12], and analysis of two-
the package. The presence of abrupt discontinuities, microsfinensional (2-D) MMIC structures [13], [14]. Recently, the
bends, bond wires, metallic bridges, and vertical conductifgethod has been applied in tieparameter evaluation of
vias results in additional parasitic effects such as radiation athgee-dimensional (3-D) MMIC's such as microstrip transi-
time delays. The major objective of current technology is tHEPNS, planar discontinuities, and conducting vias [15]-{17].
design of electronic packages that are optimized to minimize This paper formulates a full-wave analysis and implemen-
severe parasitic effects without necessarily increasing the ci&dton of the FEM to geometrically complex and practical
or the complexity of the manufacturing process. microwave circuits and interconnects. Unlike previous work on
The existing high demand for the development of mor&e subject [15]-[17], a 2-D eigenvalue analysis [14] is applied
accurate, versatile, and efficient numerical models which céh the input port in order to compute the field distribution
be used in the design and characterization of microwa@é the dominant and higher order modes; the microwave
circuit is then excited with the governing modal distribution.
Manuscript received January 20, 1997; revised July 1, 1997. This onlbe eigenvalue anaIySiS is also applied to the output port
was supported by the U.S. Army Research Office under Grant DAAL03-9I1 order to calculate the frequency-dependent propagation

G-0262. _ , _constant and characteristic impedance of the transmission line.
A. C. Polycarpou and C. A. Balanis are with the Department of Electrlca#h

Engineering, Telecommunications Research Center, Arizona State Univers y,e d!SperSNe_ propa_gatlon ConSt_ant at the input and output
Tempe, AZ 85287-7206 USA. ports is used in the implementation of the ABC's, whereas

P. A. Tirkas was with the Department of Electrical Engineering, TeleCOnfhe Charactens“c |mpedance |S used in the evalua‘“on of
munications Research Center, Arizona State University, Tempe, AZ 852

7206 USA. He is now with Space Systems/Loral, Palo Alto, CA 94303 USAN€ S-parameters. The current formulation is proven to be
Publisher Item Identifier S 0018-9480(97)07399-7. efficient, flexibleand extremelyaccuratein analyzing complex

ECENT advancements in

0018-9480/97$10.001 1997 IEEE



POLYCARPOUet al. FEM FOR MODELING CIRCUITS AND INTERCONNECTS FOR ELECTRONIC PACKAGING 1869

precise attenuation rate of the fields along the transverse
direction. The corresponding attenuation constant is geome-
try specific and is usually estimated based on approximate
empirical formulas [18].

The 3-D finite-element analysis begins with the discretiza-
tion of Helmholtz's equation in the following source-free
region:

Output Port

Side Walls

Discontinuity

Vx (] VxE)-Ee]E=0 1)

where[e,.] and [11,-] are, respectively, the relative permittivity
and permeability tensors of the domain. Using the well-
Fig. 1. 3-D rendering of a typical microstrip discontinuity. known Galerkin’s technique, the Helmholtz's equation may
be transformed in a weak integral form given by

Input Port

microwave circuits and interconnects. Itéfficientbecause of
the use of a 2-D eigenvalue analysis to determine the excitation/ (] TV X E) - (V x N)dV — /fg/ [e:] - E-NdV
fields and needed circuit parameters. Wéssatilebecause the . it
input and output ports are not restricted to a single microstrip —|—/ ([1:] 71V x E) - (N x ) dA
line—coplanar waveguides, coupled microstrip lines, and fin- 51
lines can also be used. It &ccuratebecause the excitation + | (] 'V x E)- (N x a,)dA
field, propagation constant, and characteristic impedance are Sy
computed at every frequency using a full-wave approach. 1 . .

An outline of the FEM formulation used toward modeling - /SS([IM] VX E)- (N Xa,)dA=0 (2)

complex microwave circuits and interconnects is provided in .
Section 1. Similarly, a description of the FDTD implemen¥here5; and.S; denote the input and output ports, respec-

tation is given in Section Ill. Numerical results for severdiVely, whereasS; denotes all open wall surfaces. The unit
representative geometries including a microstrip patch antenH&ctor . is normal to a given surface and is pointing outside

a planar microwave filter, a circular spiral inductor connectdfi€ finite-element volume, whered¥ is the vector testing

in series or in parallel, and a package depicting a doubifstnction. To evg!uate the surface integrals in (2), appropriate
via transition between two microstrip lines are presented fpundary conditions need to be developed at those surfaces
Section IV. For some of these cases, a comparison betwé&hl, [15]. The development of such boundary conditions

the FEM and FDTD method is shown. mandates expressing the electric field on the surface in terms
of the transverse and longitudinal components, designated by
Il. THE FEM the subscriptg andn as follows:
A fulllwave FEM is used in the analysis of complex E=E,+6,F,. (3)

electronic packaging circuits printed on single or multilayer
substrates. A typical microstrip discontinuity is illustratedhe normal component of the electric field, is further
in Fig. 1. The input port of the structure is excited usingssumed to be negligible. This assumption is implemented
the dominant field distribution at a specific frequency. Thenly in the evaluation of the surface integrals. As a result,
governing field distribution at the input port is evaluated the total electric field at the excitation plane can be expressed
priori using a 2-D eigenvalue analysis [14]. The input an@s a superposition of two transverse field components, i.e.,
output ports are appropriately terminated using ABC’s that
are directly applied to the transverse electric-field componen{ﬂ(ﬁl’vy7 %)
at the surface. The same type of ABC’s are also used \}v(?]ere the SUDErsCcrinis, d denote incident and i-
effectively terminate the sidewalls of open structures. ' P pisic andsca denote incident and sca

) .tered fields, respectively. The incident field in (4) is obtained

Although the 2-D analysis assumes that the surroundlﬂ%m the 2-D eigenvalue analysis, i.e

walls are either perfect electric conducting (PEC) or perfect o
magne?ic conducting (PMC) surfagesz the obtained solution E™(z,y,2) = Eoey(x,y)e7F> (5)
may still be used as a proper excitation for open structures
provided that the terminating sidewalls are placed far enouglheree,(x, y) is the field distribution of the dominant mode
to allow decay of the evanescent fields along the transveeethe input port andc. is the corresponding propagation
direction. Because of the highly attenuating nature of thesenstant. Expressing the incident field in the form shown in
fields, the error caused by the terminating sidewalls is basica{B), it was assumed that the input port lies on theplane.
negligible if the distance between the transmission line alibstituting (5) into (4), the total transverse field at the input
mesh truncation is comparable to the distance between pregamt is represented as
discontinuities and ABC surfaces. Besides, implementation of
boundary conditions for evanescent fields in an eigenvalue E(z,y,7) ~ E(z,y,7)
analysis, although straightforward, requires knowledge of the = Eoe,(z,y)e %% + RE e,(x,y)e/*+* (6)

~ Ei(x,y,2) = Ef(e,y, 2) + B (2,9, 2) (4)
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respectively, the permittivity and permeability of the local
medium. By introducing tetrahedral elements, the electric field
E is expanded in terms of a set of vector basis functidhs

to finally obtain the following elemental matrix system:

[M* + Bg, + BS, + B {E°) = {1}

Input Port

,,,,,,,,,,,,,,

(12)
where

M) = [ 75 N ] (7 5 Ny av

. — k2| N .[e] N;dv (13)
. o
Fig. 2. Two-port geometry with the output port oriented at an adghgth € (s i\ . . R T, -1
respect to the input port. Bg, (1,5) = k- /Se (N x an, - ]
1
AN, X Gn, ydA (14)
whereR is the reflection coefficient. Based on (6), the follow- . ) T .
ing first-order ABC is valid [11]: Bs, (4:7) = jkn /S {Ni X n, 7 - 1]
2
—d, X (VX E)+ jk.a, x (4, x E) = =2jk.E™. (7) AN; X Gy, }dA (15)
A similar ABC can be derived for the output port as well. The  Bg, (i, ) :jko,/e,,u,,/ {N; X G, 3 ]t
planar surface of the output port lies on thgplane where 55
é, X d, forms a unit vector normal to the port plane. This unit AN X an, tdA (16)
vector forms an anglé with respect to the unit vectdr,. In er . A T 1
other words, the output port plane does not have to be parallel b() = - 2jk- /s; Wi xan, 1 [par]
with the input port plane (see Fig. 2). As a result, geometries {Eim X G} dA 17)
: t ni

such as waveguide and microstrip bends may be analyzed.
Referring to Fig. 2, the total field at the output port can bghere;, j = 1,.--,6. The elemental matrices are then as-
expressed in the following form: sembled into the global matrix using the edge connectivity
E(x,y,2)~E(x,y, z)=TEoe(r, y)e—jkn(a}sine—l—zcose) (8) infpr_mation. _The global_ matrix system is solved l_Jsing an
efficient conjugate gradient-square (CGS) solver with Jacobi

whereT is the transmission coefficient aig is the effective
propagation constant in the direction represented by

(9)

= G, sinf + a, cosb.

preconditioning. For better and faster convergence, the itera-
tion is done in double precision.

Once the electric-field distribution is obtained everywhere
in the structure, the next step is to evaluate the corresponding

Based on the orientation of the output port and the correspoi@ltages at the two ports. Note that although the theoretical
ing field distribution at that plane, a valid first-order ABC iformulation was based on a two-port network, it can be easily

given by [11]

dn X (V x E) + jkpa, x (4, x E) =0. (10)

Substituting (7) and (10) into (2), the latter becomes
/Q([u,,]—lv x E) - (VxN)dV — k2 /Q[e,,] “E-NdV
+ij/5 ([te] 2E X ) - (N X i, ) dA
—i—jkn/s (]2 x ) - (N % 1, ) dA
+/S (] 'V X E) - (N X ) dA

=-2jk, / ([r] 2 EP X iy ) - (N X ) dA (11)
S1

wherea,,, = —a.,a,, = ad,siné + a, cosd, anda,, is the

extended for multiple ports. Th&-parameters of the structure
are evaluated using

Vl _ lref
S = e (18)
Vl f
V2 ch
So1 = —— 19
21 ‘/fef ZCQ ( )

where V; and V, are the voltages calculated at ports 1 and
2 (3-D analysis), respectively, where®® is the reference
voltage calculated at port 1 (2-D analysis). Alsg,; and

Z.o are the corresponding characteristic impedances of the
transmission lines at the two ports. These are calculated using
the 2-D finite-element eigenvalue analysis.

lll. THE FDTD METHOD
The FDTD method is one of the most popular numerical

outward unit vector normal to the open wall surfaces. Thechniques for solving complex electromagnetic problems.
ABC at the open walls is very similar to the one implementethe FDTD method is finding applications in a wide spec-
at the output port. The only difference between the twimum of simulation problems including antennas for wireless
is that k,, is replaced byk,./c.1i, where ¢, and p, are, communications, biomedical applications, microwave circuits,
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electronic packaging, and electromagnetic scattering and pen- o
etration. The popularity of this method is attributed to its |
simplicity in implementation and computer programming, its
ability to handle arbitrary and complex geometries including %
different materials, and the fact that it is a time-domain
method. “
An FDTD code suitable for handling general multiconductor .g 25
structures has been developed. The code is quite general ig -3

-10
-15 |

-20

f Sy (

'
i

'
'

handling different material and conductor discontinuities, such %.35 : 0794 mm T

as the ones found in electronic packages. The developed cod® ;| (22,702) ;
uses first-order Mur ABC’s. These have been proven to work | - FEM (28883 3 i

well in applications involving microwave circuits. The electric- o Sheen's results ‘ | e i
wall source condition has been implemented to excite the ™o 2z 4 s & 10 12 14 16 18
dominant mode of structures investigated in this paper. Since Frequency (GHz)

the FDTD method uses rectangular bricks as the basic mes13. Return loss of a rectangular microstrip patch antenna printed on a
elements, it is predominantly suited for planar structures. FgF/Duroid substrate witf, = 2.2.
structures characterized by curved surfaces, the FEM is more

suitable. between the two methods is illustrated. For frequencies lower
In obtaining theS-parameters of a given structure, a sourcgian 10 GHz (where the mesh density is sufficiently fine), the
plane is imposed at the input port. The excitation signal isagreement between the two numerical techniques is excellent.
Gaussian pulse in the time domain. Once the pulse is launchego different finite-element discretizations were considered:
the first-order Mur ABC’s are immediately turned on. Thene with 22 702 tetrahedras and the other with 28 883 tetrahe-
numerical simulation is carried out twice. The first simulatiogras. However, as shown in Fig. 3, only a minor improvement
occurs in the absence of the discontinuity. This is required i§ observed in the predictions when running the larger dis-
order to establish a reference incident waveform propagatiggtization. A possible source of error in the calculations is the
along the microstrip line. The reference plane is defiféd inability of the FDTD method to properly match all microstrip-
cells away from the beginning of the discontinuity. A seconglyrface dimensions. A narrower microstrip line for example,
simulation is repeated in the presence of the discontinuity agRlvays results in a larger characteristic impedance, thereby
the time signature of the incident and reflected voltages #ftecting the RL of the structure, especially at the higher
the reference plane is obtained. Using the two simulatiorffequencies. On the other hand, using the FEM, all geometry
the incident and reflected time-domain waveforms are firgimensions are precisely modeled.
calculated and then used to evaluate the amplitude and phasm order to provide insight into the Computationai effort
of the return loss (RL). A similar argument holds for theequired by the FEM, the following statistics were reported.
transmitted voltage used in the evaluation of the insertion l0$fe original mesh consisted of 22 702 tetrahedras and a total of
(IL) of the structure. 25625 unknowns. The computational time was approximately
30 min per frequency point in the lower frequency range and
15 min per frequency point in the upper frequency range. This
IV. RESULTS problem was run on a 370 IBM RISC/6000 UNIX workstation.
The finite-element formulation presented in Section Il wabBhe solution tolerance based on the residual nhorm was set to
successfully implemented and applied to a variety of cif-~.0c—6. The recorded computational time also accounts for the
cuits and interconnects that are frequently used in microwasentral processing unit (CPU) time needed in evaluating the
electronic packages. The FEM was extensively verified byodal field distribution at the input port. On the other hand,
comparing it with results obtained using the FDTD methothe FDTD code took approximately 45 min for the overall
briefly outlined in Section llI. simulation, and 8192 time steps were allowed for the pulse
The first geometry considered, primarily for verificatiorio propagate. The simulation was done on a Silicon Graphics
purposes, is a rectangular microstrip patch antenna, whichPiswer Indigo2 workstation with an R8000 processor. Note
printed on a RT/Duroid substrate wih = 2.2 and height that the latter is a significantly faster computer than the 370
0.794 mm. A 50 microstrip line is used to excite the patch|IBM RISC/6000.
The same exact geometry was analyzed by Steteal. [6] The second circuit considered in this paper was also ex-
using the FDTD method. The mesh sizes suggested in [@cted from Sheeet al. [6]. This is a low-pass filter which
were also used here; i.eAz = 0.389 mm, Ay = 0.4 mm, is printed on an RT/Duroid substrate with. = 2.2 and
Az = 0.265 mm, andAt = 0.441 ps. These mesh sizes resulheight 0.794 mm. This geometry was run using both the
in an integral number of cells along the width and length of tHeEM and the FDTD codes for a frequency range of 20 GHz.
patch, but not along the width of the microstrip line feedinghe magnitude of;; andS;; versus frequency is illustrated
the patch. The resulting FDTD mesh dimensions arex61 in Fig. 4. Excellent agreement between the two methods is
100 x 17 cells. shown. The finite-element mesh consisted of 28914 tetrahe-
A comparison of the RL obtained using the FEM and théras and a total of 33532 unknown field components. The
FDTD method is shown in Fig. 3. A fairly good agreementorresponding CPU time for this problem was approximately
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Fig. 4. Return and insertion loss of a low-pass filter printed on a RT/Durokig. 5. S-parameters of a spiral inductor connected in series with two

substrate withe, = 2.2. microstrip lines. The substrate is made of aluminaeof= 9.8 and height
0.635 mm fv; = 0.635 mm,ws = w3z = 0.2 MM, w4 = 2.3 mm,R; = 1.9
mm, Ry = 1.3 mm, Rz = 0.7 mm).

20 min per frequency point in the lower frequency range and

10 min per frequency point in the upper frequency range. Note
that although the low-pass filter is computationally a larger 0 T T T 4
problem than the microstrip patch antenna, the required CPU os |- e N d
time is significantly less. The reason is related to the conditiong o[ \ / imupor ]
number of the resulting matrix system. As far as the FDTDE - CEEEE DT ‘ : ]
method is concerned, the mesh dimensions were the foIIowingg

Az = 0.4064 mm, Ay = 0.4233 mm, Az = 0.265 mm, and ~ »"°T
At = 0.441 ps. The overall mesh size was 81101 x 17  « 5[ ¢
cells. The required computational time was approximately 508 0.4
min, and again, a total of 8192 time steps were allowed fors o3|
the pulse to propagate. The simulation was run on a Silicorg? , |
Graphics Power Indigo2 workstation with an R8000 processor.2 g

. . . . 011 __|S
Although spiral inductors, as well as inductors in general, Isﬁ;
are commonly found in microwave circuits, most of the %%, 3 4 5 & 7
relevant analysis has been done based on either quasi-static Frequency (GHz)

methods [19]_0r. reCt_anQU|ar'grid methods such as the F.DTFE-?g. 6. S-parameters of a spiral inductor connected in shunt across a
SDA, transmission-line method (TLM), and method of linesicrostrip line. The substrate is made of aluminaepf= 9.8 and height
(MoL) [20]. Using the FEM, electromagnetic modeling of%635 mm (o = 0.635 mm, w, = 0.2 mm,ws = 0.6 mm, /2 = 1.9 mm,

g . o2 = 1.3 mm, R3 = 0.7 mm).
curved structures presents no more difficulties than rectanguidr
structures provided that the code is written using unstructured

elements. .A qrcular spiral mductor connecteq N series W'E)hf the computational effort (90%) was spent solving the linear
a microstrip line on an alumina substrate with = 9.8 is

considered here. One end of the spiral is bonded with th stem.of equations. Comparing the two p!ots n Fig. S, it is
Interesting to observe that those are not identical, although

microstrip line at port 2 through a cylindrical metallic bridge. - . . . .
The bridge surface is defined by three points: the first poi ery similar. The minor differences are basically attributed to
presence of the cylindrical metallic bridge. In addition, it

is in the center of the spiral, the second point is at the edge; , A
of the microstrip line, and the third point is in the middle of> important to mention here that the spiral inductor behaves

the gap (height of 1.0 mm). The spiral is made outidf 25 @ Iumpgd eIeme.nt only in the !ower range of frequgncies
turns with width 0.2 mm. The microstrip line at the input andfinear region); at higher frequencies, the structure begins to
output ports is 0.635-mm wide, and the substrate height is af§§onate due to additive capacitive effects. .

0.635 mm. The magnitude & andS.» calculated using the A spiral inductor is usually connected either in series or
FEM is illustrated in Fig. 5. Although measurements were n8t Parallel. The same configuration as the one used in the
available for data comparison, the geometry discretization fevious example is now connected in shunt with a microstrip
both cases was sufficiently fine to ensure accurate simulatiofide printed on an alumina substrate. The center of the spiral
Specifically, the mesh consisted of 27701 elements andSagrounded using a planar conducting via. The magnitude
total of 32553 unknowns. The corresponding computationlots of Si; and S2; calculated using the FEM code are
time was approximately 1 h per frequency point in the lowehown in Fig. 6. Although comparisons are not available, it
range of frequencies, and 20 min per frequency point in tiginteresting to observe that at lower frequencies the structure
intermediate-to-upper range of frequencies; again, a 370 IBNeed behaves as a lumped inductor connected in shunt. Such
RISC/6000 workstation was used to run this problem. Moatstructure though is highly resonant; therefore, multiple peaks
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need to be implemented in both FEM and FDTD methods to
further reduce possible truncation errors.

V. CONCLUSIONS

The FEM has been applied in the analysis of microwave
electronic circuits and interconnects. The input port is ex-
cited using a 2-D eigenvalue solution, whereas all ports are
terminated using first-order dispersive ABC’s based on the
effective dielectric constant. The open sidewalls are also
terminated using first-order ABC's. For few of these ge-
ometries, a comparison with the FDTD method is provided.

Fig. 7. Double-via-transition package. The bottom and top layers hafbtainedS-parameters illustrate good agreement between the

dielectric constants of 2.2 and 6.2, respectivély = 0.8 mm, ho = 0.4
mm,hz = 0.6 mm,w; = 2.4 mm,ws = 0.8 mm, w3 = 0.4 mm,wy = 5.2
mm, ws = 6.8 mm, wg = 3.6 mm, ¢t = 0.2 mm).
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Fig. 8. S versus frequency for the double-via-transition package.

two numerical techniques. Although the FEM is shown to
be computationally more intensive than the FDTD method
(at least for the cases considered in this paper), it exhibits
numerous advantages over many numerical techniques—most
importantly, the ability to accurately model curved surfaces
and inhomogeneous materials, both of which are commonly
employed in electronic packages and microwave circuits.
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