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Abstract—in this paper, the bonding-wire interconnection has Accurate models of the bonding-wire interconnect are, there-
been studied from the points of view of its modeling and electrical fore, necessary for an effective design of MMICs operating in
characterization. Both single- and double-wire structures have the millimeter-wave range. Two models are presented in this
been considered, the latter under the assumption of parallel wires. ith diff td f At lect )
Two electrical models of the bonding wire are discussed. First, paF_’erW' ifreren egree_s_o ac_curacy' _”gorouse_ec romag
the finite-difference time-domain (FDTD) method is proposed Netic model based on the finite-difference time-domain (FDTD)
for the rigorous analysis of such structures. This method uses method is presented first. The model uses an appropriate dis-
a suitable discretization technique, which accounts for the wire cretization technique to obtain a polygonal approximation of the
curvature by means of a polygonal approximation. A quasi-static yire cyrvature. A quasi-static model is then proposed, the in-
(r;:)c::}:lshtcéfr;higel()fggllsringgnwtncr)%lss,tfstaﬁ:zJo;r%%&n;%r.u_al}lhi@lcr;c:)vgz\l/eis terconnec_tion _being re_presented as the ca;cade_ of four uniform
based on the representation of the structure with four sections of a transmission-line sections. Such a model is suitable for com-
uniform transmission line and the model parameters are evaluated mercial microwave computer-aided design (CAD) tools since
analytically from the dimensions of the interconnection. Accuracy jts parameters can simply be evaluated analytically from the di-
and applicability of the quasi-static model have been assessedangions of the structure. The FDTD and quasi-static models

by analyzing several test structures, the reference results being . . L .
obtained with the FDTD method. Finally, the quasi-static model /€ applied to both single- and double-wire interconnections. In

has been used to provide an extensive electrical characterization the latter case, the wires are assumed to be parallel.

of the bonding wire versus its main geometrical parameters.  To validate the analysis methods developed, the FDTD model
This characterization is given in terms of an equivalent series as first compared with experimental data available in the lit-
inductance and two equivalent shunt capacitances forming ar erature showing a very good agreement. The FDTD model was

low-pass network. This representation is particularly useful in the .
matching of the bonding-wire discontinuity. then used as a reference in order to assess the accuracy and ap-

Index Terms—Bonding wire, CAD, FDTD, interconnections, pIICc’_:lbIIIty of the quas_I-StatIC model. . .
packaging. Finally, an extensive analysis was carried out using the
quasi-static model in order to characterize the electrical perfor-
mances of single- and double-wire interconnections in terms of
. INTRODUCTION wire length and height. The characterization is given in terms of

HE bonding wire is a very popular interconnection tectan equivalent low-pass-network. Such representation is very
nology adopted in the fabrication of both microwave inuseful in the design of networks capable of compensating for
tegrated circuits (MICs) and monolithic microwave integratefie bonding-wire discontinuity. In particular, the capability of
circuits (MMICs). It is employed to connect solid-state deviceadjusting the wire spacing and, thus, the equivalent inductance
to passive circuit elements, as well as multichip modules. ff double-wire structures, is an additional degree of freedom
spite of its small physical length, when millimeter-wave operéhat can be used to reduce the sensitivity of the interconnection
tions are required, the discontinuity introduced by the bondirig the mechanical tolerances in the chip positioning.
wire can significantly affect the performance of the whole cir-
cuit [1]-[4].
To alleviate this problem, flip-chip [5]-[7] and electro- II. M ODELING
magnetic coupling interconnects [8], [9] have been proposed.
Nonetheless, the bonding wire, well established in consumetn this section, two electrical models of the bonding-wire in-
electronics, remains a very attractive solution since it terconnection are discussed. First, a full-wave model based on
robust and inexpensive. In addition, it has the advantage tbé FDTD method is introduced. This model is used to rigor-
being tolerant of chip thermal expansion (or contraction); ausly analyze several bonding-wire configurations (including
important requirement in many applications, particularly famultichip, single-, and double-wire structures) and to produce
space-qualified systems. reference results. A quasi-static model is then described. It is
derived by approximating the interconnection with four uniform
Manuscript received July 29, 1999. This work was supported in part by tﬁ@nsmiSSion'”ne sections. Such amodelis suitable for commer-
Italian Spatial Agency under Contract 1/R/092/00. cial microwave CAD tools since its parameters can be evaluated
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menti@diei.unipg.t). sions define a geometrical model, which is described in the fol-
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TABLE |
CIRCLE PARAMETERS. A = b? — 4ac
hy — h =d?
a=1_ N2 b=—2d, c=d; +
hy = b (h1 = ha)(hy = ha)
. F.oa=0|  p_pz_g2
Tlemm azo| T 2k | TSR

Fig. 2. Nonuniform mesh and polygonal approximation of the bonding wire.

the specific dimensions of the structuhg b1, h2 andh;, shown
in Fig. 1. The dimension, is the distance between the highest
point of the bonding wire and ground plane.

B. FDTD Model

The discretization technique proposed in [10] and [11] was
adopted for the FDTD analysis of the structures of Fig. 1. This
technique can be explained as follows. First, a graded mesh [12]
s capable of fitting the boundaries of the bonding wire is con-

A structed. Grid nodes are located on the wire contour using the
(b) staircases of Fig. 2. Observe that in order to identify each stair-
Fig. 1. Geometry of the bonding wire. (a) Single-wire interconnection. ()ase, itis sufficient to establish the position of one step. This po-
Double-wire interconnection. sition is a degree of freedom that allows additional constraints
to be satisfied. For example, the ends of the microstrips (hes
andf’ in Fig. 1) and the substrate boundaries (lintandE in
_ . o ._Fig. 1). In the case of Fig. 2, two staircases are needed to satisfy

The g_eomgtne.s of single- and double.—wwe mterconnectlogach constraints. Additional staircases may be used to refine the

are depicted in Fig. 1(a) and (b), respectively. In the latter ca 2scretization.

the wires are assumed to pe para_lllel. The distance between K polygonal approximation of the curved metal contour can

soldering points of each wire is given by then be achieved by adopting triangular cell field updating, as

) described in [13]. The cross section of the wire is approximated
as a square. Outside the wire region, the technigue proposed in

The curvature of the bonding wire has been approximated [&4] has been adopted for an optimum mesh grading.
an arc of a circle. With reference to the coordinate systems of! "€ perfectly matched layer (PML) boundary condition [15]

Fig. 1, the height of each wire from the ground plane can th@gd the excitation technique proposed in [16] was adopted to
be expressed as evaluate the scattering parameters of the bonding wire. Two

uniform microstrip lines were used to feed the structure. The
(2) lengths of these lines were chosen in such a way that higher

order modes at the reference planes have negligible amplitude.
wherer. andz,, y. are the radius, and the andy-coordinates The incident wave was obtained by presimulating a uniform mi-
of the center. These parameters are determined as in Table thystrip line.

A. Geometrical Model

dy =p1+di + g+ da+ po.

Wa) = ye + Vi = (& —xc)?
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Lot Lwt, B | B0, Boe | O Lwe Le briefly summarized in the Appendix. From this analysis, the ef-
! ! : : ! fective dielectric constant and characteristic impedance of the
™) 015 Zoo ‘ Zes Zoe Ze 02 @ line are given by the following equations:
Li e L ko (e —1\]"/?
= A wr |1-2 (S 3
A B Cc D E F G Uo €
70 %0
Fig. 3. i-static model. Ze=g—— (4)
ig Quasi-static mode c 27?@
TABLE I where

LINE PARAMETERS. Z.(x) IS THE LOCAL IMPEDANCE COMPUTED WITH

(4) FOR SINGLE WIRE AND WITH (12) FOR DOUBLE WIRE. Z AND 6 2
ARE THE CHARACTERISTIC IMPEDANCE AND ELECTRICAL LENGTH OF -1 i + i 1 (5)
EACH SECTION IN FIG. 3. 3y = w./Jigo Up = I e o
section Tp A [ A 2 h
d () e
1 1 ? ?
BC n+ ) Ze(zp) Bo di [ew(p)]2 ko =1n "w "w . (6)
ctp+d P
CD 50_?;1____1 Ze(zp) Bo (. —p1 —dy) T T
In these expressiona,is the height of the wire from the ground
DE w Ze(zp) { o (m+di +9— ) plane,h is the thickness of the dielectric substratg, is the
radius of the wire, andy, = 120 7 €2 is the wave impedance of
& ) a vacuum.
EF | pi+ditg+ 5 | Zolzp) | Boda[ew(z))? Thee,(z,) andZ.(z,) values in Table Il can then be com-

puted by using (3)—(6) with the values bf s ande,. at the
midpointsz = .
C. Quasi-Static Model The §oldering regipns can be described by a three—condugtor
) ) _transmission line (wire, strip, ground plane). It can be easily
In [17] and [18], a quasi-static model was used to derigen that, for small electrical lengths, each soldering regiBn

the transmission-line parameters for the two-port structure cQ§}-z7 of Fig. 1(a) can be represented as a T network (see Fig. 3)
sisting of a short length of curved bonding wire in air over gose elements are giveniy

planar dielectric substrate with lower ground plane cladding,

like sectionsBC or EF'in Fig. 1(a). As an approximation, such o . — P 1 @)
a two-port structure was modeled as a uniform transmission line”** e Zsi

with characteristic impedance and length equal to that of the 1 i

original structure. The curved wire was replaced with a straight ~*¢ — 3 Vesi co Zs,i (8)
wire of the same cross section having a constant heightabove the C; =C; ; + C; ; 9)

ground plane. The height of this straight wire is set equal to that 5
ofthe curved Wireir_nhe plane mic_Jway bgtween;hetwo-port ref-Lwyi L.+ &pi In M i " <hwz> 1 (10)
erence planes. This model and its use in deriving the four-sec- ™

tion transmission-line model for the whole structure shown in

o Tw

Fig. 1, as presented below. where
1) Single-Wire InterconnectionTo apply our quasi-static ; 9y} i1
model to the bonding-wire structure, the interconnection h,i = {gggz/_)p;/;)l,_ h2,l L_ifi:2_ (11)

was divided into four intervals corresponding to the sections

BC, €D, DE, and EF of Fig. 1(a). Each section was then, the above formulag, is the length of théth soldering region,
approximated by a uniform transmission line, as shown {ghijle z, , ande, ; are the characteristic impedance and the

Fig. 3. The electrical lengths and characteristic impedancesgfective dielectric constant of thiéh microstrip line. Note that
these lines were computed by using our quasi-static model to

evaluate the local effective dielectric constam(a:) and the 1The three-conductor transmission line is constituted by wire, strip, and

. . . ground. To derive the model of the soldering regions, the strip is assumed
local |mpedanceZc(a:) at the m|dp0|nts betweef and C, as common conductor. The input terminals are strip and ground conductors

C and D, D and E, and E and F', respectively. These line (planeA or G of Fig. 1). The output terminals are wire and ground conductors

parameters are given in Table II. (plane B or F' of Fig. 1). In a first approximation, the coupling between the

F he sinal . h . fth wire- and ground-strip lines has been neglected. The two-port description
or the single-wire structure, the cross section of the trarb?'each soldering region is obtained by properly terminating the two lines,

mission line describing the interconnection consists of a circuliar., by shorting the wire-strip line at the soldering point and by loading the

wire over a ground plane that may be covered with a dielectgeound-strip line with the fringing capacitance at the open microstrip end. The
T network have been derived by further simplifying this two-port description

layer, QS in sections ¢ aan_F Of_ Flg_. 1(a). T_he ql_Jas"Stat'C under the assumption of small electrical lengths. Note that the coupling
analysis of such a transmission line is described in [18] andhi&ween the two lines can be neglected only when the wire is close to the strip.
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C,.:/p; and2 L, ;/p; are the capacitance and inductance pe 0 : 120
unit length of the microstrip line.

In (9), C}.; is the fringing capacitance associated with the -5 e 100
microstrip open end. Such a capacitance is usually compute A | /E\fggﬁ%e\f
with approximate formulas (see [19]) under the assumption ¢Z —1o 2 R /;/E =< 80
an infinite substrated; = oo, dg is the distance between the = 2 N =
microstrip open-end and the substrate boundary). This leads 5 _is /Z/j 2 S )‘\\n 60 @
considerable errors whefy < hs. In such cases, a more rig- 3 %%f’@' : “O‘\ﬁ\g\ﬁ o 3
orous model is necessary to account for the substrate truncatic & o0 Lo %\‘g\b 0 é
The reactances associated with microstrip open ends on bc & [7
an infinite {; = oo) or finite (d; = 75 pm) substrate have o5 =—aFOTD 20
been computed with the FDTD method. The substrate heigl ©-—© experiment (Goebel)
is hs = 254 pm with ¢, = 9.86, the microstrip width is : ‘ ;
w = 244 pm. By fitting the FDTD results, the associated capac- %5 10 15 20 25 30 35 40’
itances have been determined. Such capacitance reduces fr frequency [GHz]

Cy=125fFfordy = c0otoCy = T4 fFfordy =75 pm. _ _
While the formula in [19] is in good agreement with the formefi9- 4 Comparison between FDTD and experimefit; of the reference
Structure. The dimensions of the interconnection afe = 8.5 um,

case, an error of about 70% would occur in the latter case. , = w, = 244 um, dy, = 470 pm, g = 0 um, p1 = ps = 56 pm,
The lateral offset of the wire with respect to the microstrigs = d= = 179 um, hy = 344 pm, hy = ho = 254 pm, and
has been neglected here since the equivalent series inductanée™ 2 = 9-86.
of the interconnection increases only a few percent as the wire
moves from the center to the side of the microstrip [11]. A. Validation of the FDTD Model
2) Double-Wire InterconnectionA quasi-static model of a

double-wire structure can be obtained by a proper modificationI?n\;aA'tiztitthEJg Eg?ilé;h(;:;gf;w:gtg]éerép nna,egthix_s
of the above formulas. The cross section of the transmissiBfi y im - 9. W

line describing this interconnection consists of a pair of circulé € comparison between the computig and the measure-

wires over a ground plane that may be covered with a dielebents. The dimensions of the structure are given in the figure

tric layer, as in section8C and EF of Fig. 1(b). The electric caption;g = 0 means that no air gap s present since both mi-
potential of the wires is assumed to be the same. Since a C%o_stnps: are on the same substraie £ 5 ande;, o 2)
formal mapping analysis of this geometry is difficult to obtain e main discretization parameters ak&y,, = ‘:'9 pm,
because of the presence of the dielectric substrate, the model JA&™ — 17.0 pm, Az = 10.8 pm, At = 165 fs, and
been further simplified assuming an air-filled line, also in se¢z.~ 50 GHZ' Th_e agreement of th_e ngm_erlcal simulation
tions BC' and EF. According to Hilberg [20], the characteristicw'th the experiment is satisfactory and is within the accuracy of

. ST the measurements.
impedance of this line is given by The CPU time for a complete FDTD simulation is

bout 60 min on a Pentium Il 233-MHz platform with
2h+/s? + 4h? a : L O .
Z. = Z—O In <L> (12) Linux operating system. The dimensions of the grid are
T N, x N, x N. = 35 x 46 x 101 cells and the simulation
wheres is the spacing between the two wires. Similarly to the' s for 5(.)000. time steps. The other FDTD S|mulat|ons_
. . . carried out in this paper have about the same size and require
single-wire case, th&,.(xz,,) values in Table Il can be computeda roximatelv the same computation time
by using (12) with the value df at eache = z,,. The effective bp y P '
dielectric constant to use in Table Il ig,(z) = 1 because of

the above assumption. To complete the model, the inductarfte Validation of the Quasi-Static Model
defined in (10) must be replaced by The accuracy of the quasi-static models have been checked
against FDTD results using the interconnection between two
o 2h, iy /82 + 4hfm Al,O; substrates as a test case, for various combinations of
i =Ls i+ e In (13) lengths and heights of the structure.

1) Single-Wire InterconnectionTwo single-wire intercon-
nections have been considered with increasing bonding-wire
lengths from 425 to 13Qdm. The maximum height of the
bonding wireh;, was 354um in all cases. Fig. 5 shows the

The FDTD model was validated first by comparing the sinscattering parameted;; of these structures. The agreement of
ulation results with experimental data available in the literatutke quasi-static model [see Fig. 3] with the FDTD simulation
[17]. Since the FDTD model is shown to provide very accus excellent. In the quasi-static model, the value of the fringing
rate results, it has been used as a reference for the quasi-statjgacitances i€’y = 7.4 fF.
model. In this way, accuracy and ranges of applicability of the In order to analyze the effect of the wire curvature, two ad-
quasi-static model have been assessed by considering sewditianal structures have been analyzed with wire height ranging
test cases for which measurements were not available. from 454 to 524.m, while the lengthi, in each case is 550m.

ST

L,

2

ST

I1l. V ALIDATION
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(b)

fd. 6. Comparison between FDTD and quasi-static model in the case of a
single-wire interconnectionS,; is plotted for two bonding-wire heights. (a)

hy = 454 pm. (b) h, = 524 pm. The dimensions of the structure arg =

8.5 um,w; = ws = 244 pm,d, = 550 pm, g = 250 pm, p; = ps =

75 um,dy = dz =75 pum,hy = hy = 254 pm, ande, 1 = €, 2 = 9.86.

(b)

Fig. 5. Comparison between FDTD and quasi-static model in the case orﬁ
single-wire interconnectionS,; is plotted for two bonding-wire lengths. (a)
dy, = 425 pm. (b)d, = 1300 zm. The dimensions of the structure arg =
8.5 um,w; = we = 244 pm, hy, = 354 pum,p; = pe = 75 um,d; =
de =75 pm,hy = ho = 254 um, ande,. ;1 = €, » = 9.86.

Note that forh, = 524 psm, the shape of the bonding wire is apiween a 100zm-thick GaAs chip and a 254m-thick Al,O3
proximately one-half of a circumference. Fig. 6 shows the coraubstrate has been considered. The FDTD discretization of the
putedsS:;. From the results shown in this figure, it appears thaimulated structure is shown in Fig. 2. Again, the quasi-static
the accuracy of the quasi-static model is acceptable only whedel agrees very well with the FDTD analysis.

the height of the wire is less than about 458 (first case). As  2) Double-Wire  InterconnectionTo  validate  the

the height increases, in fact, the model of the soldering regiomsasi-static model for double-wire interconnections, two struc-
AB and F'G of Fig. 1(a) looses its accuracy. A parameter thatires have been considered with wire spacing 6t 0.23w

can be used to check whether the quasi-static model produaad s = 0.93w, wherew is the microstrip width. The length
reliable results is the height of the wire with respect to the subnd height arel, = 470 xm andh;, = 344 pm, respectively,
strates at position® and F' of Fig. 1(a). When the following for both cases. The magnitude 6f; is shown in Fig. 7.
condition is satisfied: The agreement between the quasi-static model and FDTD
hpy) — by h(dy — pa) — B 3 simulation is considered to be satisfactory. In the quasi-static

max 1 (14) model, the fringing capacitances@§ = 7.0 fF.
w1 wa 2

the accuracy of the quasi-static model is better than 1 dB in IV. CHARACTERIZATION

the magnitude and 20n the phase of1; [see Fig. 6, case for Having checked its accuracy, the quasi-static model has been

hy = 454 pm]. used for an extensive characterization of the electrical behavior
The quasi-static model has also been validated in the cadethe bonding wire versus the main geometrical parameters

multichip interconnections. In particular, an interconnection bélength, height, and for double-wire, wire spacing). For this pur-
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‘ : : | : 0 10 20 30 40 50
_30 ; H i ; i frequency [GHZz]
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frequency [GHz] Fig. 8. Equivalentr-parameters versus the frequency. The length of the
) . ) . ) interconnection isd, = 1500 pm. For the double-wire structure, the
Fig. 7. Comparison between FDTD and quasi-static model in the case@ife spacing iss = 200 um. The other dimensions of the structure are:
a double-wire interconnectionSy, is plotted for two wire spacings. The , =85 UM, wy = we = 244 ym,py = p2 = 75 pm,dy = ds = 75 pm,

dimensions of the structure are, = 8.5 um, wy = wo = 244 pm, g = 1200 pm,ky = 650 um,ky = he = 254 pm, ande,,, = €. » = 9.86.
dy = 470 pm, g = 224 pym,p; = pz = 56 pm,d; = ds = 67 pm,
hy = 344 um,hy = hy = 254 um, ande.,. ; = €, » = 9.86.

is within £1.8% for the inductance and withit0.6% for the

pose, the quasi-static resultsiatrix) have been converted intocapacitance. These values represent the maximum interpolation
= =
a lumped-element network consisting of a series inductanc&T0rs forf < 50 GHz andd, < 1500 pum.

L and two shunt capacitancés andC,. These quantities can The interpolation coefficients in (18)—(20) have finally been
be calculated as computed for the representative case of single- and double-wire

interconnections between two identical -8k substrates.
Figs. 9 and 10 show the inductance and capacitance coefficients

L=- ! (15) versus the wire length and for different heights. The other
JWY21 geometrical parameters arg = 8.5 um, wy = w, = 244 M,
Cl = w (16) p1 = pe = 75 um, andd; =dy, =75 pm.
Jw The results presented in those figures can be easily used to
Cy = w (17) predict the electrical behavior of single- and double-wire in-
Jw

terconnections in a wide range of parameter variations up to

wherey;,; are the elements of the admittance matrix of the qua |Q GHz. “.1 particular, to minimize the d.|scont|nu|ty effects, a
static model. For symmetrical structuregy( = ya2), Cy = Co. Oow-pass filter can be designed e_mbeddmg the lumped-element
As an example, the equivalentparameters are shown in Fig. 8equ|valent7r-network of the bonding wire.

(solid lines) for both single- and double-wire interconnections.
The inductance reduction of the double-wire structure with re-
spect to the single-wire configuration is apparent. It is also ob-
served that, in both cases, the inductances decrease of aboBbth a FDTD and a quasi-static models of the bonding-wire
40% when the frequency increases from 0 to 50 GHz. At theterconnection have been described in this paper. The quasi-
latter frequency, the wire length is approximately a quartestatic model allows the analysis of single- and double-wire con-

V. CONCLUSIONS

wavelength. figurations and is suitable to be implemented in commercial mi-
The frequency dependence of the equivalenqiarameters crowave CAD tools. In order to assess the accuracy and applica-
can be interpolated with a quadratic law as follows: bility of the quasi-static model, several test structures have been

analyzed. The reference results have been obtained using the
FDTD method. From this systematic study, it emerges that the

_ 2
L=Lot+ L f ) (18) quasi-static method is very accurate for flat interconnections.
C1=Cio+C2 f (19)  Finally, the quasi-static model has been used to provide an ex-
Cy = Cao + Coy f2. (20) tensive electrical characterization of the bonding wire versus its

main geometrical parameters. The characterization is given in
In this way, the electrical behavior of the bonding wire caterms of an equivalent low-passnetwork, which is composed
be described by only six (four if the structure is symmetrid)y a series inductance and two shunt capacitances. This rep-
parameters. The interpolation coefficients have been evaluatedentation can be easily exploited in the design of matching
using the least-squares method [21, pp. 650—660]. The resuktworks capable of increasing the bandwidth of the intercon-
are shown again in Fig. 8 (dashed lines). The interpolation ermection.
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APPENDIX . . .
and then solving fot, sinceky = » whenz = ;. The result is

The quasi-static analysis of a straight wire line at a constagiven in (6). The line capacitancgcan be evaluated frorf(v)
height over a ground plane covered with a dielectric layer wag using the following integral:
carried out in [18]. In this paper, the effective dielectric con-

stant of such a transmission line will be derived using an ap- o [° dv

o . X C=~2— (23)
proximation. To do this, we use the conformal mapping method Uo Jx g 1 (e —1
described in [18] to transform the cross-sectional geometry of T € fv)

the wire line into a parallel-plate capacitor partially filled with . . . .
dielectric material. The coordinate of the curved dielectric sur-as explained in [18]. Herey is the distance between the plates
face in thisu, v coordinate system can be approximated by tH the transformed capacitor, and is given by (5), also explained

following function ofv: in [18]. The effective dielectric constant of the line is then de-
i rived by the following:
fv) ~ 2(1 = cosv) (21)
2 C
€ = — (24)
Co

whereky is the maximum thickness (ar coordinate) of the
dielectric region. The value df, is evaluated by substituting \yhere(y, is the capacitance per unit length of the air-filled struc-

hs for z in the following complex mapping function: ture. As shown in [18], this is given by
e 7+ h? _ 7;]2
eu-I-Ju _ < w 22 . 27(60
R (22) Co==" (25)
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Equation (3) is obtained by simply inserting (21) in (23) and[15] S.D.Gedney, “An anistropic perfectly matched layer-absorbing medium

using (25). The range of validity of (3) has been determined for the truncation of FDTD lattices,l[EEE Trans. Microwave Theory
b ting the effective dielectric constant with the finite- rech, vol. 44, pp. 16301639, Dec. 1996
y computing ve di ! wi INI€-116] A. P. Zhao and A. V. Raisanen, “Application of a simple and efficient

difference (FD) method [22, pp. 166—172]. The cross section of  source excitation technique to the FDTD analysis of waveguide and mi-
the wire line is modeled as being enclosed in a metallic box. The ~ crostrip circuits,”IEEE Trans. Microwave Theory Techvol. 44, pp.

i ftheb hosen so as not to alter the field distributio 15351539, Sept. 1996.
Size orthe boxwas C [17] U. Goebel, “DC to 100 GHz chip-to-chip interconnects with reduced

significantly. The comparison between the approximate formula  tolerance sensitivity by adaptive wirebonding,” 3nd Topical Elect.

(3) and FD shows that the error increases for Srn/allu — Eggo;-rgsance Electron. Packag. Meetjidonterey, CA, Nov. 1994, pp.

h/rw — hs/rw — 1 and highh,/r,. The accuracy of (3) is [18] F. Alimenti, U. Goebel, and R. Sorrentino, “Quasi-static analysis of mi-

better than 5% fot/r,, > 4, hs/r, < 20, ande, < 10. For crostrip bondwire interconnects,” IEEE MTT-S Int. Microwave Symp.

t/r, > 1, (3) agrees well with the formula published in [23, p. _ _ Dig., vol. 2, Orlando, FL, May 1995, pp. 679-682. _

1067 [19] N. G. Alexopoulos and S.-C. Wu, “Frequency-independent equivalent
. circuit model for microstrip open-end and gap discontinuitiégEE

Trans. Microwave Theory Tectvol. 42, pp. 1268-1272, July 1994.
[20] W.  Hilberg, Electrical Characteristics of Transmission
ACKNOWLEDGMENT Lines Norwood, MA: Artech House, 1979.
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