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Abstract—In this paper, the bonding-wire interconnection has
been studied from the points of view of its modeling and electrical
characterization. Both single- and double-wire structures have
been considered, the latter under the assumption of parallel wires.
Two electrical models of the bonding wire are discussed. First,
the finite-difference time-domain (FDTD) method is proposed
for the rigorous analysis of such structures. This method uses
a suitable discretization technique, which accounts for the wire
curvature by means of a polygonal approximation. A quasi-static
model of the bonding wire, suitable for commercial microwave
computer-aided-design tools is then proposed. This model is
based on the representation of the structure with four sections of a
uniform transmission line and the model parameters are evaluated
analytically from the dimensions of the interconnection. Accuracy
and applicability of the quasi-static model have been assessed
by analyzing several test structures, the reference results being
obtained with the FDTD method. Finally, the quasi-static model
has been used to provide an extensive electrical characterization
of the bonding wire versus its main geometrical parameters.
This characterization is given in terms of an equivalent series
inductance and two equivalent shunt capacitances forming a
low-pass network. This representation is particularly useful in the
matching of the bonding-wire discontinuity.

Index Terms—Bonding wire, CAD, FDTD, interconnections,
packaging.

I. INTRODUCTION

T HE bonding wire is a very popular interconnection tech-
nology adopted in the fabrication of both microwave in-

tegrated circuits (MICs) and monolithic microwave integrated
circuits (MMICs). It is employed to connect solid-state devices
to passive circuit elements, as well as multichip modules. In
spite of its small physical length, when millimeter-wave opera-
tions are required, the discontinuity introduced by the bonding
wire can significantly affect the performance of the whole cir-
cuit [1]–[4].

To alleviate this problem, flip-chip [5]–[7] and electro-
magnetic coupling interconnects [8], [9] have been proposed.
Nonetheless, the bonding wire, well established in consumer
electronics, remains a very attractive solution since it is
robust and inexpensive. In addition, it has the advantage of
being tolerant of chip thermal expansion (or contraction); an
important requirement in many applications, particularly for
space-qualified systems.
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Accurate models of the bonding-wire interconnect are, there-
fore, necessary for an effective design of MMICs operating in
the millimeter-wave range. Two models are presented in this
paper with different degrees of accuracy. A rigorous electromag-
netic model based on the finite-difference time-domain (FDTD)
method is presented first. The model uses an appropriate dis-
cretization technique to obtain a polygonal approximation of the
wire curvature. A quasi-static model is then proposed, the in-
terconnection being represented as the cascade of four uniform
transmission-line sections. Such a model is suitable for com-
mercial microwave computer-aided design (CAD) tools since
its parameters can simply be evaluated analytically from the di-
mensions of the structure. The FDTD and quasi-static models
are applied to both single- and double-wire interconnections. In
the latter case, the wires are assumed to be parallel.

To validate the analysis methods developed, the FDTD model
was first compared with experimental data available in the lit-
erature showing a very good agreement. The FDTD model was
then used as a reference in order to assess the accuracy and ap-
plicability of the quasi-static model.

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
wire length and height. The characterization is given in terms of
an equivalent low-pass-network. Such representation is very
useful in the design of networks capable of compensating for
the bonding-wire discontinuity. In particular, the capability of
adjusting the wire spacing and, thus, the equivalent inductance
of double-wire structures, is an additional degree of freedom
that can be used to reduce the sensitivity of the interconnection
to the mechanical tolerances in the chip positioning.

II. M ODELING

In this section, two electrical models of the bonding-wire in-
terconnection are discussed. First, a full-wave model based on
the FDTD method is introduced. This model is used to rigor-
ously analyze several bonding-wire configurations (including
multichip, single-, and double-wire structures) and to produce
reference results. A quasi-static model is then described. It is
derived by approximating the interconnection with four uniform
transmission-line sections. Such a model is suitable for commer-
cial microwave CAD tools since its parameters can be evaluated
analytically from the dimensions of the structure. These dimen-
sions define a geometrical model, which is described in the fol-
lowing.
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(a)

(b)

Fig. 1. Geometry of the bonding wire. (a) Single-wire interconnection. (b)
Double-wire interconnection.

A. Geometrical Model

The geometries of single- and double-wire interconnections
are depicted in Fig. 1(a) and (b), respectively. In the latter case,
the wires are assumed to be parallel. The distance between the
soldering points of each wire is given by

(1)

The curvature of the bonding wire has been approximated as
an arc of a circle. With reference to the coordinate systems of
Fig. 1, the height of each wire from the ground plane can thus
be expressed as

(2)

where and , are the radius, and the- and -coordinates
of the center. These parameters are determined as in Table I by

TABLE I
CIRCLE PARAMETERS.� = b � 4ac

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

the specific dimensions of the structure, , and , 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]
capable of fitting the boundaries of the bonding wire is con-
structed. Grid nodes are located on the wire contour using the
staircases of Fig. 2. Observe that in order to identify each stair-
case, it is sufficient to establish the position of one step. This po-
sition is a degree of freedom that allows additional constraints
to be satisfied. For example, the ends of the microstrips (lines
and in Fig. 1) and the substrate boundaries (linesand in
Fig. 1). In the case of Fig. 2, two staircases are needed to satisfy
such constraints. Additional staircases may be used to refine the
discretization.

A polygonal approximation of the curved metal contour can
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 technique proposed in
[14] has been adopted for an optimum mesh grading.

The perfectly matched layer (PML) boundary condition [15]
and the excitation technique proposed in [16] was adopted to
evaluate the scattering parameters of the bonding wire. Two
uniform microstrip lines were used to feed the structure. The
lengths of these lines were chosen in such a way that higher
order modes at the reference planes have negligible amplitude.
The incident wave was obtained by presimulating a uniform mi-
crostrip line.
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Fig. 3. Quasi-static model.

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

(4) FOR SINGLE WIRE AND WITH (12) FOR DOUBLE WIRE. Z AND �
ARE THE CHARACTERISTIC IMPEDANCE AND ELECTRICAL LENGTH OF

EACH SECTION IN FIG. 3.� = !
p
� �

C. Quasi-Static Model

In [17] and [18], a quasi-static model was used to derive
the transmission-line parameters for the two-port structure con-
sisting of a short length of curved bonding wire in air over a
planar dielectric substrate with lower ground plane cladding,
like sections or in Fig. 1(a). As an approximation, such
a two-port structure was modeled as a uniform transmission line
with characteristic impedance and length equal to that of the
original structure. The curved wire was replaced with a straight
wire of the same cross section having a constant height above the
ground plane. The height of this straight wire is set equal to that
of the curved wire in the plane midway between the two-port ref-
erence planes. This model and its use in deriving the four-sec-
tion transmission-line model for the whole structure shown in
Fig. 1, as presented below.

1) Single-Wire Interconnection:To apply our quasi-static
model to the bonding-wire structure, the interconnection
was divided into four intervals corresponding to the sections

, , , and of Fig. 1(a). Each section was then
approximated by a uniform transmission line, as shown in
Fig. 3. The electrical lengths and characteristic impedances of
these lines were computed by using our quasi-static model to
evaluate the local effective dielectric constant and the
local impedance at the midpoints between and ,

and , and , and and , respectively. These line
parameters are given in Table II.

For the single-wire structure, the cross section of the trans-
mission line describing the interconnection consists of a circular
wire over a ground plane that may be covered with a dielectric
layer, as in sections and of Fig. 1(a). The quasi-static
analysis of such a transmission line is described in [18] and is

briefly summarized in the Appendix. From this analysis, the ef-
fective dielectric constant and characteristic impedance of the
line are given by the following equations:

(3)

(4)

where

(5)

(6)

In these expressions,is the height of the wire from the ground
plane, is the thickness of the dielectric substrate, is the
radius of the wire, and is the wave impedance of
a vacuum.

The and values in Table II can then be com-
puted by using (3)–(6) with the values of, and at the
midpoints .

The soldering regions can be described by a three-conductor
transmission line (wire, strip, ground plane). It can be easily
seen that, for small electrical lengths, each soldering region
or of Fig. 1(a) can be represented as a T network (see Fig. 3),
whose elements are given by1

(7)

(8)

(9)

(10)

where

if
if

(11)

In the above formulas, is the length of theth soldering region,
while and are the characteristic impedance and the
effective dielectric constant of theth microstrip line. Note that

1The three-conductor transmission line is constituted by wire, strip, and
ground. To derive the model of the soldering regions, the strip is assumed
as common conductor. The input terminals are strip and ground conductors
(planeA orG of Fig. 1). The output terminals are wire and ground conductors
(planeB or F of Fig. 1). In a first approximation, the coupling between the
wire- and ground-strip lines has been neglected. The two-port description
of each soldering region is obtained by properly terminating the two lines,
i.e., by shorting the wire-strip line at the soldering point and by loading the
ground-strip line with the fringing capacitance at the open microstrip end. The
T network have been derived by further simplifying this two-port description
under the assumption of small electrical lengths. Note that the coupling
between the two lines can be neglected only when the wire is close to the strip.
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and are the capacitance and inductance per
unit length of the microstrip line.

In (9), is the fringing capacitance associated with the
microstrip open end. Such a capacitance is usually computed
with approximate formulas (see [19]) under the assumption of
an infinite substrate ( , is the distance between the
microstrip open-end and the substrate boundary). This leads to
considerable errors when . In such cases, a more rig-
orous model is necessary to account for the substrate truncation.
The reactances associated with microstrip open ends on both
an infinite ( ) or finite ( m) substrate have
been computed with the FDTD method. The substrate height
is m with , the microstrip width is

m. By fitting the FDTD results, the associated capac-
itances have been determined. Such capacitance reduces from

fF for to fF for m.
While the formula in [19] is in good agreement with the former
case, an error of about 70% would occur in the latter case.

The lateral offset of the wire with respect to the microstrip
has been neglected here since the equivalent series inductance
of the interconnection increases only a few percent as the wire
moves from the center to the side of the microstrip [11].

2) Double-Wire Interconnection:A quasi-static model of a
double-wire structure can be obtained by a proper modification
of the above formulas. The cross section of the transmission
line describing this interconnection consists of a pair of circular
wires over a ground plane that may be covered with a dielec-
tric layer, as in sections and of Fig. 1(b). The electric
potential of the wires is assumed to be the same. Since a con-
formal mapping analysis of this geometry is difficult to obtain
because of the presence of the dielectric substrate, the model has
been further simplified assuming an air-filled line, also in sec-
tions and . According to Hilberg [20], the characteristic
impedance of this line is given by

(12)

where is the spacing between the two wires. Similarly to the
single-wire case, the values in Table II can be computed
by using (12) with the value of at each . The effective
dielectric constant to use in Table II is because of
the above assumption. To complete the model, the inductance
defined in (10) must be replaced by

(13)

III. V ALIDATION

The FDTD model was validated first by comparing the sim-
ulation results with experimental data available in the literature
[17]. Since the FDTD model is shown to provide very accu-
rate results, it has been used as a reference for the quasi-static
model. In this way, accuracy and ranges of applicability of the
quasi-static model have been assessed by considering several
test cases for which measurements were not available.

Fig. 4. Comparison between FDTD and experiment.S of the reference
structure. The dimensions of the interconnection arer = 8:5 �m,
w = w = 244 �m, d = 470 �m, g = 0 �m, p = p = 56 �m,
d = d = 179 �m, h = 344 �m, h = h = 254 �m, and
� = � = 9:86.

A. Validation of the FDTD Model

To validate the FDTD model, the single-wire interconnect ex-
perimented by Goebel [17] has been simulated. Fig. 4 shows
the comparison between the computed and the measure-
ments. The dimensions of the structure are given in the figure
caption; means that no air gap is present since both mi-
crostrips are on the same substrate ( and ).
The main discretization parameters are m,

m, m, fs, and
GHz. The agreement of the numerical simulation

with the experiment is satisfactory and is within the accuracy of
the measurements.

The CPU time for a complete FDTD simulation is
about 60 min on a Pentium II 233-MHz platform with
Linux operating system. The dimensions of the grid are

cells and the simulation
runs for 50 000 time steps. The other FDTD simulations
carried out in this paper have about the same size and require
approximately the same computation time.

B. Validation of the Quasi-Static Model

The accuracy of the quasi-static models have been checked
against FDTD results using the interconnection between two
Al O substrates as a test case, for various combinations of
lengths and heights of the structure.

1) Single-Wire Interconnection:Two single-wire intercon-
nections have been considered with increasing bonding-wire
lengths from 425 to 1300m. The maximum height of the
bonding wire was 354 m in all cases. Fig. 5 shows the
scattering parameter of these structures. The agreement of
the quasi-static model [see Fig. 3] with the FDTD simulation
is excellent. In the quasi-static model, the value of the fringing
capacitances is fF.

In order to analyze the effect of the wire curvature, two ad-
ditional structures have been analyzed with wire height ranging
from 454 to 524 m, while the length in each case is 550m.



146 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 1, JANUARY 2001

(a)

(b)

Fig. 5. Comparison between FDTD and quasi-static model in the case of a
single-wire interconnection.S is plotted for two bonding-wire lengths. (a)
d = 425 �m. (b)d = 1300 �m. The dimensions of the structure arer =

8:5 �m,w = w = 244 �m, h = 354 �m, p = p = 75 �m, d =

d = 75 �m,h = h = 254 �m, and� = � = 9:86.

Note that for m, the shape of the bonding wire is ap-
proximately one-half of a circumference. Fig. 6 shows the com-
puted . From the results shown in this figure, it appears that
the accuracy of the quasi-static model is acceptable only when
the height of the wire is less than about 450m (first case). As
the height increases, in fact, the model of the soldering regions

and of Fig. 1(a) looses its accuracy. A parameter that
can be used to check whether the quasi-static model produces
reliable results is the height of the wire with respect to the sub-
strates at positions and of Fig. 1(a). When the following
condition is satisfied:

(14)

the accuracy of the quasi-static model is better than 1 dB in
the magnitude and 10in the phase of [see Fig. 6, case for

m].
The quasi-static model has also been validated in the case

multichip interconnections. In particular, an interconnection be-

(a)

(b)

Fig. 6. Comparison between FDTD and quasi-static model in the case of a
single-wire interconnection.S is plotted for two bonding-wire heights. (a)
h = 454 �m. (b)h = 524 �m. The dimensions of the structure arer =

8:5 �m,w = w = 244 �m, d = 550 �m, g = 250 �m, p = p =

75 �m,d = d = 75 �m,h = h = 254 �m, and� = � = 9:86.

tween a 100-m-thick GaAs chip and a 254-m-thick Al O
substrate has been considered. The FDTD discretization of the
simulated structure is shown in Fig. 2. Again, the quasi-static
model agrees very well with the FDTD analysis.

2) Double-Wire Interconnection:To validate the
quasi-static model for double-wire interconnections, two struc-
tures have been considered with wire spacing of
and , where is the microstrip width. The length
and height are m and m, respectively,
for both cases. The magnitude of is shown in Fig. 7.
The agreement between the quasi-static model and FDTD
simulation is considered to be satisfactory. In the quasi-static
model, the fringing capacitances is fF.

IV. CHARACTERIZATION

Having checked its accuracy, the quasi-static model has been
used for an extensive characterization of the electrical behavior
of the bonding wire versus the main geometrical parameters
(length, height, and for double-wire, wire spacing). For this pur-
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Fig. 7. Comparison between FDTD and quasi-static model in the case of
a double-wire interconnection.S is plotted for two wire spacings. The
dimensions of the structure arer = 8:5 �m, w = w = 244 �m,
d = 470 �m, g = 224 �m, p = p = 56 �m, d = d = 67 �m,
h = 344 �m,h = h = 254 �m, and� = � = 9:86.

pose, the quasi-static results (-matrix) have been converted into
a lumped-element network consisting of a series inductance

and two shunt capacitances and . These quantities can
be calculated as

(15)

(16)

(17)

where are the elements of the admittance matrix of the quasi-
static model. For symmetrical structures ( ), .
As an example, the equivalent-parameters are shown in Fig. 8
(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 about
40% when the frequency increases from 0 to 50 GHz. At the
latter frequency, the wire length is approximately a quarter-
wavelength.

The frequency dependence of the equivalent-parameters
can be interpolated with a quadratic law as follows:

(18)

(19)

(20)

In this way, the electrical behavior of the bonding wire can
be described by only six (four if the structure is symmetric)
parameters. The interpolation coefficients have been evaluated
using the least-squares method [21, pp. 650–660]. The results
are shown again in Fig. 8 (dashed lines). The interpolation error

Fig. 8. Equivalent�-parameters versus the frequency. The length of the
interconnection isd = 1500 �m. For the double-wire structure, the
wire spacing iss = 200 �m. The other dimensions of the structure are:
r = 8:5 �m,w = w = 244 �m,p = p = 75 �m,d = d = 75 �m,
g = 1200 �m,h = 650 �m,h = h = 254 �m, and� = � = 9:86.

is within 1.8% for the inductance and within0.6% for the
capacitance. These values represent the maximum interpolation
errors for GHz and m.

The interpolation coefficients in (18)–(20) have finally been
computed for the representative case of single- and double-wire
interconnections between two identical AlO substrates.
Figs. 9 and 10 show the inductance and capacitance coefficients
versus the wire length and for different heights. The other
geometrical parameters are m, m,

m, and m.
The results presented in those figures can be easily used to

predict the electrical behavior of single- and double-wire in-
terconnections in a wide range of parameter variations up to
50 GHz. In particular, to minimize the discontinuity effects, a
low-pass filter can be designed embedding the lumped-element
equivalent -network of the bonding wire.

V. CONCLUSIONS

Both a FDTD and a quasi-static models of the bonding-wire
interconnection have been described in this paper. The quasi-
static model allows the analysis of single- and double-wire con-
figurations and is suitable to be implemented in commercial mi-
crowave CAD tools. In order to assess the accuracy and applica-
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
quasi-static method is very accurate for flat interconnections.
Finally, the quasi-static model has been used to provide an ex-
tensive electrical characterization of the bonding wire versus its
main geometrical parameters. The characterization is given in
terms of an equivalent low-pass-network, which is composed
by a series inductance and two shunt capacitances. This rep-
resentation can be easily exploited in the design of matching
networks capable of increasing the bandwidth of the intercon-
nection.
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(a)

(b)

Fig. 9. Coefficients of the equivalent series inductance versusd . For the
double-wire interconnection,s = 200 �m. (a) Zeroth-order inductance. (b)
Second-order coefficient.

APPENDIX

The quasi-static analysis of a straight wire line at a constant
height over a ground plane covered with a dielectric layer was
carried out in [18]. In this paper, the effective dielectric con-
stant of such a transmission line will be derived using an ap-
proximation. To do this, we use the conformal mapping method
described in [18] to transform the cross-sectional geometry of
the wire line into a parallel-plate capacitor partially filled with
dielectric material. The coordinate of the curved dielectric sur-
face in this , coordinate system can be approximated by the
following function of :

(21)

where is the maximum thickness (or coordinate) of the
dielectric region. The value of is evaluated by substituting

for in the following complex mapping function:

(22)

(a)

(b)

Fig. 10. Coefficients of the equivalent shunt capacitance versusd . For the
double-wire interconnection,s = 200 �m. (a) Zeroth-order capacitance. (b)
Second-order coefficient.

and then solving for , since when . The result is
given in (6). The line capacitancecan be evaluated from
by using the following integral:

(23)

as explained in [18]. Here, is the distance between the plates
of the transformed capacitor, and is given by (5), also explained
in [18]. The effective dielectric constant of the line is then de-
rived by the following:

(24)

where is the capacitance per unit length of the air-filled struc-
ture. As shown in [18], this is given by

(25)
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Equation (3) is obtained by simply inserting (21) in (23) and
using (25). The range of validity of (3) has been determined
by computing the effective dielectric constant with the finite-
difference (FD) method [22, pp. 166–172]. The cross section of
the wire line is modeled as being enclosed in a metallic box. The
size of the box was chosen so as not to alter the field distribution
significantly. The comparison between the approximate formula
(3) and FD shows that the error increases for small

and high . The accuracy of (3) is
better than 5% for , , and . For

, (3) agrees well with the formula published in [23, p.
1067].
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