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Abstract 
This paper discusses an efficient method for simulation 

and modeling of three-dimensional (3-D) interconnections 
such as wire bonds and through-hole vias. The proposed 
method is based on the volume electric field integral equation 
(EFIE), and approximates current density distribution with 
cylindrical conduction mode basis functions (CMBF). The 
geometrical fitness and orthogonal property of the basis 
functions are found useful in capturing skin effect and current 
crowding in cylindrical conductors. The Analyses of wire 
bonds using the proposed method demonstrate various 3-D 
coupling issues including wire bending effect, vertical 
coupling, and ground wiring.  

Introduction 
The continuing trend of integration technology in modern 

electronics has reached the system integration level of System 
on Package (SoP) and System in Package (SiP). As the role of 
packaging is critical in the performance of these modern 
microsystems, the design and modeling of three-dimensional 
(3-D) interconnections such as bonding wires and through-
hole vias became especially important. 

Among various choices of the 3-D interconnections, 
bonding wires have been a preferable technology since late 
90’s [1]. The popularity of wire bonding comes from the 
benefits of high flexibility, high reliability, and low defect 
rates [2]. However, long interconnection length limits the use 
of bonding wires in high-speed applications. In addition, 
complicated 3-D configuration of about a thousand wires is 
exposed to various couplings as shown in Figure 1, which 
make the design of 3-D bonding wires more challenging.  

 

 
 

Figure 1. An example of 3-D bonding wire integration. (Photo 
courtesy of Amkor Technology, Inc.) 

 

For modeling of the large 3-D bonding wire structure, the 
previous modeling methods for single-chip or radio-frequency 
(RF) applications could be useful, but they have limitations in 
practice as well. Measurement data may be a direct source for 
modeling of bonding wires, as extensively discussed in [3], 
but the modeling procedure based on full measurement 
requires increased design cycles and cost, especially for high-
density 3-D interconnections. Analytic methods using partial 
inductances [4] or transmission line model [5] can be used for 
modeling of large 3-D interconnections efficiently since 
numerical computations are rarely required. However, 
analytic formulas of mutual inductance are found to be 
inaccurate especially when two conductors are close with 
each other [6]. In addition, the simple expression does not 
include high-frequency skin and proximity effects.  

In order to capture the high-frequency effects accurately, 
various methods of computational electromagnetics (EM) can 
be a general choice. Commercial or public EM simulation 
tools have been applied for modeling of bonding wires (e. g. 
[7]). In addition, finite difference time domain (FDTD) [8] 
and method of momentum (MoM) [9] were shown to be 
efficient for accurate modeling. However, the performance of 
CPU and memory is still under capability for such simulators 
to solve the full coupling model of the large 3-D 
interconnection problem. Therefore, requirements for 
simulation tools to model modern 3-D integrations are the 
capabilities 1) to address the problem involving large number 
of conductors and 2) to characterize frequency dependent 
behavior of bonding wires.  

To meet the requirements for 3-D interconnection 
modeling, this paper proposes the analysis method that 
combines the electric field integral equation (EFIE) with 
modal basis functions [10-11]. The proposed method uses the 
same governing integral equation in the classical partial 
element equivalent circuit (PEEC) method [12], and applies 
global basis functions [13] to describe current density 
distribution. A main improvement of the proposed method 
comes from using cylindrical conduction mode basis 
functions (CMBF) to describe skin and proximity effects on 
the circular cross section of bonding wires or through-hole 
vias. With the combination of multifunction method to the 
original approach, the efficient simulation of large 
interconnection structure is possible.  

This paper focuses on using the cylindrical CMBF-based 
method for the modeling of bonding wires. Some examples of 
simple and complicated bonding wire configurations are 
simulated. Then, various coupling issues in the 3-D 
integrations are discussed from the perspectives of the 
interconnection design. 
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Figure 4. Arc model of a bonding wire 

 
starting point, a mid point, and an ending point. 
B. A single bonding wire – effect of bending 

A basic question about bonding wires characteristics is 
what becomes different when a straight conductor bends to 
form a bonding wire. The proposed method is flexible to 
observe these geometric variations. Figure 5 (a) shows a 
single bonding wire, which has the same length of 1 mm with 
different span angles from 0 to 180 degrees. 

Figure 5 (b) shows the variation of self inductance with 
different span angles. As the span angle increases, dc and ac 
inductances decrease because the mutual coupling between 
conductor segments reduces the original self inductance of the 
straight conductor. For values of resistance, no variation is 
found with different span angles.   
C. Two wires coupled with a ground wire – effect of 3-D 
coupling 

Vertical coupling is a new issue in the design of 3-D 
interconnections. Basic coupling mechanism of the vertical 
coupling is the same as that of the horizontal coupling. 
However, the vertical coupling occurs under asymmetric 
geometry in the 3-D structure, and sometimes results in 
unbalanced signaling and grounding in spite of the balance in 
the schematic design. 

In order to demonstrate the effect of the 3-D vertical 
coupling, a test bonding wire structure in Figure 6 is 
simulated with different tilt angles of the lower ground wire. 
Two upper wires have the same shape, and are assumed to be 
used for transmission of the same signals. 

Figure 7 shows the variations of resistances and 
inductances, where the difference of self inductances between 
two wires becomes significant as the tilt angle of the ground  
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Figure 5. Inductances of a 1-mm single wire with different span 
angles. 

Wire increases. We found that the variation of loop 
inductances can be avoided when two upper wires are used 
for differential signaling, but the effect of asymmetric vertical 
coupling does not completely vanish. This simple example 
shows that the design of 3-D interconnections should be more 
complicated to maintain signal balances. 
D. Six wires with the ideal ground plane 

Figure 8 shows the configuration of the last example of six 
bonding wires. Three short wires (1 to 3) and the other three 
long wires (4 to 6) are connected to the lower and the upper 
ICs, respectively. To include the effect of the infinite ground  
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(b) x-y plane view 

Figure 6. Configuration of two signal wires (on the upper chip) with 
a ground wire (on the lower chip). Three cases are tested with 
different tilt angles (0, 5, and 10 deg.) of the lower wire. Pitch 
between two wires is 50 um. 
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(a) Resistance (angle = 10 deg.)        (b) Mutual inductance 
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 (c) Self inductance of wire 1          (d) Self inductance of wire 2                

Figure 7. Resistances and inductances of two wires for different tilt 
angles of the ground conductor. 
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