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Abstract-This paper presents a triangular surface mesh-based formulation of the Partial Element Equivalent Circuit
(PEEC) approach. Rao-Wilton-Glisson (RWG) basis functions defined on triangular tessellations are used to model
arbitrarily-shaped conducting structures via SPICE compatible netlists. This ‘approach is potentially useful for
modeling on-chip electromagnetic interactions.

I. INTRODUCTION

The PEEC method [1] is a particularly effective approach for modeling the electromagnetic effects of a multi-wire or
multi-conductor structure using SPICE compatible elements. The classical PEEC method relies on a longitudinal filament
discretization of all structures. This paradigm, which assumes a direction of current flow along the length of the filament, is
well-suited for thin and long interconnect structures. A System-on-Chip (SoC) scenario [2], however, involves some arbitrarily
shaped structures, including inductors, regular and split ground planes wherein the filament approach is inherently not well
suited, because of the arbitrary directions of current flow in such structures.

In this paper, we utilize Rao-Wilton-Glisson (RWG) basis functions [3,4], which are linear basis functions defined over
triangles, to model conductors using surface triangular meshes [5). Interactions between RWG basis functions are then
represented as circuit elements, in a manner analogous to that used in the classic filament-based PEEC approach. This surface-
only formulation includes a surface-impedance term to represent high-frequency skin effects and should prove to be valuable
for modeling conducting structures in SoC scenarios.

II. TRIANGULAR MESHES AND PARTIAL ELEMENT EQUIVALENT CIRCUIT EXTRACTION

A typical electromagnetic problem involving three-dimensional multi-wire or multi-conductor structures can be described
using the Electric Field Integral Equation (EFIE) {3]. In the EFIE formulation, the unknowns are scalar potential ¢, surface
charge density 0 and current density J . Note the explicit use of potential as an unknown for low-frequency stability and
compatibility with circuit-level voltages. The resulting EFIE is
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where R is the surface resistance for non-ideal conductors and is given by R = Re{‘ ’%] and o is the volume conductivity.

Assuming a triangular tessellation of the conductor surfaces with N_ non-boundary edges and N p patches, Eqns. (1) and (2)
can be recast as
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diagonal matrix, with R, = R [ f, (r) f; (r) ds if edge i and edge Jj share a common triangle, and 0 otherwise.

As in the classic filament-based PEEC method, mutual capacitances and inductances can be obtained through Voltage
Controlled Voltage Sources (VCVSs) available in SPICE. For example, using the relation joL,I, =L (jol )= Pi
yJ y
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mutual inductance can be represented by a VCVS. Off-diagonal R,.j entries are represented by Current Controlled Voltage
Sources. The triangular mesh-based circuit topology is shown in Fig. 1, and a typical PEEC cell is shown in Fig. 2.

vevs

. R, Ccvs Lom

&

& T Y
:'|='—'- :7[ ]_-: IC:i Ci/'= L

Figure 1. PEEC elements defined on triangular meshes. Figure 2. A typical PEEC cell.

III. NUMERICAL RESULTS

The first example, depicted in Fig. 3, is an interconnect over a ground plane, and is used to validate the triangular approach
against the previously published filament PEEC solution [6]. The interconnect is driven by a voltage source and is terminated
by 86 Ohm resistors at both ends. The ground plane is 2.0cm long by 1.0cm wide. The interconnect is 2.0cm long, lmm wide
and 0.5mm above the ground plane. The input impedance shown in Fig. 3 (b) matches very well with the published filament
PEEC result [6].
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Figure 3. (a) Triangular discretization of the strip and the ground plane. (b) Input impedance of active line.
The second example illustrates the use of the triangle-based PEEC for time-domain cross-talk analysis. We consider two
scenarios as shown in Fig. 4; in one scenario two strips are 0.5mm above the ground plane and 1mm apart, and in the other the
two strips are also 0.5Smm above the ground plane and 1mm apart at the near end, but 3mm apart at the far end. When a pulse

input is added at one strip, the cross-talk voltages can be observed via a triangle-based PEEC time-domain simulation, as shown
in Fig. 5. The simulation results show that the wider separation results in a smaller cross talk voltage.
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Figure 4. (a) Two parallel strips. (b) Two strips, with larger distance at the far end.
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Figure 5. (a) Cross talk at the near end. (b) Cross talk at the far end.

The third example is a spiral inductor, of dimensions 200umx200um and 30um above the ground plane, as illustrated in
Fig. 6. The line width and the gap width of the inductor are both 20um.

y-axis - x-axis
Figure 6. Spiral inductor above a ground plane.

The triangular PEEC approach is used to model the induced current distribution on the ground plane at both low and high
frequencies, 1KHz and 1GHz respectively. The results of triangle PEEC simulation are given in Figs. 7(a) and 7(b). The
physically correct behavior associated with low- and high- frequency induced currents is reproduced: while the currents are
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spread out over the ground plane at lower frequencies, the increased inductive component of impedance at higher frequencies
dictates that the induced current crowd under the inductor. This phenomenon is modeled very accurately with the triangular
discretization. It is expected that this ability to model true current distributions will make the triangular PEEC method
particularly suited for SoC applications.
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Figure 7. (a) Low frequency ground plane current distribution (1IKHz). (b) High frequency ground plane current distribution (1GHz).

IV. CONCLUSIONS

A modified PEEC approach based on triangular tessellations on surface meshes was presented. The resulting partial
capacitance, inductance, and surface resistance terms were used to obtain an equivalent SPICE model. Numerical results were
presented to validate the approach and demonstrate its advantages in modeling induced and return current densities. The
approach also has the advantage of modeling thin structures with a two-dimensional formulation. It is expected that a hybrid
approach, with filaments to model current flow on longitudinal interconnects, and triangles to model arbitrarily-shaped
structures and ground planes will yield the best results in terms of accuracy and efficiency. Future work will aim at
enhancements to the triangle-based formulation including a full-wave time domain implementation, a fast matrix-vector
multiply scheme, and reduced-order modeling.
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