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Absrmcf-This paper characterizes the different artifam ob- 
served within time- and frequency- domain partial element equiv- 
alent circuit based electromagnetic modeling The main focus is 
on frequency domain artifacts since time domain instabilities 
have been treated extensively in the literature. Guidelines and 
examples are given on how to suppress this type of artifacts by 
shoring correlation to PEEC model geometrical meshing and 
PEEC model complexity reduction. 

I. INTRODUCTION 

Electromagnetic (EM) modeling for electronic systems is 
gaining in importance due to system miniaturization, higher 
frequencies of interest, and reduced time to market for new 
products. Integral equation (E) based methods are very effec- 
tive for EM modeling both for electromagnetic compatibility 
(EMC) and electrical interconnect and package (EIP) model- 
ing. For the case of EMC and EIP problems, electric field 
integral equation (EF'IE) has been widely studied in conjunc- 
tion with the method of moments (MOM) for its discretization. 
An ever increasing popular time- and frequency- domain 
technique is the partial element equivalent circuit (PEEC) 
method which is used in this paper. In the PEEC method, 
the electromagnetic behavior of a system is described using 
an equivalent circuit description. This allows for the combined 
solution of both electronic functionality and electromagnetic 
effects in the same computational model. Thus the PEEC 
method is often used for EMC and EIP modeling. 

This paper characterizes the different artifacts observed 
within time- and frequency- domain PEEC based EM mod- 
eling. The focus is on frequency domain (FD) anifacts since 
time domain (TD) instabilities have been treated extensively 
in the literature [1]-[3]. Frequency domain artifacts have been 
observed in several publications with a significant influence 
on results but the sources to the astifacts have not heen 
investigated. This work helps in establishing confidence for 
the PEEC method by characterizing artifacts and providing 
guidelines on how to avoid or suppress them. The approach 
pursued here is to study a simple PEEC mudel and show how 
anifacts appear from poor geometrical meshing routines and 
different degree of PEEC model simplification. 
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11. PEEC MODEL DERIVATION 

The partial element equivalent circuit (PEEC) method [4], 
[5] was developed by .A. E. Ruehli from partial inductance 
models that were used to facilitate VLSI inductance calcula- 
tions. The method is derived from the mixed potential integral 
equation (MPIE) written as 

where 6" is an incident electric field, .f is a current density, 
2 is the vector magnetic potential, and q5 is the scalar electric 
potential at observation point S By using the definitions of the 
free-space EM potentials, the current- and charge- densities are 
discretized by defining pulse hasis functions for the conductors 
and dielectric materials. Pulse functions are also used for the 
weighting functions resulting in a Galerkin solution and the 
interpretation of constant current- and charge- densities over 
the discretized cells. By defining a suitable inner product with 
a weighted volume integral over the cells, the MPIE in ( I )  can 
be interpreted as KVL over a PEEC cell consisting of: . partial self inductances between the nodes and partial mu- 

tual inductances representing the magnetic field coupling 
in the equivalent circuit. The partial inductance is defined 
as 

coefficients of potential to each node and mutual coef- 
ficients of potentials between the nodes representing the 
electric field coupling. The coefficients of potentials are 
defined as 

1 
Pi3 = -- dSj dSi (3) 

SISj ' V J -  47rQ 5, 5, Ir; - .;I 
a resistive term between the nodes, defined as 

(4) 

Common for (2) and (4) is that a represents the cross section 
of the volume cell normal to the current direction y and 1 is 
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the length in the current direction. Further, v represents the 
current volume cells and S the charge surface cells. 

The newly presented nonorthogonal formulation [6] enables 
improved geometrical modeling suitable for future generations 
of high-speed electronics. This model extension is consistent 
with the original, orthogonal, formulation and both formula- 
tions can be used within the same model. There are other 
PEEC based formulations utilizing complex Green's functions 
to model specific geometrical structures, for example CMPIE- 
PEEC as detailed in [7]. 

V. FREQUENCY DOMAIN 

There are two type of artifacts observed in frequency 
domain PEEC modeling. The difference between the two is 
the frequency range where they are observed. Within PEEC 
modeling, the frequency range for which a PEEC model is 
applicable is entitled the active frequency range. The active 
frequency range is set by the largest dimension used for 
the inductive and capacitive meshing. For a maximal cell 
length 1, the active frequency range is dc - (k) Hz where 
c = 3108 ?. This rule of thumb correswnd to 20 cells 

Anifactscan within time domain modeling constitute of the 
late time instabilities often occurring within integral equation 
based EM modeling. While for frequency domain modeling 
two different kind of artifact types can appear. To be able to 
characterize the different kind of artifacts and to determine the 
cause is of importance to establish confidence in the  method^ 
and to help new and current users. The following sections 
presents current research results for the stabilization of time 
domain PEEC modeling and new research results on the cause 
to frequency domain artifacts. 

. .  IV. TIME DOMAIN . .  

Time domain. artifacts within PEEC modeling constitutes 
of the typical late time instabilities often occurring in integral 

I equation based EM modeling methods. The. instabilities are 
. observed as an undamped oscillation starting at some 'late' 

time totally masking the real solution, Fig. 1. It has been shown 

: 

A. Artfacts in the extended frequency range 

One type of frequency domain anifacts have been observed 
in the extended frequency range of the PEEC model, as in 
[9]. This is a type of high frequency instability which totally 
covers the correct solution and are often shown as negative 
real parts in the input impedance of a PEEC model, as shown 
in Fig. 2. The importance of treating these kind of non- 
physical properties of the system is the potential negative 
impact on PEEC model stability 191. The suggested approach 
to eliminate artifacts in the extended frequency range resulted 
in the +PEEC formulation [9]. The +PEEC model utilizes im- 
proved calculation routines for the partial elements to stabilize 
the behavior in the extended frequency range. Consider the 
+PEEC calculation of the partial inductances according to 

0.1 J J J J d G k ~ d i b q  dEqq da, d l k k  dak 

- QL 1.x 0s 1,, s o  
to be compared with the original formulation 

-0.1 

. L,~ ,  = e - jP% -- J J J J!!$&da,hj (6)  
4n aiaj 

a, a, l i  1, 
1 " 

Tim ['SI In Eq. ( 5 )  the two inductive cells have been partitioned into 
Af  x N subcells with a maximum dimension A according to 

(7) 
C Fig: 1. 

volmge for a transmission Line with SPICE. 
Late time instability for a PEEC model when comparing f a r a d  

A = -  
12 fe 

that the instabilities can be traced back to the: . discretization of the integral equation [I] ,  121, 
the numerical technique used for the time integration [31. 

Both these problems have been discussed in the literature 
and actions have been proposed to stabilize PEEC models. 
However, most of the stability actions for TD PEEC models 
have been focusing on the EM quasi-static PEEC formulation. 
When continuing on to the full-wave case, the stability analysis 
is much more complex as shown in [SI. 

where c = 3 .  lo8, n is varied and f, corresponds to the 
extended frequency range upper limit. The extended frequency 
range is calculated from the maximum frequency, fmaz, in the 
active frequency range as 

fe 2: 50 fmaz (8) 

This gives a good phase representation for frequencies c o m -  
sponding to 50fmaz and results in a more stable PEEC model 
without introducing additional number of unknowns. The same 
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procedure (partitioning) as described above is also applied orthogonal shapes should be used as much as possible to speed 
for the calculation of the partial coefficients of potential to up the partial element calculation phase. 
improve stability for PEEC models. The PEEC method is applicable to a wide range of 

Frq"mr [Ghz) 

Fig. 2. 
the extended frequency range. 

First type of PEEC model frequency domain anifacta observed in 

E. Artifacts in the active frequency range 

Another type of artifacts have been observed in [IO] and 
[Il l  for quasi-static PEEC simulations, in (121 for SPICE 
based quasi-static frequency domain PEEC simulations, and 
in 1131 for CEMPIWPEEC [7] quasi-static frequency domain 
simulations. These discrepancies are observed as temporary 
changes, of considerate magnitudes in, or just above, the active 
frequency range, in a smooth PEEC model response as shown 
in Fig. 3. The following subsections will show how these 

n I 2 
Fnqvnq [Ghz] 

Fig. 3. 
01 just above. the active frequency mge. 

artifacts appear and how they depend on the specific PEEC 
model. 

I) Anifacts creared by poor meshing: An important part 
of PEEC modeling is the meshing of the structure. In the 
method, two discretizations are constructed. After the initial 
node placement, the surfaces are meshed using quadrilateral el- 
ements from which the coefficients of potentials are calculated, 
Eq. (3). Depending on the boundaries of the surface mesh, the 
volume cells are created as hexahedral cells from which the 
partial inductances and cell resistances are calculated, Eq. (2) 
and (4) respectively. This gives a very good geometric meshing 
of the objects. However, the use of rectangular surface- and 
parallelepiped volume- cells in the meshing, that gives a 
staircase approximation of the objects, enables the use of 
fast and accurate analytical calculation routines for the partial 
elements. The possibility to combine the nononhogonal and 

First type of PEEC model frequency domain anifacu observed in. 

.. - 
problems that can differ in required accuracy. For general 
(LP,P,R,.r)PEEC models, a rule of thumb is to have 5 
digits of accuracy in the computed partial elements to ensure 
accuracy in the computed result. Since the partial element 
calculations are performed based on the surface- and volume- 
discretizations, the discretization need to be performed to 
facilitate the partial element calculations. For example, for 
transmission line structures, the use of long and very thin 
volume cells can be very effective but might cause problems 
in the partial inductance calculation routines if the correct 
routines are not used [14]. A similar problem might occur 
in the case of closely spaced, partially overlapping surfaces 
due to the wrong charge results with wrong coefficients of 
potentials as a result. 

The basic rule of thumb when performing the surface- and 
volume- cell discretization is to use a tixed number of cells 
per shortest wavelength Amin (corresponding to the highest 
frequency of interest) to assure a correct representation of the 
actual waveforms. Originally approximately e was used. 
This has changed to e for current PEEC models. 

The impact of the mentioned factors are shown using a 
simple 5 cm transmission line, Fig. 4. The TL is differentially 
fed and terminated with a 50 R resistor. Consider Fig. 5 and 
the different kind of discretization applied to the structure 
modelled using a (Lp ,  C, R)PEEC model (quasi-static approx- 
imation). The figure shows clearly the type of mentioned 
artifacts, at 5.7 and 8.5 GHz, when using non-overlapping 
cells, corresponding to the IO + 20 cell case (solid line). To 
clarify, the '10 + 20 cell' notation corresponds'to the use of 
IO inductive (volume) cells in the upper conductor while the 
lower conductor is discretized into 20 inductive (volume) cells. 
The anifacts appears in the extended frequency range since 
the ' I O  + 20 cell' model i valid up to 3 GHz using the e 
condition. To further show the impact of non-overlapping 

s=20 m 

.t--c 

w=20 pm 

Fig. 4. Transmission line geomeny used in meshing example 

cells, the structure was modelled using ' 5  + 10 cells' and '20 
+ 40 cells' as shown in Fig. 6. We observe that the artifacts gets 
emphasized when reducing the discretization and they are still 
located around the same frequencies. From the blowup in the 
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Fig. 5 . '  Anifacts created by pmr georneuicd meshing. 

Fig. 6. Anifaeu originating from non overlapping cells (upper conductor has 
only half Ihe number of cells as the lower conductor). A,,, limits correspond 
to the 5 + IO cell discretiration. 

figure, a third artifact is shown at 2.80 GHz. From these results 
we can conclude that the artifacts observed in the literature for 
quasi-static PEEC modeling can originate from resonances in 
the modelled structure. As in the displayed case in Figs. 5 and 
6, the transmission line is expected to have resonant behavior 
around 3.0, 6.0, and 9.0 GHz. Further, the artifacts can be 
enhanced by using a poor meshing strategy. 

2) Artifacts created by inaccurate partial element values: 
The impact of inaccurate, or not accurate enough, partial 
element values on PEEC model behavior is hard to quantify f a  
general PEEC models. However, it is possible to draw some 
conclusions with reference to the previous section detailing the 
importance of meshing for PEEC models. Since a poor mesh 
can impact both partial inductance values and coefficients of 
potentials, this is equivalent of having inadequate calculation 
routines for partial elements. As shown in [14], the numerous 

available partial inductance calculation routines need to be 
classified for target geometries for which they are useful. If 
not, resulting partial inductance values can be inaccurate or 
even negative. This issue is further stressed with the use of 
numerical integration for the evaluation of partial elements in 
the nonorthogonal PEEC formulation [61. 

3)  Artifacts created by PEEC model complexity reduction: 
One of the advantages with the PEEC method is the systematic 
model complexity reduction that can be performed. Since for 
the PEEC formulation, each of the term in the mixed potential 
integral equation, Fq. ( I ) ,  is transformed to correspond to the 
DC resistance of the volume cell(s), the inductive coupling 
(magnetic field coupling) for the volume cell(s), and the 
capacitive coupling (electric field coupling) for the surface 
cell(s). And, by simply excluding the unwanted quantity, the 
full PEEC model, (Lp ,  P, R, T)PEEC, can be reduced and the 
effects of each component can be separately displayed. How- 
ever, reduced PEEC models should be used with care since 
important effects, electric- and magnetic- field coupling, losses 
and retardation effects, can be lost in the reduction. Further, 
by excluding mutual elements using windowing techniques for 
speed up can result in unstable PEEC models as detailed in 
[15]. Fig. 7 shows the impact of the DC resistance on observed 
anifacts for the previously treated transmission line. We see 
that the artifacts are enhanced by the exclusion of the PEEC 
model resistances:The lossless PEEC model can be used when 
comparison with theoretical. results are made, as reported in 
[6] for a dipole. 

I 

Fig. 7. 
( L ,  C)PEEC models. 

Quasi-static PEEC sirnulalion of TL using (L,C,R)PEEC and 

Another PEEC model complexity reduction is the use 
of quasi-static PEEC models, (Lp ,  C, R)PEEC, instead of 
the more correct full-wave PEEC model, (L,,P, R,r)PEEC. 
However, the quasi-static assumption can be a valid model 
simplification if the structure under consideration is electri- 
cally small and the retardation needs not to be taken into 
account. The consequences of using the quasi-static PEEC 
formulation are: 
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. the mutual electric field coupling is modelled using circuit 
capacitances instead of delayed coupled currenrlvoltage 
sources, 
the mutual magnetic field coupling is modelled using 
mutual inductances, K-element in  SPICE, instead of 
delayed coupled currentholtage sources, 
the phase terms for the mutual couplings (inductive and 
capacitive) needs not to be updated for each frequency, 

and the electromagnetic behavior, modelled using PEEC the- 
ory, can be included in a general circuit solver. The quasi- 
static PEEC formulation is widely used but the need for full- 
wave PEEC modeling is increasing with the fast development 
within the electronics industry [16]. The artifacts treated in 
this paper have been found in quasi-static PEEC models 
including [IO] and [ I l l ,  in [I21 for SPICE based quasi-static 
PEEC simulations, and in [I31 for CEMPIWPEEC quasi-static 
simulations. So it is clear that the artifacts are typical for 
the quasi-static PEEC formulation. To study the behavior of 
the artifacts in full-wave PEEC modeling, the transmission 
line geometry in Fig. 4 is modelled using the ’IO + 20 cell’ 
discretization. Consider the results displayed in Fig. 8 and 
recall that the ’IO + 20 cell’ discretization gives an active 
frequency range up to 3 GHz, using the e condition. The 
full-wave PEEC model is, as expected, more accurate that 
the quasi-static PEEC model when comparing to theoretical 
results. Further, while the quasi-static PEEC model gives the 
’expected‘ result including two artifacts up to I O  GHz, the 
full-wave PEEC model gives wrong results in the extended 
frequency range without artifacts. From this simple test we 
see that the artifacts are, most likely, restricted to the quas- 
static PEEC formulation. Further, we observe that for full- 
wave modeling, the results outside the e limit is incorrect 
and that the established meshing conditions must be followed 
for reliable results 

VI. CONCLUSIONS 
This paper shows that artifacts observed in quasi-static FD 

PEEC models can originate from resonant behavior of the 
modelled structures. The artifacts can be enhanced by poor 
geometrical meshing using too coarse discretization for closely 
spaced structures or by PEEC model complexity reduction. 
Further, while the quasi-static FD PEEC model, experiencing 
artifacts, delivers correct results, the full-wave PEEC model 
utilizing the same discretization can give erroneous results out- 
side the active frequency range of the model further stressing 
the importance of a correct geometrical meshing using a 
condition. 
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