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Abstract

In this contribution a new methodology for modeling elec-
tromagnetic emission of integrated circuits in system anal-
ysis is shown. By using a physical model based on a multi-
pole expansion, the emitted fields can be well approximated
in the space outside a component. This allows a conve-
nient representation with a low number of model parame-
ters which can be determined by measurement or simula-
tion. To show the applicability, the developed models are
used in a system level printed circuit board simulator. The
results are compared with reference calculations.

1. Introduction

The development of modern microelectronic systems is de-
termined by continuously rising clock-rates (internal 1C
clock-rates in the GHz range), increasing complexity and
a high level of integration. With regard to a complete char-
acterization of a design, special attention has to be drawn on
the analysis and modeling of the electromagnetic behavior
of active microelectronic components, especially integrated
circuits as the major sources of RF energy.

Up to now in emission analysis on system level, inte-
grated circuits are generally modeled by equivalent lumped
sources/impedances at the end of PCB traces. Detailed anal-
ysis (typically using volume or surface discretising field
solvers and an exact geometric model) is only performed
when lumped parasitic elements of a package should be ex-
tracted, e.g. in [1].

Todays use of multi-layer printed circuit boards enables the
designer to move the potentional radiation critical traces on
the quasi-shielded inner layers and use strip-line technol-
ogy (dominant TEM mode) to minimize the emission. As
a result, especially at higher frequencies, the (for thermical
and manufacturing reason) on the outer layers situated inte-
grated circuits start to dominate the electromagnetic emis-
sion [2, 3]. This is particularly the case because of the
exposed position and the absence of defined image current
paths inside the package. Additionally from the functional

point of view equal IC can create considerable different
fields (see table 1), depending on the fabrication site (pro-
cess parameters, shrink-level etc.) [4, 5]. All this reasons
suggest an adequate consideration of EM emissions of IC is
system design.

| E Field (dBuV /m) at 3 m |

| Frequency | Vendor A | Vendor B |

30 MHz 32.8 42.8
40 MHz 27.5 33.0
50 MHz 23.0 28.0

Table 1. Electromagnetic emissions of IC with
same functionality but different vendors, taken
from [4]

Due to the enormous complexity of an entire system (IC and
PCB) a complete analysis with numerical methods is gener-
ally impossible or only practicable for small substructures.
The main purpose of this contribution is to show how suit-
able physically based emission macro-models of 1C can be
developed and used in tools for system-level analysis.

2. Theory

2.1. The Multipole Expansion

In order to model the electromagnetic field of a component
a spherical wave expansion, the so called multipole expan-
sion, is used. In a source free region and under the assump-
tion of harmonic excitation the following vector differential
equation can be derived form Maxwell’s equations

OxOxE—-KE=0
OxOxH—-Kk°H =0 1)

with the wave number k = w,/li€. Solely in carthesian co-
ordinates the vector equation can be written as three uncou-
pled scalar Helmholtz equations. It can be shown [6] that
a linear independent set of solutions of the vector equation
can be obtained via
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whereas @, is a solution of the homogeneous scalar
Helmholtz equation

AD + KD =0 (3)

and & an arbitrary constant unit vector. As the fields should
be modeled in the source free region outside the IC, the L,
solutions can be left out. In [7] itis shown that the following
approach for Hertz potentials
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satisfies equation (1) and leads to a complete solution. For
the solution of the scalar equation
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can be obtained with the constraint of purely outgoing
waves. Hence the radiation condition is implicitly fulfilled.
With equation (4), (5) and
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the desired expansions of the electromagnetic fields can be
obtained. The complex constants A and B are called
spherical multipole moments and, |n the foIIowmg, repre-
sent the model parameters.

Fig. 1. Radiation pattern of the first three multi-
poles | = 1..3 with index m = 0 (upper row) and
m =1 (lower row)

In figure (1) the radiation pattern for some low order mul-
tipoles (A", = 1) are shown. Here one of the main advan-
tages of the multipole representation of the emission mod-
els, the spatial decomposition into different levels of detail,
can be observed.

2.2. Determination of model parameters

The model parameters can be determined by different meth-
ods which are described in the following. In operator nota-
tion the task can be written as a boundary value problem

N
Lf = gonaD with f= chfn (7)
n=

whereas dD indicates the surface enclosing the volume D
containing all sources. The angular multipole functions
form a complete orthogonal set of functions on a unit
sphere. If the function g (the field) is given on a sphere
this property can used to determine all model parameters.

Con = / L{fmlgdA with / fofmdA = 3om  (8)
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It can be shown that a minimum set of data consists either of
both radial field components or the tangential E or H field
concerning the sphere. The procedure of orthogonal pro-
jection requires first a functional description and secondly a
spherical surface which is often not useful for practical ap-
plication.

Another possibility to determine the model parameters is
to fullfil the fieldequations (6) at different matching points.
Therefore the inner product of both sides of equation (7)
with M weighting or testing functions has to be done
whereas Dirac functions are used. For N = M this procedure
is called simple pointmatching and leads to a linear system
of equations for the unknown coefficients. Furthermore it is
also possible to use more matching points than model pa-
rameters N < M which results in an over-determined equa-
tion system. For the pointmatching approach no restrictions
exit concerning the shape of daD.

3. Modeling
3.1. Multipoles to model emission

In contrast to the present application of multipoles in ana-
Iytical and, as basis functions [8, 9] resp. an acceleration
method [10], in numerical field computing, in this paper
they are used to approximate an electromagnetic field of a
specific IC.

The necessary field values can be determined via numerical
simulation or by measurement. For simulation a geometric
model is required and equivalent excitation sources have to
be modeled. This can be done, for example, for a typical
application case or mode of operation. The measurement of
the field is based on planar near-field scanning. To approx-
imate the given fields a multipole is preferably situated in
the center of the emission source. Then the infinite sum is
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Fig. 2. Modeling workflow

cut at a specific index which determines the accuracy of the
model. The index N can be determined via try and error for
a given error margin or by analysis of the radial fuctions in
conjungtion with the size of the object ro. If eq. (9) is less
an error € at the radius of interest r;, set N = n.

h1(kr0) hn(kri)

ha(Kr;) n(Kro) ©

Applying the procedure described in 2.2 the unknown
model parameter can be determined. Here the use of over-
determined systems shows the best and most stable results.
The developed emission models can on the one hand be
used in system-level simulators or otherwise in extended
IBIS models to describe the EMC behavior. A workflow
summarizing the specific modeling steps is given in fig. (2).

3.2. Integration in High-Level simulators

In the following the integration of the developed emission
models into a system-level tool is exemplarily shown for the
PCB simulator COMORAN [11].

In general, emission analysis on PCB level only takes the
conducting traces on the PCB itself into account. Com-
ponents and integrated circuits are replaced by equivalent
lumped circuits, which cannot directly contribute to the
electromagnetic emission of the system.

The simulator COMORAN is based on the solution of the
electromagnetic field integral equation (EFIE) in frequency
domain by the method of moments (MoM). Therewith the
field problem can be reduced to the solution of a linear sys-
tem of equations of the form:

zl=U (10)

Here Z represents the impedacematrix, | the vector with
the unknown currents and U the so called excitation vec-
tor. By superimposing the multipole fields to the excitation
vector the coupling between the models and the simulator
is achieved. The main advantage of this approach is that the

number of unknowns (the factor which determines the simu-
lation time and memory) stays constant. Thus it is possible
to calculate the current distribution and the emitted fields
considering the electromagetic emission of IC.

4. Reaults

4.1. Example of an emission model

To validate the presented approach a simplyfied model of a
DIP-Package with 14 pins is analyzed. Figure (3) shows the
used geometric model and the resulting current distribution
at f =2GHz. For calculation a discrete voltage source has

Fig. 3. 14 pin DIP package with current distribu-
tion at f=2 GHz

been connected to pin 1. To determine the multipole param-
eters the field has been calculated on a surface surrounding
the object. Figure (4) shows the model parameters, respec-
tively the magnitudes of the electric and magnetic multipole
moments. As also higher order moments exist it can be con-

o
@®
=]

magnitude —=

0.60

0.40

0.20

“ . “‘ T N R N N S N S NN SR ST N
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
coefficient —

Fig. 4. Magnitude of the multipole moments (elec-
trical and magnetical) at f=2 GHz
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cluded that a simple dipole based modeling approach would



not lead to sufficient accuracy. Another model parameter is
the expansion degree, respectively the degree of detail. To
analyze its influence, the field has been approximated for
various expansion degrees. Figure (5) shows the total rela-
tive error of the electrical field components in dependence
of the expansion degree. It can be concluded that, in this
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Fig. 5. Relative total approximation error of the
electric field components in dependence of the ex-
pansion degree N

case, a degree of four or five is sufficient to create a good
approximation. From equation (9) follows with ro = 2cm
and rj = 5¢cm that N = 4 for € = 5% at 2GHz.

4.2. A complex configuration

In order to validate the multipole models and to show the
benefit in calculation time and system resources a complex
configuration has been analysed. The structure consists of
two 14 pin IC and a dipole antenna above. The IC are ex-
cited by a periodic trapezoidal signal at pin one. For the cal-
culation 24 harmonics are taken into account (up to 3GHz).

antenna y[m]
0.02
IC1 0.015
\ / 0.01
R 0.005
0
-0.005
IC2 -0.01
-0.015

x [m] I I I I I 0,02
-0.02 -001 O 001 002 003 004 0.05

Fig. 6. Complex configuration, top view

Figure (6) and (7) show the geometric dimensions of the
test configuration. In the calculation with the enhanced (see
sec. 3.2) simulator COMORAN, the two IC are replaced
by equivalent multipole models with the result that only the
antenna structure has to be discretisized and calculated.

z[m]

R

0.05 m=a] antenna

0.04
0.03

0.02
001 Ic1 Ic2

0 = BT
-0.03 -0.01 0.01 0.03

0.05 x[m]
Fig. 7. Complex configuration, side view
To account for the infinite ground plane image theory has

been used. As reference, geometric models of all, the two
IC and the antenna, have been calculated.
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Fig. 8. Time domain voltages; [J = antenna resistor
multipole model; x = antenna resistor reference
calculation; + = excitation signal
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Fig. 9. Poynting vector at r = 0.2m and x=const. at
3GHz; O = multipole model, x = reference calcu-
lation

Figure (8) shows a comparison of the time domain voltage
signals at the antenna resistor (R = 20kQ) and the excitation



signal of the IC. Both signals show a very good agreement.
In addition figure (9) shows the comparison of the radial
part of the Poynting vectors. The fields have been calcu-
lated in a distance of r = 20cm of IC1 at 3GHz in the plane
x=const. Again the multipole models show an excellent
agreement to the reference calculation. Above results sug-
gests, that the simplifications made due to modeling with
multipoles (neglection of field coupling antenna—I1C1/IC2
and IC1«<1C2) have no effect on the results.

4.3. Calculation times

One of the main advantages of the use of multipole mod-
els is the enormous reduction of calculation time and com-
putational resources. In table (2) the calculation times for
the different simulations are given.  The first number in-

| Simulation | Calculation time | Memory used |
Reference 297:43 min 95 MB
Model creation 48:12 min 21 MB
Model use 0:21 min 0.2 MB

Table 2. Calculation times for reference, model
creation and model-use simulation

dicates the calculation time for the reference configuration,
the second for the model creation process (which has to be
performed only one time) and the last for the reduced con-
figuration (model use) where the IC are replaced by the mul-
tipole models.

All calculation have been carried out on a Sun UltraSparc
10 computer with 360 MHz and 768 MB of physical RAM.

5. Conclusion

The high complexity of modern integrated circuits and
package techniques requires an extensive and detailed mod-
eling (e.g. Method of Moments, Finite Elements etc.) of all
structure elements. As a result the consideration of electro-
magnetic emission of IC in system-level analysis has prac-
tically been impossible so far. In this contribution it has
been shown, that these emissions can be represented by
a physical model based on a multipole expansion. Using
this macro-representation of the generated electromagnetic
fields the number of necessary parameters can be drastically
reduced. To show the applicability of the new approach the
PCB simulator COMORAN has been enhanced to use the
developed models. Comparing the results of a complex con-
figuration very good agreement of the multipole approach
with reference calculations has been shown. Additionally
the high efficiency of this approach concerning computation
time and memory consumption has been described. As the

parameterization of the model is performed using just field
values, also a detailed IC model together with an appro-
priate simulation method (e.g. FEM, FDTD) or meassure-
memts results could be used to create the emission model.
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