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Hybrid Electromagnetic Modeling of Noise
Interactions in Packaged Electronics Based
on the Partial-Element Equivalent-

Circuit Formulation

William Pinello, Andreas C. Cangellarisjember, IEEE and Albert RuehlifFellow, IEEE

Abstract— The partial-element equivalent-circuit (PEEC) discontinuities in the interconnect and power/ground plane
method is used to develop a flexible, hierarchical electromagnetic stryctures on signal distortion and internal and external elec-

modeling and simulation environment for the analysis of yomagnetic compatibility of the component can be predicted
noise generation and signal degradation mechanisms in . . .
packaged electronic components and systems. The circuit- and analyzed. Transient electromagnetic simulators in par-

oriented approach used by the method for the development ticular can be used for nonlinear electromagnetic analysis.
of the numerical approximation of the electric-field integral Such simulation capability is important for accurate predic-
equation leads to SPICE-compatible, yet fully dynamic, discrete on of radiated emissions from high-speed digital electronic
approximation of the electromagnetic problem. Contrary to other . - . .
full-wave formulations, the proposed method has the important SYS_temS’ and for_ electromagnepc noise a”*’?"YS'S _Of mixed
attribute of lending itself to a very systematic and physical model digital/analog/RF integrated circuits. Both the finite-difference
complexity reduction on the basis of the electrical size of the time-domain (FDTD) method and the transmission line matrix
various portions of the system. Thus, a hybrid electromagnetic (T) M) method have been used successfully for such nonlinear
modeling and simulation environment is established for the electromagnetic simulations [1][5].

analysis of complex structures which exhibit large variation in . L . .
electrical size over their volume, using a combination of lumped- ~ Time-domain integral-equation-based formulations are also

circuit elements, transmission lines, as well as three-dimensional suitable for nonlinear electromagnetic analysis. However, the
(3-D) distributed electromagnetic models. These models may or numerical instability exhibited by such formulations has pre-
may not account for retardation, depending on the electrical \onieq their extensive application to transient simulation of
size of the part of the structure that is being modeled. These | . Thei f ical i bilitv h
special attributes of the proposed electromagnetic-simulation ©l€Ctromagnetic systems. The issue of numerical instability has
environment are demonstrated through several examples from been heavily researched over the last few years and the reasons

its application to the modeling of noise interactions in generic for its occurrence are now fairly well understood. Several

interconnect and package geometries. approaches have been proposed for its prevention [6]-[10].
Index Terms—Circuit modeling, circuit transient analysis, inte- Of particular interest to RF/microwave and high-frequency
grated circuit interconnections, packaging, transient propagation, high-speed mixed-signal circuit electrical analysis is the
simulation. partial-element equivalent-circuit (PEEC) formulation of the
time-domain electric-field integral equation [11]. The reason

|. INTRODUCTION for this is that this formulation results in a circuit model

\Alhich includes all retardation effects and is compatible with
significant impact on our ability to model package- anaonllnear circuit simulators such as SPICE. Consequently,

interconnect-induced noise interactions in high-speed digitdf-Wave electromagnetic modeling within a SPICE-like
electronics systems. Unlike transmission-line-based simufniinear circuit simulation environment can be effected
tion, the electromagnetic effects associated with the thrdB-@ Straightforward manner. Furthermore, once the PEEC
dimensional (3-D) character of the structures can be modef&@del for an electromagnetic system has been developed, a
accurately by such simulators. Consequently, in addition §yStématic procedure can be used to reduce its complexity,
crosstalk, propagation delay, and reflections, the impact §King into account the characteristic times over which the

radiation losses due to unbalanced interconnects or ot§¥ptem response is sought, or, equivalently, the electrical size
of the structure under study. For example, if the characteristic
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homogeneous with permeability and permittivity e. The
generalization of the model for the case of inhomogeneous
. ) ) dielectrics is possible and is effected through the use of
the size or complexity of the structure is such that the numiigs|arization currents [12]. This way, for the case of conductors
of degrees of freedom used in the numerical approximationdg finjte extent, homogeneous-medium Green’s functions are
much larger than the one required for acceptable engineer{igq in the integral representations of the potentials, as shown
accuracy of the S|mulat|on results. Clearly, this is the case fﬁ’_lrthe equations above. With these assumptions, inserting (2)
packaged electronics. These systems are very representatjyg (3) into (1), and enforcing (1) at a point inside one of the

cases of multiscale electromagnetic structures in the SeR¥Rductors, we obtain an expression involving the unknown
that they exhibit large variability in the electrical size of theiﬁuantitiesj and ¢ as follows:

various components and subsystems. - X _

It is the purpose of this paper to demonstrate the impaéf™; t) n ﬁzﬁ/ UGSy
of the aforementioned attributes of the PEEC method to o 8tk=147r w 1T =T
the electromagnetic modeling of interconnect and packaging K .,
structures often encountered in computing and communica- +Ziv[/ q(7, t) dv’} —0 (@
tion subsystems and modules. First, a brief review of the % 147“? v 1T =7
development of the PEEC models is presented, along Wiflkere » is the conductivity at the specific point inside the
the circuit analysis-compatible formulation of the discretgynquctor. In order to solve the system of equations in
approximation of the resulting distributed network. This ig4) the current and charge densities are discretized into
followed by the discussion of the process through whighyme and surface cells, respectively. The volume cells give
model complexity reductlon_ls effected. Numerlcal_exampleé 3-D representation of the current flow through a finite
are presented that help validate the method and illustrate dfgss section, while the surface cells effect a two-dimensional
apphcat.lon to the electromagnetic analysis of several 9enefLp) representation of the charge over the surface of the
packaging structures. corresponding volume cell. This discretization is achieved

mathematically by defining the rectangular pulse functions

[I. DEVELOPMENT OFPEEC MDODELS o
P 1, inside thenkth volume cell 5
As discussed in detail in [11], the development of the PEEC k=10, elsewhere ()

approximation of an electromagnetic boundary value probl(?gr the current density wherey — z, y, ~ indicates the

'S pased on th_e proper ele_zctromagnetlc interpretation of 8mponent of the current in theth volume cell of thekth
various terms in the equation conductor and

d— —
——AT, t) = VO(7, t) = B, t) (1) _J1 on themkth surface cell
_ ot Pk = 0, elsewhere 6)
where A and ¢ are the vector magnetic and scalar electrigy he charge density on theuth surface cell of thekth
potentials, respectively, anl’ is the electric-field vector at conductor. Fig. 1 shows in top view the manner in which

some point in space and time. The potentials are defined i, g.onqyctor is segmented into volume cells. The level of
K conductor system by discretization, i.e., the dimensionality of the current flow, is
- L w JF ) determined by the shape of the conductor, the shape of the
A, 1) = ZE/ m dv (2) surrounding conductors, and the frequency range of interest.
k=1 o In most applications it is acceptable to use one-dimensional
(1-D) or 2-D current distrubution. However, if the impact of
3 LS o7, ), skin-effect on the response is desired, a full 3-D distrubution
o(T, 1) = ZR/ F—7| dv @) s required. For simplicity, all of the examples in this paper
k=1 o use 1-D and 2-D currents. Fig. 2 shows the discretization
wheret’ = ¢ — |7 — 7/| /v denotes the retardation time in aof the charge density on one of the surface cells. For this
medium with propagation spead J is the current density, case, if the conductor is not infinitesimally thin, the conductor
and q is the charge density. To keep the presentation simphaust also be discretized on the remaining five surfaces. In
the media surrounding the conductors are assumed to duflition, if 3-D current flow is not taken into account for

Fig. 1. 2-D discretization of current density.

and
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this truly 3-D conductor, then the unknown charges which are
associated with at the nodes shown by the dots in Fig. 2, must
be connected between the top- and bottom-surface cells of a
volume cell. This is an acceptable approximation when the
current distribution along the thickness of the conductor can
be assumed uniform.

Given the definition of the pulse functions in (5) and (6),
the current and charge densities are approximated over eac
of the £ conductors by

Vi

’U|>—~

Fig. 3. Two-cell PEEC model with series resistances.

]\‘K/k
J"/k(Fv t/) = ZP"ka"mk(tn) (7) . .
n=1 is used with (8) to further reduce (11) to
and Ik
'yrnl rn
My, a'yrnla ;nz:l 4 a'yrnl Qynk
Zprnk(Irnk rn (8)
m=1 / / [)t "/"k /dvrnl
— —t — —t —, Unk |7 - 7
where t, = t - |7 = 7 |/v,tm = t — |F — 7, |/v,7 K M, .
is the position vector of the of the th volume cell and +ZZ - / LY
7., is the position vector of the center of the equipotential e R m) dme s, [Tt =7

surface associated with theth surface cell. AdditionallyiV.,
denotes the number of volume cells for condudtawith +-

directed current and/;, denotes the number of surface cells

for conductork.
Substituting (7) into (4), we get for a point inside theh
cell of the [th conductor

l K Ny ) k( )
Syma(t) ynkyn /
o 8tkzlnz:147r {/ |7 —7| dv}

q(7, t')
|7 =7

dv’} =0. 9)

+28’y{471r5/k

1 1
— Gmk(tm)— ——ds'| =0.
itz

(13)

This is the desired form of the discrete approximation of the
electric-field integral equation, from which the various types
of the equivalent circuits can be inferred. The development
of the overall PEEC circuit is effected by combining the
equations in (13) for the voltage drop along each appropriate
direction in a conductor cell with the discrete version of
the conservation of charge equation. More specifically, the
discrete implementation of the conservation of charge equation

This step is followed by the testing of the resulting equatiag effected through the enforcement of Kirchoff's current law
in the Galerkin approximation sense (i.e., the aforementiongdthe resulting PEEC circuit.
pulse functions used for the expansion of the current andFig. 3 depicts the PEEC circuit for two adjacent conducting

charge densities are also used for testing) utilizing an inneglls of zero thickness. The self resistandeés are easily

product over the volume of a cell defined as follows:

1 G / / F(7)dadl
am S, arn A U

where v,,, is the volume of cellm, a,, is the cross section
of the cell, [, is its length, andf(7) is the integrand. This
process leads to a system of equations of the form

IS]\k

/ /W

+Z47r5/b afy 7—77

ml

(10)

'yrnl
a'yrnl o

rn

atiynkitn/ Ly (E
7 —7

ds'dvy = 0 (11)

where we make the |dent|f|cat|on thdt (¢) = I,(t)/a and

associated with the first term in (13), while the partial in-
ductancesl,;; and coefficients of potentigl;; are obtained
from the calculation of the integrals in the second and third
terms in (13), respectively. It is important to recognize that
retardation is taken into account in the coupling between the
lumped inductors and capacitors, a fact that is evident from
the presence of the retarded times in the time-dependence
of the currents through the inductors and the charges at
the capacitors. Thus, despite the deceiving equivalent circuit
representation of the discrete form of the boundary-value
problem, the full-wave electromagnetic nature of the problem
is preserved. From Fig. 3, the compatibility of the PEEC model
with standard lumped-circuit simulation practices becomes
apparent. In particular, the use of the modified nodal analysis
(MNA) matrix formulation for the state representation of
the PEEC model makes it directly compatible with SPICE-

convert the volume integration to a surface integration for thi&e circuit simulators, where the unknowns used are nodal
third term since the charge only resides on the surface of theltages, which for the electromagnetic case corresponds to

volume. Next, the approximation

a lrn
[ grom=efoe5) o
o 2

a_,yF(’V)dUl R

- %)] (12)

the potentials with respect to infinity, and the inductance
branch currents. The source terms are in the form of current
and voltage sources that include both point excitation and
distributed excitation (e.qg., incident electromagnetic fields).
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For the PEEC model shown in Fig. 3, the correspondirgf resistors, partial inductances, and potential coefficients.
MNA equations are shown in (14) at the bottom of the pagEurthermore, if only the inductive behavior of the package is

where of interest, the PEEC model reduces to the so-cdllgd R)
P12 PEEC model, which is essentially a discrete approximation of
- _p—(TPm) (15) the magnetic diffusion equation, and has been used extensively
4= @(T )= @(T ) (16) for package inductance modeling [13], [14].
pu PR T g The implementation of the PEEC formulation in a SPICE-

_ @(T ) (17) compatible simulator provides for a more versatile application
K P22 pi2 of the aforementioned quasi-static reduced PEEC models.
e — ZE(T 1) — @(T 23) (18) More specifically, different levels of interconnect and different
paz paz ¥ parts in the package and board of a system can be modeled
_ D2 19y for the purpose of signal integrity prediction by implementat-
¢ =""(Tp23). (19) "B ] .
D33 ing different types of electrical models as appropriate. For

Gy = 1/Ry;, the argument,,;; is the center-to-center cjeh,iyexample, an(L,, P, R) PEEC model can still be used to

from nodei to nodey, indicating a delayed interaction betweefnode! the interconnects and associated ground and power
the two nodes, and the argumeny;; is the center-to-center planes_ within a smgle—chlp package, with S_PICE mod(_als_for
delay from celli to cell j. The vaiue ofl; at each of the t_he driver electronics and SPICE-compatlbIe transmlssu_)n—
current-controlled current sources is given by line models for the coupled !nterconnects on the mFegratmg
substrate card or board. This way, very complex intercon-
3 Dij nect/packaging structures can be modeled efficiently using a
Liry = Zf"i(t = Tpij) (20) single modeling/simulation environment.
i “ In the aforementioned example, it is assumed that the
and the value of the branch voltage across each inductor isempha3|§ of the simulation IS on the prediction of S|gnal
degradation due to crosstalk, interconnect delay, reflection,
2 and simultaneous switching noise. If, in addition, the predic-
Viiw = ZLPija_th(t — TLij)- (21) tion of electromagnetic radiation from the interconnect and
i=l1 package structure is of interest, the aforementioned model
becomes inadequate, and retardation effects need be taken
IIl. HIERARCHICAL ELECTROMAGNETIC into account. Furthermore, if it is possible to identify the
MODELING OF INTERCONNECTNETWORKS dominant sources of radiation, the delays can be incorporated
As already mentioned, the two key attributes of the PEEg®lectively and in a limited fashion where appropriate. For
formulation are its ability to modeheterogeneousystems example, selected interconnects on printed circuit boards,
(i.e., systems involving lumped-circuit elements as well aghich exhibit imbalances due to discontinuities or layout
distributed electromagnetic components) and its suitability fépnstraints, can be modeled using a rigorous electromagnetic
hierarchical electromagnetic modeling. This second attribdt&EC model, while the remaining well-balanced interconnects
is closely related to model complexity (or model order) redu€an be modeled using SPICE-compatible transmission-line
tion, and it is of critical importance to the efficiency with whichmodels.
electromagnetic analysis of interconnect and packaging strucFinally, it is mentioned that this hierarchical capability of
tures associated with high-speed digital and high-frequente proposed simulator is very suitable for efficient electromag-
analog electronics can be effected. netic analysis of mixed-signal electronics, where interactions
A review of the applications of PEEC to electromagnetieetween the interconnect and power/ground distribution net-
simulation reveals that the most popular model-complexi#orks for the high-speed digital and the analog/RF blocks
reduction has been the elimination of the delays in PEEt®ed to be taken into account for proper electrical design. As
models. Clearly, this approximation is acceptable when tie@ example, we mention the case where noise generated in the
size of the structures under investigation is small comparéigital block of a portable computing device is radiated out
to the minimum wavelength of interest. As an example, wahd eventually received by an antenna used for providing a
mention the application of PEEC for the electrical modelingyireless data link for the device. A generic example of such
of single-chip package interconnects in terms of a netwoff interaction is presented Section IV.

_ﬁ% G111 -G11 O 0 1+« I Tr v1 ] r07
0 _Gll Gll 0 0 -1+ Y o V12 0
0 0 L& 0 G —Gp+e 14 ¢ 2 0
0 0 0 —IG%Q Gao -1 vz | = |0 (14)
0 0 0 0 IEE 0 5 g erg 0
1 -1 0 0 0 —Lpi 2 —Lp1ag;(Tr12) | | ttp11 0
L0 0 1 =1 0  =Lpag(rr12) —Ly»g | Lig2d L0
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IV. NUMERICAL RESULTS -0.2F | = Im(Z,,) Delays —
For a hierarchical electromagnetic analysis of interconnect t . , =
and packaging structures in the sense described in Section 1 10
Ill, a special-purpose PEEC simulator has been developed Frequency (GHz)

which is capable of handling linear elements. This simulator
includes parameter extraction modules for the calculation e >
equivalent partial inductances and potential coefficients of the
geometry under study as well as a new version of a circdid@llows. The initial value for the time-step is taken to be in the
simulator, which mimics SPICE [15], with all the necessargrder of 10% of the rise time of the excitation pulse. Then it is
enhancements to accommodate electromagnetic retardatiecreased until convergence is reached or the solution becomes
The following numerical examples illustrate some of thanstable. The following numerical examples illustrate some of
capabilities of the simulator. the capabilities of this approach for obtaining PEEC solutions.
In order to effect an accurate and efficient solution for a The first example for the geometry shown in Fig. 4 consists
system constructed from the PEEC formulation, it is necessanfyan interconnect above a finite ground plane and is used for
to discretize the conductors in such a way as to limit theode validation purposes. The line is driven by a voltage source
number of unknowns without compromising the accuracy aind terminated by 86} resistors at each end. The ground plane
the solution. As a first step, conductors representing pin’s, viés,2.0 cm long by 1.0 cm wide and divided into 20 cells along
and traces are usually discretized along their length with 20 éte length and six cells along the width. The line, placed 0.5
ements per wavelength corresponding to the highest frequemesn above the ground plane, is 2.0 cm long with a width
of interest. Ground and power planes are discretized in a siof-1 mm. It is divided into 20 cells along the length. For
ilar fashion, except that 2-D current flow is accounted for. Ithis example, 2-D current flow is only accounted for on the
all cases, for simplicity, effects from skin-effect are neglectedround plane.
Once the geometry is discretized, then the correspondingSince the layout of the conductors in this example models
partial inductances and potential coefficients are calculatqdite closely the effects of a simple two-conductor transmis-
according to the PEEC formulation, thus resulting in asion line, the current distribution along the line and the return
equivalent circuit model consistent with Maxwell’'s equationgground path are expected to exhibit the differential mode
After the equivalent-circuit elements are computed, the sysharacter of transmission-line currents. As a result, the solution
tem is solved in the time or frequency domain using modififdom a full-wave electromagnetic analysis should be almost
nodal analysis. For the time-domain solution where retardatiaentical with the one predicted using a method of character-
is present, late time instability is still a concern and ultimatelgtics model with the appropriate transmission-line impedance
dictates the minimum time-step allowed. Recent progressand delay. The PEEC model without retardation is somewhat
this area has led to better understanding of the sourcesliké the method of characteristics model, except that the longi-
instability, as well as new methodologies for its suppressiotudinal couplings are also included. Fig. 5 depicts the variation
The effectiveness of these new approaches is currently undéthe input impedance of the line versus frequency calculated
further investigation. For the simulator used to obtain resultsing the PEEC formulation with and without delays.
for this paper, the procedure for the selection of the optimum Alternatively, if the arrangement of conductors results in
time-step was amd-hocone and was based on convergenca response which cannot be accurately described by the
studies for the specific problem at hand. The issue of convenethod of characteristics models due to the presence of
gence is related to the fact that the numerical integration usgidcontinuities and other interconnect features that give rise to
for this study—Backward—Euler—is dissipative, a propertglectromagnetic radiation, then it is imperative to include the
which enhances numerical stability but may result in unaccepetardation in the simulation. The geometry shown in Fig. 6
able artificial damping of the solution. Thus, it is importantdepicts an interconnect crossing a gap between two conducting
to choose the time-step carefully so that enhanced stabilftlates. These types of structures occur frequently in packages
is achieved without unacceptable numerical damping. Sinf mixed-signal electronics where separate ground planes are
numerical damping is controlled by using small time-stepased for the digital and analog blocks. The presence of the
the ad-hoc procedure for the selection of the time-step is adot in the ground plane results in slot-line modes which

Input impedance for active line above a solid ground plane.
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cable

Fig. 6. Interconnect above a split ground plane.

Fig. 8. Geometry for the second example.
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B 374 ---- Re(Z,) Delays ] E | Y Directed Antenna
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-0.30E . : 3 0 1 2 3
1 10 Time (ns)
Frequency (GHz) Fig. 9. \oltage across the load resistor of the antenna in Fig. 8 calculated

. . o ) without the shorting pin.
Fig. 7. Input impedance for active line above a split ground plane.

8.0 cm and it is modeled as an infinitesimally thin strip of
eventually lead to energy loss through radiation. To illustra{gidth 1.0 mm. Three possible arrangements of the antenna
this phenomenon, the structure of Fig. 6 was simulated. TRl be compared, as shown in Fig. 8. The PEEC model
dimensions and discretization for this geometry are the safeg this structure is developed assuming 1-D current for the
as the previous example, except that the ground plane is n@jves and 2-D current for the ground plate. Fig. 9 shows the
split into two equal halves with 1-mm separation. Fig. 7 showgltage across the load resistor for the three arrangements of
the input impedance of the line for this case. It is clear thgie receiving antenna in the absence of the shorting pin. As
the calculated impedances with and without retardation asgpected, the coupled noise voltage exhibits a time-harmonic
very different for the higher frequencies where the resonapriation of frequency consistent with the effective length of
properties of the structure and radiation effects dominate the structure formed by the antenna and the ground plate.
response. This is due to the fact that the energy which |i$ particular, the frequency of the time-harmonic variation
radiated from the slot can only be accounted for accurately the voltage for thex-directed antenna is approximately
when retardation effects are included. 1.67 GHz which corresponds to a wavelength of 18.0 cm. The

The second example deals with the modeling of electreembined length of the antenna with the ground plate is 8.0 cm
magnetic radiation caused by the presence of parasitic higthich is approximately half-wavelength at the aforementioned
frequency current flowing in the attached cables of printégequency. The visualization of the current flow along the wires
circuit boards [16]. This source of noise is modeled withnd the magnitude of the current densityfat 1.67 GHz is
a generic structure as shown in Fig. 8. The high-frequensiiown in Fig. 10.
digital noise flowing through the cable is modeled by a current Fig. 11 shows the voltage across the load resistor of the
source which generates a periodic sequence of trapezoidaleiving antenna when a pin is used to short the cable to
shaped pulses. The rise, roof, and fall times are 0.1 ns ahé ground plate, as shown in Fig. 8. Since the presence
the period of the signal is 0.6 ns. The current amplitude é&f the pin allows for a very low impedance path for the
10 mA. The length of the cable is 15 cm. It is modeled asoise current back to its source, the radiated emissions
an infinitesimally thin strip of width 1.0 mm. The cable runsre minimized. In practice, this noise suppression is often
parallel to a finite ground plate of width 0.8 cm and length afffected using ferrite beads.

3.0 cm. It is positioned 0.5 mm above the plate. The receivingThe last example deals with an interconnect configuration
element for the radiation caused by the protruding cable ighat is often encountered in single-chip packages without a
wire monopole connected at the other end of the ground plaund plane. In such packages, ground is brought to the
with a terminating resistance of 3%. The antenna length is die through conducting traces in the package. These ground
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0.5cm

Fig. 12. Geometry of unbalanced package interconnect (Case 1).

L .
Fig. 10. Current distribution on the conductors of the structure in Fig. 8 at
f = 1.67 GHz. 0.5cm
0.0020 ' ' 3 7/ %

0.0010F : £
E Fig. 13. Geometry of unbalanced package interconnect (Case 2).
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© l| —— Case. 1, Real Part j
Fig. 11. Voltage across the load resistor of the antenna in Fig. 8 calculated —0.10FH e Case. 1, Imag Part n
with the shorting pin. | —--- Case. 2. Real Part 1
M- Case. 2, Imag Part
traces are then connected to a ground ring or some other —0.15 0'5 1'0 1'5 20
ground pad at the periphery of the package. These types of ) Freq. (GHz) ) )

connections result in unbalanced interconnects which, as is
well known, give rise to radiation. Even though this radiatiofig. 14. Common-mode currents.
is part of the overall electromagnetic behavior of the resulting

interconnect structure, it is customary to quantify the amountFig 14 compares the common-mode currents at the input
of this radiation in terms of the so-called common-modg '

: ) . the interconnect for the two cases of ground pin placement.
component in the current flowing through the interconne learly. Case 2 results in a mobalancedconfiguration. and
[17]. Figs. 12 and 13 depict two cases of such interconnect Y 9 '

In Case 1, the ground trace is connected to the ground [ ys the common-mode component of the currenF is smaller for
%s case. For the momnbalanceccase, the magnitude of the

at a distance of 2.5 cm from the signal trace, while in Ca§ ) . .
2 the ground pin is placed right next to the signal trace. fhommon—mode current starts increasing fast for frequencies

both cases, the traces are 1 mm wide with a 1-mm separattigher than 1 GHz. _ _
between them. Their distance from the ground pad is 0.5 mm |t S often the case that the ground-path inductance is sought
The length of the signal trace is 2.0 cm in both cases. Ty purposes of simultaneous switching noise studies. This
length of the ground trace for Case 2 is 1.5 cm, while fgtuantity can be calculated easily from the results generated
Case 1 an extra length of 2.5 cm is contributed by the portié the PEEC. To demonstrate this, consider the geometry
that runs parallel to the edge of the ground pad until it reachek Fig. 13. For the frequency range over which the current
the ground pin. The characteristic impedance of the differenttirough the source and the current through the capacitor
line formed by the signal and ground trace is 22&nd is used are almost equal, the impedance of the return path can be
as the input source impedance. The signal trace is terminatadculated as the ratio of the difference between the voltages
with a 2-pF capacitor for both cases. at nodesA and B and the current through the source. For
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those frequencies, radiation should be negligible, and the
impedance should exhibit an almost inductive behavior. This,
is confirmed by the curves in Fig. 15 for the imaginary part

of the impedance of the ground path for Cases 1 and 2. The
slopes of the curves (at the lower frequencies) are the eﬁect{\}é]

inductances for the ground paths. As expected, Case 1 exhibits

a higher value of effective ground inductance. Furthermorg?!
it departs faster from the linear behavior due to the greater

imbalance in the system.

[16]

V. CONCLUSION
[17]

In conclusion, a hybrid electromagnetic modeling and simu-
lation environment has been proposed for the analysis of noise

generation and signal-degradation mechanisms in packaged
electronic components and systems. Based upon the PEEC
formulation, solutions are developed in such a way as g)'
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