
50 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 65, NO. 1, JANUARY 2017

Fast and Accurate Calculation of System-Level
ESD Noise Coupling to a Signal Trace

by PEEC Model Decomposition
Junsik Park, Jongsung Lee, Byongsu Seol, and Jingook Kim, Senior Member, IEEE

Abstract— A fast and accurate calculation method of system-
level electrostatic discharge (ESD) noise coupling based on
model decomposition of the partial element equivalent circuit
is proposed. The proposed method can significantly reduce the
calculation time without loss of accuracy by separating small
victim signal traces from large aggressor structures such as
ground planes and ESD gun strap. Using the method, the ESD
noise coupling at the terminations of a victim signal trace
is rigorously calculated and validated with measurements and
full-wave simulations in both frequency and time domains.

Index Terms— Electrostatic discharge (ESD), electromagnetic
immunity, model decomposition, noise coupling, partial element
equivalent circuit (PEEC), transmission line.

I. INTRODUCTION

THE electromagnetic immunity of electronic systems
becomes a more critical issue with the booming develop-

ment of smart mobile and wearable devices. Any electronic
system should be designed to be immune to unexpected
external noises, such as surge, burst–electrical fast transients,
and electrostatic discharge (ESD) [1]. ESD is one of the most
critical noisy events for integrated circuits (ICs), as depicted
in Fig. 1. Since ESD events create a high current peak with
fast rise time, it can cause unexpected large noise coupled on
signal traces and result in malfunctions of the ICs. Hence, for
system-level electromagnetic immunity design, it is important
to estimate the system-level ESD noise coupling at the various
signal traces in the electronic system and figure out whether
it can cause functional failures of the ICs or not.

Several electromagnetic numerical methods, such as the
finite-difference time domain and finite integration tech-
nique, have been utilized to calculate noise coupling due to
ESD events [2]–[8]. In these numerical simulations, most of
the simulation time is consumed in simulation of the large
ground geometries, such as the ground planes of printed circuit
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Fig. 1. Illustration of system-level ESD noise coupling.

boards (PCBs) and ESD gun structures, rather than the small
victim signal traces. It is very inefficient to simulate various
case studies of the small victim traces with the identical large
ground geometries. Recently, the partial element equivalent
circuit (PEEC) method has been applied to calculate the ESD
coupled noise efficiently.

The inductive and capacitive ESD noise couplings to a
conductor loop or conductor pieces were calculated in [9],
and the ESD noise coupling to a microstrip line was also
quickly calculated in [10]. The transient ESD noise waveforms
can be obtained from the solution in frequency domain,
since the contact mode ESD is dominated by linear circuit
elements. In these works, the victim geometries such as the
conductor loop, conductor pieces, and microstrip lines are
handled separately from the large aggressor geometries such
as the PCB planes and the ESD gun structures by neglecting
the reverse coupling effect from the victim to the aggressor for
efficient calculation. The conductor loop or conductor pieces
in [9] as the simple victim structures are quite small and rela-
tively far from the aggressor structure, and the reverse coupling
is actually negligible. However, the microstrip line in [10] as
a more realistic victim geometry has significant interaction
with the aggressor reference planes, and the results calculated
by ignoring the reverse coupling have some inherent errors.
Therefore, an improved calculation method by maintaining
the interaction between the victim and the aggressor should
be developed.

There have also been many researches on the IC switching
noise coupling from power-ground planes to signal traces in
packages or PCBs [11]–[15]. The physics of system-level ESD
noise coupling to signal traces is similar but more complicated
than the IC switching noise coupling problem. The system
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ESD noise is generated by an external ESD gun, whereas
the IC switching noise is generated by small ICs inside the
structure. The ESD gun and straps are also involved in the
coupling in addition to the ground planes, and the overall size
of the aggressor structure is largely increased. A generalized
approach that can decompose small victim traces from large
aggressor parts should be very effective in the ESD noise
coupling problem.

In this paper, the PEEC model written in the modified
nodal analysis (MNA) matrix is rigorously decomposed to
the aggressor part and the victim part. The MNA matrix
for the victim part is then simplified to a transmission line
model (TLM) by maintaining the coupling sources from the
aggressor part. The reverse coupling effects from the victim
to the aggressor structures are successfully included in this
procedure. The coupled voltages at the terminations of signal
traces are calculated and validated by comparison with mea-
surements and full-wave simulations both in the frequency and
time domains.

A general full-wave simulator solves the large aggres-
sor structure and the small victim at the same time, while
the proposed method solves the aggressor geometry only
once for multiple victims with the same aggressor structure.
As a result, the proposed calculation method of the ESD noise
coupling is much faster than full-wave simulations without loss
of accuracy, especially when various victim structures on the
same aggressor geometry are solved. Moreover, the proposed
calculation method can be applied to not only ESD noise
coupling but also to other types of noise coupling problems
such as the IC switching noise coupling to a signal trace.

A test geometry for ESD noise analysis will be introduced
and modeled using PEEC method in Section II. In Section III,
the PEEC model for total geometry will be decomposed into
aggressor and victim parts, and the victim part will be simpli-
fied to a TLM by mathematical and physical procedures. The
proposed calculation method will be validated with full-wave
simulations and measurements in the frequency domain for
various victim cases in Section IV. Finally, the circuit model of
ESD generator will be incorporated in the proposed modeling
method, and transient ESD noise waveforms will be calculated
and compared with the measured results in Section V.

II. GEOMETRY FOR ESD NOISE COUPLING

ANALYSIS AND TOTAL PEEC MODEL

The total PEEC model of a test geometry for the ESD noise
coupling analysis is built in this section. The input and transfer
impedances of the model are then validated by comparison
with simulation results using the commercial finite element
method solver, HFSS.

A. Test Geometry for ESD Noise Coupling Analysis

The test geometry for the ESD noise coupling analysis is
illustrated in Fig. 2. Fig. 2(a) shows the structures of the
ESD gun strap and PCB metal planes. The two metal planes
could be a pair of power-ground planes or both ground planes.
Assume that the ESD current is injected to the bottom plane
through a via connection. The ESD current returns through
the ESD gun strap with a 2-m length, which is connected

Fig. 2. Test geometry for the ESD noise coupling analysis. (a) Structures
of the ESD gun strap and PCB metal planes. (b) Top view of the PCB metal
planes with a victim trace at the position a. (c) Side view.

to the PCB top plane at the other end. The top view of the
PCB metal planes is shown in Fig. 2(b). Two kinds of PCB
structures based on the existence of shorting vias connected
between the two planes are considered herein. One is named
the “w/o shorting via” case, where the two planes are separated
from each other without the shorting vias. The other is named
the “w/ shorting via” case, where the two planes are connected
through two shorting vias located at the coordinates of (50, 90)
and (90, 90) mm, as depicted in Fig. 2(b). The shape of
two metal planes is identical in both the cases. The spacing
between planes is 0.67 mm and is filled with FR4 dielectric
material.

A single microstrip line is chosen as a target victim structure
here. The microstrip line is routed 30 mm long at the bottom
layer of the PCB, and both ends of the line are connected
to the top metal plane through two via transitions and ter-
mination resistances Rt1 and Rt2. The side view of victim
structure is shown in Fig. 2(c). The dielectric thickness for the
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microstrip line is 0.2 mm and the line width is 0.3778 mm.
In Sections II and III, the victim position a in the “w/ shorting”
case is chosen for validation of the calculation method.
In Sections IV and V, two additional victim positions will also
be calculated to investigate the noise coupling dependency on
the victim positions.

B. Calculation and Validation of the Total PEEC Model

The current and charge densities in the total geometry are
discretized into volume and surface mesh cells for the PEEC
modeling. The circuit interpretation of the electric field integral
equation (EFIE) in the metal geometry is then obtained using
the PEEC method. The EFIE can be written as [16]–[20]

�Ei (�r , ω) = �J (�r , ω)

σ
+ jω

μ

4π

∫
v′

�J (�r ′, ω)e− j k|�r−�r ′ |

|�r ′ − �r | dv′

+ ∇
4πε0

∫
s ′

ρ(�r ′, ω)e− j k|�r−�r ′ |

|�r ′ − �r | ds′ (1)

where �Ei is an applied electric field, J is the current density
in the conductor with conductivity σ , k is the propagation
constant, and ρ is the surface charge density, respectively.
The first and second terms on the right-hand side represent
the electric fields due to resistance and inductance, while the
third term represents the electric field due to capacitance. The
time retardation from the source position �r ′ to the observation
position �r is represented as the exponential parts in the second
and third terms.

The continuity equation for charge conservation at every
mesh node of conductor and dielectric medium can be
expressed as

∇ · �J (�r , ω) + jωρ(�r, ω) = 0. (2)

The EFIE and the continuity equation provide numerous
KVL and KCL equations, respectively, which can be solved
using the MNA matrix. The MNA matrix for the geometry
of Fig. 2 is expressed in (3), as shown at the bottom of this
page, whereby the submatrices and subvectors are summarized
in Table I. From now on, for convenience, the total geometry
will be divided into aggressor parts and the victim part. The
aggressor part represents all the geometry except the signal
trace, whereas the victim part represents only the signal trace.
The subscript notations a and v represent the aggressor and

TABLE I

SUBMATRICES AND SUBVECTORS IN THE MNA MATRIX

the victim structures, respectively. For example, the vectors,
Q̄a , Q̄v, Īa , Īv represent the unknown charges and currents on
the aggressor mesh cells and the victim mesh cells, respec-
tively. Also, the Pv−a,r means the potential coefficient matrix
including the retardation effect from the aggressor mesh cells
to the victim ones.

The first line in (3) represents the source condition, where
the current source I1 of value 1 is injected. The second and
third lines represent the KCL of the aggressor and victim
geometries, respectively. The next three lines represent the
KVL of the aggressor and victim geometries. The bottom two

A︷ ︸︸ ︷⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 1 0 0 0 0

0
T

s E 0 −Ns
T −Nm,a

T
0 −Nt1,a

T −Nt2,a
T

0
T

0 s E 0
T

0 −Nm,v
T

Nt1,v
T

Nt2,v
T

−1 Ns Pa−a,r Ns Pa−v,r 0 0 0 0 0

0
T

Nm,a Pa−a,r Nm,a Pa−v,r 0
T

Za−a,r Za−v,r 0
T

0
T

0
T

Nm,v Pv−a,r Nm,v Pv−v,r 0
T

Zv−a,r Zv−v,r 0
T

0
T

0 Nt1,v Pv−a,r − Nt1,a Pa−a,r Nt1,v Pv−v,r − Nt1,a Pa−v,r 0 0 0 −Rt1 0

0 Nt2,v Pv−a,r − Nt2,a Pa−a,r Nt2,v Pv−v,r − Nt2,a Pa−v,r 0 0 0 0 −Rt2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Unknown (C)︷ ︸︸ ︷⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

V0

Qa
T

Qv
T

I1

Ia
T

Iv
T

It1
It2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

Source (B)︷ ︸︸ ︷⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

−Nsg
T

0
T

0

0
T

0
T

0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3)
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Fig. 3. Input impedance seen at the current injection point obtained from
the PEEC calculation, HFSS, and the measurement.

lines represent the KVL at the terminations connected between
the aggressor and victim structures.

The generalized equation for the partial inductance with
retardation effect is represented as [16]

Lpi j,r = μ

4π

1

a j ai

∫
ai

∫
li

∫
a j

∫
l j

e− jβ|�ri−�r j |

|�ri − �r j | d�l j · d�li da j dai

(4)

where β is the propagation constant, �l and a are the length
and the cross-sectional area of a current mesh cell, respec-
tively, and e− jβ|�ri−�r j | represents the retardation effect between
i th and j th mesh cells.

Also, the generalized equation for the potential coefficient
with the retardation effect is given as [16]

Ppi j,r = 1

4πε

1

si s j

∫
Si

∫
S j

e− jβ|�ri−�r j |

|�ri − �r j | ds j dsi (5)

where s is the surface area of a charge mesh cell.
The partial inductance Lpi j,r and the partial potential

coefficient Ppi j,r for various mesh cells can be calculated
from approximated closed-form expressions [17]–[21]. In
this paper, the metal planes were discretized into rectangular
mesh cells of 2 mm × 2 mm. The strap has been discretized
into cuboid cells with four rectangular sides of height 10 mm,
and the mutual inductance and partial potential coefficients
between strap cells and between strap-to-plane cells have been
calculated using the equations for the plane-to-plane cells
in [17] and [18]. The dielectric material is also divided into
cuboid cells and modeled as the series connections of partial
resistances, inductances, excess capacitances, and voltage
drops across the excess capacitance [20]. The dimensions
of all the vectors and matrices for a case of the PEEC
calculations are also indicated in Table I.

The input impedance at the current source point is calculated
with the PEEC MNA equation (3), and is compared with HFSS
and the measurement results in Fig. 3. The capacitive behavior
is shown at the impedance below 5 MHz in the “w/o shoring”
case due to the plane capacitance inside the PCB, while the
inductive behavior is shown in in the “w/ shoring” case due
to the conductive path through the shorting vias.

The overall impedance trends and the values below 30 MHz
agree very well between PEEC and HFSS, but there is some

Fig. 4. Transfer impedances at the terminations of the victim signal trace in
the position a of the “w/ shorting” case.

discrepancy at the frequency of the first impedance peak. The
discrepancy is attributed to the inaccurate partial capacitance
modeling of the strap geometry. To reduce the PEEC modeling
complexity of the long ESD gun strap, the strap was dis-
cretized into the cuboid mesh cells at a height of 10 mm, and
the potential coefficients of the four rectangular sides are aver-
aged and merged into a single strap node per cuboid, which
may cause the inaccurate distributed capacitance values of the
strap. The measurement setup and conditions will be explained
in Section IV. Compared with the measurement, the PEEC
calculation and HFSS simulation show sharp peaks at the res-
onance frequency below 100 MHz, probably because the resis-
tive loss at the large strap geometry is not accurately modeled.

The voltages at the terminations of the victim microstrip
line induced by the current source are also calculated by (3)
and compared with HFSS. Vt1 and Vt2 represent the two
termination voltages in the time and frequency domains. The
transfer impedance in the frequency domain is the same as
the termination voltages since the injected current I1 is set as
1 A. The termination resistances Rt1 and Rt2 are both 50 �.
Fig. 4 shows the transfer impedances in the “w/ shorting” case.
The results validate the good accuracy of the PEEC MNA
solutions of (3).

III. PROPOSED CALCULATION METHOD BASED

ON MODEL DECOMPOSITION

A. Model Decomposition Into Aggressor and Victim Parts

In the ESD noise coupling analysis, the victim signal trace is
usually much smaller than the noise aggressing structure such
as the PCB ground planes and ESD gun strap. Electromagnetic
computations of small geometries together with large ones
requires a large number of meshes, increasing the computation
time inefficiently. Also, the ESD noise aggressor part is usually
fixed and various victim cases of different lengths, positions,
and paths need to be simulated. Hence, if the victim geometry
can be separately handled from the aggressor geometry, the
system-level ESD noise can be analyzed very efficiently.

The separation process is possible since the charges and
currents are obtained as the solution of the PEEC calculation.
Any full-wave numerical methods based on the integral equa-
tions, such as the method of moments, would be able to handle
the victim and aggressor geometries separately. However, for
further simplification of the victim model into a transmission
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line, as explained in the following sections, the PEEC model
is the most effective as the PEEC is implemented in the circuit
fashion. The solution vector of the aggressor geometry can be
directly used as the inductive and capacitive coupling sources
for the particular simple victims [9]. A rigorous approach
that can solve the noise coupling to a general signal trace
is developed herein.

The physical concept of the proposed calculation method
is introduced at first. Assume two structures according to the
existence of a victim trace, as shown in Fig. 5. Fig. 5(a) shows
the case with only aggressor structure without the vic-
tim geometry. The charges and currents, which are named
Qa1 and Ia1, will be induced on the aggressor geometry by
the current source. Next, assume the victim geometry is added
to the aggressor geometry as shown in Fig. 5(b). The charge
and current distribution on the aggressor are changed from
(Qa1 and Ia1) to (Qa1 + Qa2 and Ia1 + Ia2) due to the victim
geometry. The variations in the charges and currents on the
aggressor geometry caused by the victim structure are named
Qa2 and Ia2. At the same time, the charges and currents on the
victim Qv and Iv are induced due to the charges and currents
of the aggressor.

The procedure in Fig. 5 can be rigorously derived by
decomposing the PEEC MNA equation (3). To begin with,
the MNA equation A C = B of (3) is written again as

A

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Ca︷ ︸︸ ︷⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

V1

Qa1
T

0
T

I1

Ia1
T

0
T

0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

Cv︷ ︸︸ ︷⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

V2

Qa2
T

Qv
T

0

Ia2
T

Iv
T

It1
It2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Ba︷ ︸︸ ︷⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

−Nsg
T

0
T

0

0
T

Vv−a
T

Vt1−a

Vt2−a

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

Bv︷ ︸︸ ︷⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0

0
T

0
T

0

0
T

−Vv−a
T

−Vt1−a

−Vt2−a

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(6)

where

V0 = V1 + V2

Qa = Qa1 + Qa2

Ia = Ia1 + Ia2

Vv−a
T = Nm,v Pv−a,r Qa1

T + Zv−a,r Ia1
T

Vt1−a = Nt1,v Pv−a,r Qa1
T − Nt1,a Pa−a,r Qa1

T

Vt2−a = Nt2,v Pv−a,r Qa1
T − Nt2,a Pa−a,r Qa1

T
.

The unknown vector C is divided into Ca and Cv, and the
source vector B is divided into Ba and Bv, resulting in two
separated equations as

A Ca = Ba (7)

A Cv = Bv. (8)

In (7), the vector Ba contains the source condition injected
at the aggressor in addition to several terms related to the

Fig. 5. Charges and currents induced by the current source condition (a) in
the aggressor structure only and (b) in the total structure with both aggressor
and victim geometries.

victim structure Vv−a , Vt1−a, Vt2−a , which are necessary to
make all the equations including the victim-related terms be
indeterminate. By removing the indeterminate equations, the
MNA equation (7) is simplified as
⎡
⎢⎢⎢⎢⎢⎣

0 0 1 0̄

0̄T s E −Ns
T −Nm,a

T

−1 Ns Pa−a,r 0 0̄

0̄T Nm,a Pa−a,r 0
T

Za−a,r

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

V1

Qa1
T

I1

Ia1
T

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

1

−Nsg
T

0

0
T

⎤
⎥⎥⎥⎦.

(9)

All the elements in (9) consist of only the aggressor
geometry without the victim geometry, as shown in Fig. 5(a).
The charge and current distributions on the aggressor structure
Qa1 and Ia1 induced by the current source injection can
then be solved by (9), which will be called the “aggressor
MNA equation.”

Next, in (8), which will be called the “victim
MNA equation,” Qa1 and Ia1 appear as source terms
in the Bv vector accordingly. Specifically, Vv−a indicates the
capacitive and inductive coupling from the aggressor to the
victim cells. Vt1−a and Vt2−a indicate the voltages induced
along the victim terminations due to the connections between
the victim and aggressor cells.

As results, Qv and Iv in the Cv vector represent the
charges and currents on the victim structure induced by Qa

and Ia . Also, the Qa2 and Ia2 represent the variation of
the aggressor charges and currents due to existence of the
victim structure, which implies the reverse coupling effects
from the victim to the aggressor structure. Finally, the total
MNA equation of (3) has been successfully decomposed to
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the two step problems of Fig. 5(a) and (b). Nevertheless,
the huge aggressor geometry is still contained in the vic-
tim MNA equation of (8), resulting in no computational
benefits.

If the reverse coupling terms from the victim to the
aggressor Pa−v,r Qv and La−v,r Iv are neglected, the victim
MNA equation is greatly simplified as

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

s E −Nm,v
T

Nt1
T

Nt2
T

Nm,v Pv−v,r Zv−v,r 0̄T 0̄T

Nt1 Pv−v,r 0̄ −Rt1 0

Nt2 Pv−v,r 0̄ 0 −Rt2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

Qv
T

Iv
T

It1

It2

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

0

−Vv−a
T

−Vt1−a

−Vt2−a

⎤
⎥⎥⎥⎥⎦

(10)

which is the same as [10, eq. (7)].
However, there is a limitation in the accuracy of (10), since

the interaction between the victim and the aggressor could
be significant. Therefore, the way to effectively reflect the
aggressor geometry in the calculation of the victim MNA
equation should be found. Since the victim structure of interest
here is basically a transmission line, the TLM with the per-
unit-length (PUL) inductance and capacitance can be a good
approximation of the victim PEEC circuit model. A TLM
is described in terms of the voltages and currents instead
of the charges and currents. Accordingly, the victim MNA
equations (8) in terms of the charges and currents should
be converted into those of voltages and currents. The MNA
equations expressed with the voltages and currents are then
replaced with the TLM with PUL elements in the following
sections.

B. Victim Model With Frequency-Independent
Circuit Parameters

The PEEC MNA model is the full-wave numerical solu-
tion. For a large geometry, the retardation effect between
the distant cells should be considered, which are included
in the partial inductance and potential coefficient matrices in
the retarded PEEC model. Therefore, the MNA equations for
the large aggressor structure are directly expressed in terms
of the charges and potential coefficient matrix, as shown
in the two MNA equations (7) and (8). The retardation
effect between Qa2 and Qv in the victim MNA equation,
however, can be negligible, since the charge of the small
victim transmission line, Qv, interacts predominantly with
only the charge of the aggressor cells near the victim geom-
etry, Qa2, which play the role of reference plane for signal
propagation. By removing the retardation terms in the coupling
between Qa2 and Qv, the potential coefficient matrix for the
victim part is frequency-independent, which is then inversed
to the frequency-independent capacitance matrix. Thus, the
victim trace can be modeled with frequency-independent
R-L-G-C parameters, but there is no significant loss of accu-
racy since the retardations in the coupling from Qa1 are still
retained.

The mathematical procedure starts from the relation
between the voltages and charges as⎡

⎣ Pa−a,r Pa−v,r

Pv−a,r Pv−v,r

⎤
⎦

⎡
⎣ Qa

T

Qv
T

⎤
⎦ =

⎡
⎣ Va

T

Vv
T

⎤
⎦. (11)

The charge and voltage vectors are similarly decomposed
into two parts as[

Pa−a,r Pa−v,r

Pv−a,r Pv−v,r

]([
Qa1

T

0
T

]
+

[
Qa2

T

Qv
T

])

=
[

Pa−a,r Qa1
T

Pv−a,r Qa1
T

]
+

[
Va

T − Pa−a,r Qa1
T

Vv
T − Pv−a,r Qa1

T

]
.

After cancelling the first vector terms on the left and right
sides, the relation between the voltages and charges for the
“victim MNA equation” are obtained. As aforementioned, the
retardation effect for Qa2 and Qv is neglected, resulting in[

Pa−a Pa−v

Pv−a Pv−v

][
Qa2

T

Qv
T

]
=

[
Va

T − Pa−a,r Qa1
T

Vv
T − Pv−a,r Qa1

T

]
(12)

where the Pa−a , Pa−v , Pv−a , and Pv−v represent the matrices
of the static potential coefficients without the retardation
effect.

The charges for the victim MNA equations are finally
written in terms of the voltages as[

Qa2
T

Qv
T

]
=

[
Ca−a Ca−v

Cv−a Cv−v

] [
Va

T − Pa−a,r Qa1
T

Vv
T − Pv−a,r Qa1

T

]
(13)

where [
Ca−a Ca−v

Cv−a Cv−v

]
=

[
Pa−a Pa−v

Pv−a Pv−v

]−1

.

By substituting (13) into (8), removing the retardation term
related with Ia2 and Iv, and eliminating the unnecessary first
and fourth lines, the victim MNA equations are expressed
with the unknown voltages and currents using the capacitance
matrix instead of the potential coefficient matrix as⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

sCa−a sCa−v −Nm,a
T

0 −Nt1,a
T −Nt2,a

T

sCv−a sCv−v 0 −Nm,v
T

Nt1,v
T

Nt2,v
T

Nm,a 0 Za−a Za−v 0
T

0
T

0 Nm,v Zv−a Zv−v 0
T

0
T

−Nt1,a Nt1,v 0 0 −Rt1 0
−Nt2,a Nt2,v 0 0 0 −Rt2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

Va
T − Pa−a,r Qa1

T

Vv
T − Pv−a,r Qa1

T

Ia2
T

Iv
T

It1
It2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0
T

0
T

0
T

−Vv−a
T

−Vt1−a

−Vt2−a

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

. (14)

The solutions of (14) are compared with those of (8).
Fig. 6 shows the coupled voltages at the victim terminations in
the position a of the “w/ shorting” case. It is validated that the
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Fig. 6. Comparison between the victim MNA solutions of (8) and (14).

Fig. 7. Model of the victim transmission line. (a) PEEC model for (14).
(b) TLM with PUL parameters.

victim MNA matrix has been successfully expressed with the
frequency-independent R-L-G-C parameters. The simulations
were performed in the frequency domain with 201 points from
300 kHz to 1 GHz. A computer with 64-GB RAM and dual
2.4-GHz quad-core CPU was used in all the calculations. The
simulation time of (8) and (14) is 48 h 14 min 49 s and
57 h 41 min 28 s, respectively. The simulation time of (8)
is faster than that of (14), as the matrix (8) uses only
one unknown charge to construct KCL at a node while the
matrix (14) needs all of the unknown voltages for KCL.

C. Simplification of the Victim Model Into
the Transmission Line Model

The coupling effects from the aggressor to the victim
structure are entirely included as the coupling source terms
in (14), which can be modeled as in Fig. 7(a). The circle and
square shapes inserted at each victim mesh cell represent the

Fig. 8. Comparison between the victim PUL TLM and the victim
MNA equation of (14).

coupling sources from the aggressor to the victim trace and
terminations, Vv−a , Vt1−a , Vt2−a, respectively. The capacitive
and inductive coupling source Vv−a is inserted at every mesh
cell in the signal trace and via. The conduction coupling
source at the terminations Vt1−a and Vt2−a are inserted at
the connections between the signal trace and the aggressor
reference plane. The calculated voltages at the aggressor and

victim mesh nodes in the model represent (Va − Pa−a,r Qa1)

and (Vv−Pv−a,r Qa1), respectively. The final voltage observed
between the trace and the reference plane, (Vv − Va), can then
be calculated accordingly.

The resultant electromagnetic field induced in the victim
transmission line is predominantly the transverse electromag-
netic mode. Therefore, the victim PEEC circuit model in
Fig. 7(a) can be simplified using the PUL R-L-G-C TLM
and the proper circuit model for the via layer transitions, as
shown in Fig. 7(b) [22]–[25]. The loss of the transmission
line and the parasitic capacitance at the via pads and barrels
are also neglected here for simplicity, as their effects at high
frequencies are not significant for the ESD noise coupling
analysis. The characteristic impedance, PUL inductance, and
capacitance of a lossless microstrip line can be calculated
as [23]

Z0 = 87√
εr + 1.41

ln

(
5.98H

0.8W + T

)
[�] (15)

C0 = 26.38(εr + 1.41)

ln
(

5.98H
0.8W+T

) [pF/m] (16)

L0 = Z2
0C0 (17)

where εr is the dielectric constant, H , W , and T are the height,
width, and thickness of the microstrip line, respectively.

The victim TLM consists of the PUL series inductances
L0 in addition to the coupling sources and the PUL shunt
capacitances C0 that are connected to the reference plane. The
full-wave victim trace model with partial R-L-G-C parameters
in (14) should be equivalent to the TLM with PUL R-L-G-C
parameters. The macromodel inductance developed from the
full-wave PEEC model is proven equivalent to the L0 in the
TLM [26]. In the TLM, the aggressor reference nodes are
set to zero potential, so that the voltages at the transmission
line nodes indicate the voltage differences between the vic-
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TABLE II

COMPARISON OF THE COMPUTATIONAL TIME

tim nodes and the aggressor nodes as (Vv − Pv−a,r Qa1) −
(Va − Pa−a,r Qa1). The final voltages observed between the
trace and reference plane of the original total structure are then
obtained from (Vv − Va).

As a result, the final form of the proposed victim trace
model is the 1-D TLM instead of the full-wave PEEC model,
although the ESD noise coupling from all the aggressor cells
calculated using the full-wave PEEC are entirely included as
the coupling source terms. The proposed TLM in Fig. 7(b) is
validated with the result from the direct solution of (14), as
shown in Fig. 8.

IV. CALCULATION AND VALIDATION OF THE

NOISE COUPLING TRANSFER IMPEDANCE

IN FREQUENCY DOMAIN

The proposed calculation method is applied to various cases,
and validated with HFSS simulations and measurements in the
frequency domain at first. The induced voltage at one of the
terminations Vt1 is calculated using the TLM of Fig. 7(b) and
validated with measurements and HFSS results. The transfer
impedance from the excited current to the coupled voltage is
measured using the vector network analyzer. Fig. 9 shows the
measurement setup, the PCB designs with three victim posi-
tions, and the HFSS simulation setup. As shown in Fig. 9(a),
the ends of the signal trace are terminated with a 51 � SMT
resistor at the top plane. The transfer impedances Vt1,t2/I1 are
measured by connecting the semi-rigid cable directly across
the termination resistor. 10 ferrite common-mode (CM) chokes
are mounted on the cable to reduce the direct CM noise
coupling from the fields. In Sections IV and V, three victim
positions depicted in Fig. 9(b) are calculated and validated for
the two aggressor cases: “w/o shorting” and “w/ shorting.”

Figs. 10 and 11 show the coupled noises in the three victim
positions for the “w/o shorting” and “w/ shorting” cases,
respectively. One of the termination voltages Vt1 is shown,
and the other termination voltage Vt2 is also very similar
as Vt1. As shown in Fig. 10, the transfer impedances have
constant values below 30 MHz in the “w/o shorting” case. The
overall shapes and the high frequency resonances agree very
well between the measurement, the HFSS, and the calculation.
As aforementioned, the discrepancy at the first resonance peak
is attributed to the inaccurate partial capacitance modeling of
the aggressor strap geometry. In the case of “w/ shorting,”

Fig. 9. (a) Measurement setup. (b) PCB design with three victim positions.
(c) HFSS simulation setup.

the transfer impedances show the inductive behavior at the
low frequency range below 30 MHz. The overall shapes and
the relative trends agree well except for the resonance peak
under 100 MHz. The discrepancy in the resonance is attributed
to the inaccurate modeling of the strap geometry.

The computational time of the proposed method and HFSS
simulation are compared in Table II. Both the proposed
calculations and the HFSS simulations were solved in the
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Fig. 10. Transfer impedances from the proposed method, HFSS, and
measurement in the “w/o shorting” case. (a) Position a. (b) Position b.
(c) Position c.

frequency domain with 201 points from 300 kHz to 1 GHz.
A computer with 64-GB RAM and dual 2.4-GHz quad-core
CPU was used in all the calculations.

Most of the calculation time in the proposed method is
consumed to analyze the aggressor geometry. The aggressor
structure is solved just once for multiple victim positions,
which can greatly reduce the total computational time for
various victim cases. For example, the proposed method
takes 50 h 57 min 2 s to simulate the three victim cases in
the “w/ shorting” case, whereas the HFSS simulation takes
189 h 45 min 1 s in total. When more victim cases are
tested on an identical aggressor structure, the computational
efficiency of the proposed method should be further improved.
Also, the computational time for the aggressor PEEC model

Fig. 11. Transfer impedance from the proposed method, HFSS, and
measurement in the “w/ shorting” case. (a) Position a. (b) Position b.
(c) Position c.

can be reduced if using sophisticated calculation techniques
such as the adaptive meshing. The computational time for the
total geometry using the full-wave PEEC is similar as that
for only the aggressor geometry, since the model complexity
is predominantly determined by the size of the aggressor
structure. For example, the full-wave PEEC calculation takes
50 h 49 min 39 s, 50 h 46 min 31 s, and 50 h 49 min 17 s for
positions a, b, and c in the “w/ shorting” case, respectively.

V. CALCULATION AND VALIDATION OF THE

SYSTEM-LEVEL ESD COUPLED WAVEFORM

IN TIME DOMAIN

The actual ESD noise couplings are also calculated in
frequency domain and converted to time domain using the
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Fig. 12. Transient ESD test for the equivalent circuit of ESD generator.

inverse Fourier transform instead of the direct calculation in
the time domain, since instability may occur at a very high
frequency above our interests in the time domain retarded-
PEEC analysis [27].

The contact discharging mode ESD generator was modeled
as the series R–C circuits with 330 � and 150 pF in addition
to a self-parasitic capacitance of the ESD gun body [28].
The self-capacitance of the ESD gun body is important to
reproduce the high current peak with a fast rise time. The
value of self-capacitance Cb is extracted as 9.6 pF from the
3-D RLC extractor, Ansys Q3D [29].

In the ESD measurement, there can be a direct electric field
coupling from the ESD gun body to the signal pin of the rigid
cable. Therefore, the signal pin of the rigid cable could be
shielded using a copper tape to avoid direct coupling [29].
However, it has been confirmed that the direct coupling to the
signal pin is insignificant here and no shielding structure was
employed.

As explained in [9], the R–C discharging condition in the
ESD gun can be effectively incorporated into the PEEC MNA
equation in the frequency domain. The simple R–C model of
the ESD generator with a voltage step pulse is combined with
the PEEC aggressor model instead of the current source, as
depicted in Fig. 12. V1 is the voltage at the node between the
capacitor and resistor, and I1 is the ESD input current. In [9],
assuming the ESD capacitor C0 is initially charged to V1(0),
the C0V1(0) appears mathematically as the ESD source terms
in the aggressor MNA equation. However, the rise time of the
ESD injection current is not limited in the model, whereas
the rise time is controlled by a rise time filter in an actual
ESD gun [4]. After the parasitic capacitance of the gun body is
properly included in the model, the calculated initial peaks in
the ESD coupled voltages are too large without including the
rise time of the ESD current. Therefore, instead of the initial
voltage condition in the PEEC model, the ESD event is excited
by a voltage step pulse with a proper rise time here [2]–[8].

A voltage step pulse with a rise time can be expressed in
the time and frequency domains, respectively, as

VESD(t) = Vzap

tr
tu(tr − t)u(t) + Vzapu(t − tr ) (18)

VESD(s) = Vzap(1 − e−tr s)

tr s2 (19)

Fig. 13. ESD coupling waveform at termination Vt1 in the “w/o shorting”
case. (a) Position a. (b) Position b. (c) Position c.

where Vzap represents the ESD zap voltage, and tr represents
the rise time of the step function.

The aggressor MNA equation (9) is then modified to include
the circuit components and the voltage step pulse of the
ESD generator as (20), shown at the bottom of the next page.

As a result, the frequency spectra of the transient ESD
charges and currents on the aggressor geometry can be
obtained from the solution vector of (20). The ESD MNA
matrix for the aggressor is solved from DC to 1 GHz with the
linear frequency step of 5 MHz for analyzing the ESD event
up to 200 ns. The calculated spectra of the ESD charges and
currents in the aggressor are used as the coupling sources in the
proposed victim calculation. The transient waveforms of ESD
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Fig. 14. ESD coupling waveform at termination Vt1 in the “w/ shorting”
case. (a) Position a. (b) Position b. (c) Position c.

coupling are obtained from the frequency spectra using inverse
Fourier transform. Figs. 13 and 14 show the calculated and
measured voltage waveforms at the termination Vt1 induced by
a 2-kV ESD event. The oscilloscope with 1-GHz bandwidth
is used in all the measurements.

TABLE III

COMPARISON OF THE PEAK VOLTAGE AND THE RINGING FREQUENCY

The peak voltages, overall shapes, and duration of the
waveform are quite similar between the calculations and
measurements. The positive peaks and the dominant ring-
ing frequencies are compared between the calculations and
measurements in Table III. The ringing frequency and wave-
form shapes can be analyzed from the frequency domain
results in Section IV. In the victim position c of the “w/o
shorting” case, the transfer impedance has the highest peak
at 682 MHz, as shown in Fig. 10(c). It is matched well
with the fast ringing frequency of 695 MHz in the measured
waveform of Fig. 13(c). The slow bump shape of the coupled
voltages in the “w/o shorting” cases, which resembles the
ESD input current pulse, is due to the constant transfer
impedance below 30 MHz. In the victim position c of the
“w/ shorting” case, the 400 MHz ringing frequency observed
in the measured waveform in Fig. 14(c) is originated from the
transfer impedance peak at 399 MHz in Fig. 11(c).

VI. CONCLUSION

ESD is one of the most critical noisy events that can cause
malfunctions of ICs in electronic systems. A fast and accu-
rate calculation method for system-level ESD noise coupling
analysis was rigorously derived based on the PEEC model
decomposition. The mathematical and physical process for
developing the victim TLM affected by the large ESD structure
was articulated and validated step-by-step. The computational
time was compared with the commercial full-wave solver. The
proposed method is very efficient without loss of accuracy,
especially when various victim cases are analyzed in the same
aggressor structure. The proposed method can be applied to
find the best position or route of the signal trace in numerous
design choices.

For calculation of the ESD coupling waveforms, the ESD
generator circuit model was incorporated in the aggressor
MNA equation, and the ESD transient waveforms on the
victim signal trace were obtained from the frequency spectra of
the charges and currents on the aggressor geometry. The over-
all shapes and the trends in various victim positions are

⎡
⎢⎢⎢⎢⎣

sC0 −sC0 Nsg Pa−a,r 1 0̄

−sC0 Nsg
T

s E + s(C0 + Cb)Nsg
T

Nsg Pa−a,r −N
T
s −Nm,a

T

−1 Ns Pa−a,r R0 0̄

0̄T Nm,a Pa−a,r 0
T

Za−a,r

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

V1

Qa1
T

I1

Ia1
T

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

sC0VESD(s)

−sC0VESD(s)Nsg
T

0

0
T

⎤
⎥⎥⎥⎦ (20)
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quite similar between the calculations and measurements. The
ringing frequency and shapes of the ESD transient waveforms
can be analyzed from the transfer impedances in the frequency
domain. The proposed calculation method has high efficiency
and possibility to be used for various kinds of system noise
coupling problems.
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