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System-Level Modeling Methodology of ESD Cable
Discharge to Ethernet Transceiver

Through Magnetics
Yingjie Gan, Xiaoying Xu, Giorgi Maghlakelidze, Suyu Yang, Wei Huang, ByongSu Seol, and David Pommerenke

Abstract—When a charged cable is plugged into an Ethernet
connector, a cable discharge event (CDE) will occur. Ethernet
transceiver pins are often affected by CDE as they are usually
unshielded. The discharge current couples via the transformer
and common mode chokes to the physical layer-integrated cir-
cuit and may damage it. This paper describes a methodology for
CDE system-level modeling in SPICE taking the cable geometry
into account via full-wave modeling and cross-sectional analysis.
A charged cable model, a nonlinear magnetics model, an Ethernet
transceiver pin model, and the traces in the system are combined
to create a complete model. An Ethernet system suffering cable
discharge was selected to illustrate the methodology. The simula-
tion is compared to measurements.

Index Terms—Cable discharge event (CDE), electrostatic
discharge, Ethernet transmission line pulse (TLP), system efficient
ESD design (SEED).

I. INTRODUCTION

CABLE discharge event (CDE) robustness is a quality is-
sue which network equipment designers should consider.

Studies in [1]–[4] directly or indirectly determine the expected
charge voltage, and studies in [5]–[7] give examples of possible
discharge waveforms for a given voltage. Two CDE-producing
situations can clearly be distinguished. The first is through tribo-
electric charging by pulling a cable over a surface. The authors
of [2] reported voltages up to 1.7 kV in a setup that pulls cables
from one spool to another while sliding the cable over insulating
surfaces. In proprietary industry test standards, the use of 200 m
LAN cable charged to 2 kV is suggested. The second scenario
can be illustrated as follows. A person carries a laptop that is
charged and inserts a LAN cable into the laptop. The voltage
levels accumulated by a person can be derived from triboelec-
tric charging by walking, sitting, and standing up from chairs
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or removing a garment [8]–[10] and can easily reach 10 kV
or more.

When a charged cable is plugged into an Ethernet connector,
the voltage and consequential current can damage the trans-
former, common mode chokes, and especially the Ethernet
transceivers [1]. Because of the length of LAN cables, CDE
discharges can be quite long and have the potential to stress
the I/O more than those discharges described by the HBM or
the IEC 61000-4-2 discharge model [4]. Most CDE will oc-
cur at voltages below 5 kV, leading to shorter rise rimes com-
pared to the 0.85 ns of the IEC 61000-4-2 standard. These
shorter rise times may require shorter turn on performance of the
electrostatic discharge (ESD) protection circuit.

The electrostatic discharge association is now working on
a CDE standard. However, no published CDE standard exits
and complying with the system level IEC 61000-4-2 standard
may not ensure sufficient robustness of a device or a system
against CDE.

In order to characterize interface protection elements, the au-
thors of many publications simulate or experimentally emulate
cable discharge with long transmission lines [3]–[7]. The diffi-
culty of creating a CDE standard test is complicated by the many
parameters which influence the discharge, such as the charging
and discharging mechanisms, pin mating sequence, cable geom-
etry, height of the cable above ground, and the load conditions. In
[4] and [11], CDE charging and discharging mechanisms were
introduced. In [11], the effects of the pin mating sequence with
respect to injecting a common and/or differential mode current
were discussed. In [12], some effects of cable geometry were
explained by a multibody capacitance model. Previous publi-
cations provide a basic understanding of the cable discharges,
both from the theoretical and measurement’s point of view [11]–
[13]. For system-level investigation, both a cable charging and
discharging model need to be included. As many conductors
are involved in LAN CDE, the model must be more complex
than a single transmission line discharge scenario such as a
transmission line pulse (TLP).

The Ethernet magnetic circuit is used to protect against noise,
suppress common mode, and to provide galvanic isolation [14]
and can come in several different configurations. The failure
level of the PHY will depend on this magnetic module [15],
which means that this magnetic circuit needs to be modeled
correctly to understand its role in protecting the PHY. The per-
formance of the magnetics depends not only on the winding
inductances, but also on parasitic parameters such as leakage
inductances and interwinding capacitances. In [16] and [17],
the authors demonstrate examples linear magnetic modeling for
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Fig. 1. Photograph (top) and schematic diagram (bottom) of the cable
discharge system. The system contains four pairs; here, only one pair is shown.

such transformers. However, due to the large currents during
an ESD event, nonlinear effects such as core saturation must
be considered. Chiefly, the saturation of the magnetic cores can
limit the amount of energy which is coupled into the transceiver
circuit [18]. This requires a saturable B–H curve-based model
[19], [20].

Finally, an Ethernet IC transceiver pin behavioral model is
needed to predict its failure level during a discharge [21]. Such
a model should be able to reproduce the VI curve behavior such
that it can be used in simulation to model the pin [22]. A sudden
strong change of the VI curve or an increase of the leakage
current measured by a source measurement unit (SMU) is often
regarded as an indication for the failure of the DUT [23]. The
very fast transmission line pulse (VF-TLP) has been established
as the best choice for the characterization of such VI curves and
damage thresholds as it can also resolve the DUT behavior in
the first nanoseconds of the stress stimulus.

This paper follows the concept of system efficient ESD de-
sign (SEED) [24] and uses a cable discharge system as an exam-
ple to illustrate how to build the complete system-level model.
Section II introduces the selected cable discharge system. Each
part of the system modeling methods and results are shown
in Section III. The models of each part were combined as
a system circuit, and the comparison of simulation and mea-
surement results is shown in Section IV. Section V discusses
three situations which are not shown in the model. System-
level saturation situations, CDE versus ESD simulator discharg-
ing, and shielded cable influences are discussed in this section.
Section VI presents the analysis of this modeling methodology.

II. CABLE DISCHARGE SYSTEM STRUCTURE

As shown in Fig. 1, the selected cable discharge system in-
cludes: 1) charged Cat 5 cable; 2) magnetic group with Ethernet
connector; 3) interconnection between magnetics and Ethernet
PHY IC; and 4) PHY IC transceiver media-dependent interface

(MDI) pins. The primary-side center tap of the magnetics is
connected to a Bob Smith termination circuit [25] which con-
sists of a 75 Ω resistor and a 1 nF high voltage capacitor. This
termination circuit is sometimes implemented using different
component values. For example, if power over Ethernet is pro-
vided, the capacitor value may be much larger. Furthermore,
many center taps from different pairs or even cables may con-
nect together and share the same termination circuit. In this case,
the secondary-side center tap is connected to ground through a
1 nF capacitor.

As this paper does not attempt to examine the specific charg-
ing processes which can lead to CDE, we simply assume that the
cable was charged in common mode based on [2]; i.e., all eight
conductors had the same voltage with respect to a ground refer-
ence plane. The first pin that contacts initiates a current flow into
the LAN connector. This is referred to as a common mode dis-
charge, as the current magnitude depends on the common mode
impedance of the cable to ground and the common mode termi-
nation impedance on the other end of the cable (open circuit, for
an unconnected cable). Although already described in [11], it is
important to be reminded of the effect of PIN sequencing during
the discharge of an unshielded LAN cable. In CDE, at least two
different modes can be initiated by the second pin that mates.
The second pin can either be from the same twisted pair as the
first pin that contacted, or from another twisted pair. If it is from
the same pair, a differential mode current will be initiated and
the first pin will be the main return path of a differential cur-
rent on this pair. In this case, the common mode chokes cannot
suppress this differential mode current. Most discharge current
will transfer to the PHY IC pins through the magnetics. As the
differential discharge case forms the worst case scenario, it was
selected as the basis for modeling.

III. MODELING METHODOLOGY

This cable discharge arrangement contains four parts; each
part was simulated and tested separately, and then combined in
the Allegro Design Entry CIS 16.6 SPICE solver.

A. Charged Cable Model

The charged cable model was built using CST Cable Studio’s
hybrid method. The simulator analyzes the cable geometry by
cross-sectional analysis and then places it into a 3-D solver
to determine the effect of the surrounding on the cable cur-
rents. A geometric representation of the four twisted wire pairs
(TWPs) of a Cat 5e cable 5 cm above the reference ground
plane was first created and then the bundled to create the un-
shielded twisted pair geometry shown in Fig. 2. Placing a port
on each side of all eight wires in the cable geometry results in a
16-port S-parameter matrix which represents the simulated ca-
ble. In practice, the wire pairs are twisted more closely together
than in the simulated model but we are not aware of a method
within CST to create such a closely bundled cable. Because the
results shown in Sections III and IV indicate that the resulting
error is acceptable, the super twisting of the cable bundle was
not considered.
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Fig. 2. Cable geometry in CST Cable Studio. The cable is an unshielded Cat
5e cable which has four twisted pairs running in parallel (the super-twist ixsts
not modeled).

Fig. 3. Charged cable SPICE model. The current waveform at the I_probe
location was compared to measurements.

As the next step, the 16-port S-parameter file was converted
to a circuit file using a commercial macro model generation tool
[26]. This circuit file is suitable for the SPICE simulation as a
32 pin component.

Fig. 3 shows the cable charging and discharging circuit model.
To experimentally verify the model, the ES631-LAN Ethernet
CDE evaluation system provided by ESDEMC LLC was used.
To reflect the inner structure of the CDE tester [27], two cables
needed to be modeled. The 5.6 m long section is the external
DUT and the 0.4 m long cable section is part of the CDE tester.

The cable charge voltage is set by the initial condition. The
cable discharge sequence is determined by the voltage con-
trol switch S1 and the termination resistors on the right side
in Fig. 3.

Although all wires are charged to the same voltage prior to
the first contact, there will be a differential voltage after the first
contact. This differential voltage will drive the possibly dam-
aging differential current if the second pin that mates belongs

Fig. 4. Capacitive divider equivalent circuit of one TWP and ground.

Fig. 5. Measured and simulated cable discharge current waveforms.

to the same pair. The amount of the voltage depends on the
ratio of the well-controlled wire-to-wire capacitance Cww of a
pair and the capacitance of the second wire to ground Cwgnd . A
simplified capacitive divider is shown in Fig. 4 to illustrate the
charge redistribution after the first pin contacts. This is further
analyzed in [28]. Measurements show that cables routed in a
cable tray may have a capacitance ratio of Cww : Cwgnd up to
1:0.75. Thus, a common mode voltage caused by triboelectric
charging of 2400 V will lead to a differential voltage of 1000 V
after the first pin discharge.

To verify the cable model, simulated and measured results
were compared for second pin discharge cases. The precharge
differential voltage of the wire was set to 1 kV, and pin 1 and
2 (see Fig. 3) were shorted together to allow for differential
current flow. The discharge current was measured using a CT2
current probe inside the CDE tester.

The results are shown in Fig. 5 together with currents sim-
ulated using a simple differential pair model having optimized
per unit length parameters. This additional simulation has been
performed as other publications have used a transmission line as
approximation of the cable discharge pulse. The model consists
of two differential lossy transmission lines connected in series.
The long transmission line corresponds to the 5.6 m charge ca-
ble. Another short differential transmission line corresponds to
the 0.4 m cable. The long transmission line was precharged to
1 kV. The switch is placed at the connection point of these trans-
mission lines, similar to the cable model. The lossy transmission
lines were defined by their per unit length parameters. In the
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model, L = 400 nH, C = 40 pF, R = {0.001 ∗ sqrt(2 ∗ s)},
G = 0 are used. R uses the Laplace variable “s” to model attenu-
ation as a function of frequency. L and C have been derived from
the propagation velocity and the characteristic impedance; the
loss has been optimized for best match to the full cable model
data. One can also use the method mentioned in [29] to create a
twisted pair model.

As Fig. 5 shows, the differential currents which determine
the discharge currents match well. The frequency of the current
waveform oscillation is directly related to the cable propagation
velocity and length. In this case, the 6 m total cable length
corresponds to a pulse width of 60 ns. The measured data show
more damping than the simulated data which is likely caused by
additional losses in the CDE tester such as the discharge relays.
From a damage point of view, the rise time, peak current, and
duration of the first pulse measurement and simulation match.

However, when comparing the simulation using a differen-
tial transmission line to the multiwire model and additionally
considering practical aspects in test implementation, one will
realize that the differential transmission line is only a very good
model for one specific case, and it loses generality if other pin
sequences are analyzed.

For example, the first pin discharge current strongly depends
on the height of the cable above ground; thus, it would require
a TLP of adjustable characteristic impedance. A second case
which is difficult to model by the differential transmission line
is when the second pin to mate is part of a different twisted pair
than the first. Experimentally, there is a fundamental difference
between using a TLP to discharge to a pin and a differential
transmission line discharge. The TLP is usually ground refer-
enced; thus, it requires a high voltage pulse balun to attach the
TLP such that a differential current is injected. Therefore, a full
LAN CDE tester which has eight individual relays to model the
pin mating sequences is preferable.

B. Magnetic Group Model

As shown in [15], the CDE performance depends on the type
of Ethernet magnetics used in a product. A typical Ethernet mag-
netic circuit consists of a center tapped 1:1 isolation transformer
and common mode chokes at the cable side and/or the physical
(PHY) IC side. In the system investigated, the magnetic group
contained three such magnetic components: a three-wire com-
mon mode choke at the PHY side, a balanced-to-balanced 1:1
transformer, and a two-wire common mode choke at the cable
side (see Fig. 1). The magnetics are made from twisted wires,
which form a twisted pair transmission line which is wrapped
around a core (see Fig. 6). The 1:1 transformer was selected to
illustrate this construction method. The Ethernet common mode
chokes were created using the same method.

A linear 1:N transformer model usually contains parame-
ters such as: primary and secondary winding inductance, pri-
mary and secondary winding capacitance, core loss resistance,
leakage inductance, interwinding capacitance, primary and
secondary loss resistance, among other characteristics.

Using a VNA and LCR meter, we obtained the linear param-
eters. Transformer linear parameter measurement theory and

Fig. 6. LAN transformer with twisted wires wrapped around the core
(left side), and the core geometry dimensions (right side).

TABLE I
FORMULAS FOR MAGNETIC PARAMETERS CALCULATION EQUATIONS

Linear parameters calculation equations B–H curve calculation equations

L1 =
Z 1 1 im a g

2 π f |Z 1 1 p h a s e ( f ) ≈ 9 0

C1 = − 1
2 π f ·Z 1 1 im a g

|Z 1 1 p h a s e ( f ) ≈−9 0

RC = Z 11im a g (f1 )|Z 1 1 p h a s e ( f 1 ) = 0

C = |S 2 1 m a g |
4 π f ·5 0

k =
√(

1 − Ls/L1

)

A e f f =
(

D − d
2

)
· h

le f f = π ·
(

D + d
2

)

H = N ·I D C
l e f f

B = L ( I D C ) · I D C
A e f f ·N

μi = L 1 ·l e f f
A e f f ·N 2 ·μ 0

Transformer core size: D: external diameter; d: internal diameter; h: thickness; N:
winding turns.

method are described in [30]. By measuring the transformer’s
S-parameters, primary winding inductance L1 , primary winding
capacitance C1 , core loss resistance RC , leakage inductance L5 ,
and interwinding capacitance C can be estimated by the equa-
tions in Table I. Primary and secondary loss resistance was ob-
tained by measuring the resistance of the primary and secondary
winding by LCR meter.

The B–H curve is needed to model the transformer’s non-
linear behavior. A measurement of the primary inductance L1
under different dc-bias currents is used to capture the change
of the inductance as a function of dc current. To obtain the
B–H curve, the initial permeability μi of the transformer toroidal
core was determined from the initial inductance, the core size,
and the number of turns (which is obtained from dissecting
a transformer).

Allegro Design Entry CIS allows the user to define the mag-
netic core based on the Jiles–Atherton model [31] by directly
importing the measured B–H curve data points to the model
editor. Fig. 7 shows the B–H curve of the transformer core and
the resultant nonlinear model.

The next step combines the two common mode choke models
with the transformer model. The verification was performed
in time domain using a TLP as the source (see Fig. 8). An
oscilloscope was used to capture the output voltage at 50/100 Ω
single/differential load and the input current is measured using a
CT-2 probe. As the ac termination provides an additional current
path in the real world, it was also added to the test circuit during
the verification.

Fig. 9 compares simulation and measurement results for the
input-side currents and the output-side voltages. At low-source
voltage levels, the magnetic behavior is linear. The magnetics
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Fig. 7. Transformer magnetic core B–H curve (top) and nonlinear model
(bottom). K is the nonlinear core model. L1 –L4 are primary and secondary
winding inductors coupled by the core. Number “13” indicates 13 turns. The
parasitic parameters were symmetrically distributed. C1 and C2 are primary and
secondary winding capacitances, R5 and R6 model core losses. L5 –L8 model
the leakage inductors. C3 and C4 model the interwinding capacitances. R1 –R4
are primary and secondary loss resistors.

Fig. 8. Magnetic circuit verification schematic. A measured TLP waveform
was used as an excitation source in the SPICE simulation.

transfers the TLP pulse to the output side without distortion.
However, as the injection source value increases, the nonlinear-
ities begin to manifest. Saturation was first observed when the
internal voltage source of the TLP is at approximately 600 V. At
the onset of core saturation, the input current rapidly increases
while the output voltage drops. Higher charge voltages lead to
an earlier onset of saturation.

Fig. 9. Results in comparison for the magnetic group at different TLP source
voltage levels. Solid lines: measurement. Dashed line: simulation.

A comparison of the modeled and measured voltage and cur-
rent waveforms shows very similar behaviors especially for the
peak values and saturation onset time. Some differences are
visible on the falling edges which could be explained by vari-
ation in material parameters from sample to sample, by the
unmolded magnetic hysteresis, or similarly neglected
frequency-dependent transformer parameters. Finally, it is
known that even within one magnetic, the wire pairs have some-
what different behaviors, potentially due to subtle asymmetries
in the geometry which can also contribute to differences between
the real-world measurement and highly symmetric transformer
equivalent circuit.

From the comparison of the simulation and measurements
shown in Fig. 9, it can be seen that 100 ns 600 V excitation pulses
inject 3 A into the primary side of the transformer and trigger
saturation at 70% of the pulse width. Besides core material and
size, the transformer saturation also depends on the secondary-
side load. In the setup shown in Fig. 8, if the load was changed
to 5 Ω saturation appears from 1400 V source voltage. In the ap-
plication, the transformer is loaded by the Ethernet transceiver
pins which provided a 50 Ω input impedance for in-band voltage
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Fig. 10. Ethernet transceiver pin VI curve measurement setup.

signals, but change to much lower impedances once the ESD
protection circuits are triggered. Therefore, in order to simu-
late the system correctly, the transceiver pin impedances need
to known.

C. Transceiver Pin Model

The PHY IC transceiver pin model consists of a linear and
a nonlinear model. According to the VNA measurements, the
parasitic parameters such as package inductance and input ca-
pacitance are rather small (<0.5 nH, <2 pF), indicating that
the small signal input impedance is dominated by an internal
50 Ω termination. For this reason, the 50 Ω termination will
only be relevant for very low voltage CDEs but is included as
part of the simulation model in parallel with the extracted ESD
protection behavior.

The nonlinear transceiver pin model was obtained using the
ES620 TLP VI-curve system from ESDEMC. Fig. 10 shows the
test setup. To obtain the voltage and current waveforms during
the first nanoseconds, the time-domain reflection (TDR) method
was used [23]. In this method, the current is calculated from the
forward and reflected waveforms. In order to distinguish the
incident and reflected voltage waveforms, the TLP generator
supply pulse width is limited by the length of the low loss
coaxial cable which acts as a delay line. Using a 2 m long cable
limited the TLP pulse width to less than 10 ns. The voltage at
the pin side was measured by a 1 kΩ resistor. To gain direct
access to the IC, the Ethernet connector and the magnetics were
removed during the VI curve characterization. The PHY IC
transceiver pin VI curve was measured in the unpowered state
as it was known that this transceiver pin uses a dual diode
protection circuit.

The leakage current was measured by the SMU B2961A after
each pulse to identify if the I/O structure of the pin was damaged.

The VI curve was measured using an average window from
7 to 9 ns [23]. As the CDE pulse in the system level test is about
50 ns long, an additional VI curve measurement was performed
using a TLP having 100 ns pulse length. Here, the average
window was set to 70–90 ns. Both measurements yielded similar
VI curves indicating that the VI curve of this dual diode-based
protection structure is independent of the averaging window.

The VI curve was modeled by voltage-controlled switches,
ideal diodes, and resistors where the resistors and switches were

Fig. 11. Ethernet transceiver pin nonlinear model (top) and simulated result
compared with VF-TLP (10 ns input pulse width) measurement result (bottom)
without bias. As the VI curve is symmetric with respect to polarity, thus only
the positive branch is shown.

used to set the VI characteristics and the ideal diodes separate
the positive and negative injection behaviors. Fig. 11 compares
the IC transceiver pin modeling and measurement result. As
expected in a dual diode protection, the turn-on voltage is about
0.7 V if not powered, and the curve is symmetric with respect
to polarity. The diode’s dynamic resistance is about 0.4 Ω after
turned on. Applying 1.6 V Vdd IC shifts the positive VI curve
branch shift by 1.6 V.

Changes in leakage current are generally used as an indication
of whether the IO pin has been damaged. During VF-TLP (10 ns
pulse width), the leakage current was measured after each pulse
by applying 1 V dc to the pin. The leakage current did not
change. It remained at 300 μA for currents up to 40 A. Using
a 100 ns wide pulse damage was observed at 23 A as indicated
by an increase of the leakage current from 300 μA to 10 mA.

D. Traces and Other Influencing Factors

The traces between the Ethernet connector and PHY IC pins
form a differential transmission line. Using a TDR, the trace
length and impedance were determined. It is important not only
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Fig. 12. Model of the interconnection between the transformer and the
PHY-IC. T1 and T2 represent the common mode choke transmission lines.
T3 and T4 represent the traces. L3 and L4 represent the effect of the 2 mm trace
length between the PHY-IC input location and the voltage measurement point.
L1 and L2 are inductances caused by the stacking up and connecting two PCBs.
Using two PCBs allowed changing the magnetics and it allowed direct access
to the PHY-IC without magnetics.

to consider the inductance formed by the common mode choke,
but to consider the fact that the common mode choke is made
by winding a TWP around the core. Its electrical parameter
also had been determined using a differential mode TDR. The
effect of the pair is modeled as T1 and T2. Fig. 12 gives de-
tails of the traces and common mode choke transmission line
modeling structure.

IV. SYSTEM-LEVEL MODELING RESULT

The model was completed by combining the cable model, the
magnetic model, the interconnection, and the IC model. Fig. 13
compares the measured and simulated results for the second pin
(pin 1) discharge case. A differential voltage of 1000 V was used
and the current waveform was measured at the I_probe branch
(see Fig. 3). The voltage waveform was measured at the MDI+
pin via a 1 k resistor, corresponding to the voltage at PHY-side
node of inductor L3 (see Fig. 12).

Voltage overshoot and ringing is visible at the waveform
shown in Fig. 13. For small signal levels, the PHY IC termi-
nates the differential pair into 50 Ω to ground. However, if the
signal levels are large enough to turn on the ESD protection of
the PHY IC, the signal is reflected by the low dynamic resistance
of the ESD protection (about 0.4 Ω). The ringing is caused by
this reflection and the traces and inductances between the IC
and the transformer.

V. DISCUSSION

A. Transformer Saturation

The first aspect to discuss is the effect of saturation of the
transformer core and the common mode chokes. The chokes
will not be saturated by differential signals, but long pulses or
high current levels will saturate the transformer. This effectively
reduces the IC current, protecting the IC. The transformer inves-
tigated began to saturate at 3 kV if a 5.6 m cable was used. Using
a 25 m cable, saturation was observed above 1 kV (see Fig. 14).
The saturation onset occurs at rather high currents which are
caused by the low dynamic impedance of the ESD protection

Fig. 13. Comparison between CDE second pin discharge system-level
measurement and simulation results. Top: discharge current flowing at the pin.
Bottom: voltage at the PHY IC transceiver.

circuit (0.4 Ω). The large current in the secondary winding par-
tially cancels the flux caused by the primary winding and in
this way, preventing core saturation. As the saturation is reduc-
ing the current in the ESD protection, it is important to model
saturation for predicting the CDE robustness of the system.

B. Comparing CDE to IEC 61000-4-2 Contact Mode
Discharge

As CDE test equipment [32] is presently not widely available,
it is common practice to test the robustness of equipment against
CDE by using an IEC 61000-4-2 generator in contact mode.
The IEC 61000-4-2 ESD generator is discharged to individual
pins of the connector while the other pins are left unconnected.
Simulations using the proposed model help to clarify the differ-
ences and similarities between a dedicated CDE tester and an
ESD simulator.

As shown in Fig. 15, the ESD generator directly discharges
to a LAN connector pin. The current flows via the common
mode choke, and one half of the transformer to the 75 Ω – 1 nF
termination circuit. This current, and the resulting voltages at
the Ethernet PHY IC are compared to a discharge from a LAN
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Fig. 14. Voltage at the IC pin side (2 mm away from the pin) for a 25 m long
cable at different charge voltages.

Fig. 15. Configuration for modeling the IEC 61000-4-2 generator discharge
to a pin of the LAN connector. The other pin of the pair is floating.

cable in differential mode, i.e., to the case in which the second
pin which contacts belongs to the same pair.

Here, an ESD generator charge voltage of 4 kV is assumed.
For the discharge of the LAN cable, 1 kV differential voltage
is used for the simulation. The ESD generator circuit model is
taken from [22].

Comparing the CDE tester to the ESD generator shows clear
differences between the measured current and voltage wave-
forms (see Fig. 16). The data indicate that a 1 kV CDE dif-
ferential (second pin) discharge causes a peak current value of
approximately 15 A, which is similar to the peak current caused
by an ESD generator charged to 4 kV and discharged to the pin
in contact mode.

The pulse lengths cannot be directly compared as the CDE
pulse depends on the length of the LAN cable length. A 1:4
voltage ratio approximately matches the peak current which can
be estimated by simply analyzing the impedance ratios. The
CDE differential discharge has a source impedance of about
100 Ω (LAN cable); the approximate source impedance of an
IEC 61000-4-2 generator can be estimated from the require-
ment of having 3.75 A/kV peak current which leads to about
266 Ω. Further, the 75 Ω of the ac termination must be included
for the ESD generator discharge leading to an impedance ratio
of 100:341. However, the fundamental difference in the return

Fig. 16. Comparison of a contact mode ESD generator discharge at 4 kV to
a second pin discharge current (top) and IC pin side voltage (bottom) for 1 kV
differential charge voltage.

current path should not be overlooked. First, the second pin dis-
charge of a LAN cable drives a differential current, which passes
unaffected through the common mode chokes. In contrast, the
ESD generator discharge current is not compensated within the
common mode choke; thus, the choke will partially suppress the
current up to the point of saturation.

An additional difference results from a large variation in cir-
cuit implementation of the ac termination circuit which carries
the bulk of the return current when an ESD generator is used
for testing. In this case, the circuit is implemented by a 1 nF
capacitor and 75 Ω resistor connected in series from the trans-
former center tap to VSS. Because the connection method and
component selection for this termination circuit varies strongly
between products (e.g., multiple center taps may be connected
to one termination, varying RC values, or a simply nonexistent
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termination), the ESD generator can see significantly differ-
ent load impedances which are unrealistic during real CDEs.
Therefore, it is recommended that IEC 61000-4-2 compliant
generators not be used for evaluating the CDE robustness of the
Ethernet front-ends.

C. Shielded LAN Cables

Cable discharge of a multiwire cable is a complex situation
and the current depends on many parameters, such as the mat-
ing sequence, the distance of the cable to ground, the charge
voltage and the response of the different linear and nonlinear
components inside the product. If the cable is shielded, addi-
tional parameters need to be considered. If the cable is charged
by applying a voltage to the shield and the shield contacts first,
a discharge will occur between shield and the system ground.
In this case, the discharge is not likely to cause damage, as the
voltage between the shield and the wires would be very low.
However, the quality of market sampled cables varies strongly.
The best cables use both a foil and a braid and connect them
well to the connector shield. However, some “shielded” cables
have no shield at all, and some use only a rather resistive foil
which does not make reliable contact with the connector. Thus,
an analysis of “shielded cables” would have to include a discus-
sion on the quality of the shield implementation-based cables
sampled from the market.

VI. CONCLUSION

This paper introduced a system-level modeling method for the
electrostatic discharge of LAN cables. An Ethernet-connected
system was chosen to illustrate the modeling method. Four main
parts are included in the simulation model: charged cable, trans-
former and common mode choke arrangement, including sat-
uration, traces in the system, and the nonlinear response of
the Ethernet transceiver’s ESD protection circuit. The pins of
the connector connect in a random sequence. A differential mode
discharge will occur if the first and the second pin which contact
are from the same twisted pair. This connection sequence may
lead to the worst case discharge. This differential mode current
can damage the physical layer-integrated circuit. It is further
shown that the saturation of the transformer can help to protect
the IC, and that testing for CDE robustness by using an IEC
61000-4-2 generator is not a good substitute for a CDE tester
as the return current path for the IEC 61000-4-2 testing does
not match the current path of the differential discharge. The
methodology proposed in this paper provides a step toward a
complete SEED simulation of LAN cable discharges.

REFERENCES

[1] J. Deatherage and D. Jones, The Multiple Factors Trigger Cable Discharge
Events in Ethernet LANs. Santa Clara, CA, USA: Intel Corp., Dec. 2000.
[Online]. Available: http://electronicdesign.com/energy/multiple-factors-
trigger-cable-discharge-events-ethernet-lans

[2] F. Wan, D. Swenson, M. Hillstrom, D. Pommerenke, and C. Stayer, “The
effect of humidity on static electricity induced reliability issues of ICT
equipment in data centers—Motivation and setup of the study,” ASHRAE
Trans., vol. 119, pp. 341–357, 2013.

[3] T. Lai and M. Ker, “Method to evaluate cable discharge event (CDE)
reliability of integrated circuits I CMOS technology,” in Proc. Int. Symp.
Quality Electron. Des., 2006, pp. 596–602.

[4] B. Arndt, F. Z. Nieden, R. Pohmerer, J. Edenhofer, and S. Frei, “Comparing
cable discharge events to IEC 61000-4-2 or ISO 10605 discharges,” in
Proc. Int. Symp. Electromagn. Compat., 2009, pp. 157–160.

[5] W. Stadler, T. Brodbeck, and R. Gartner, “Cable discharge into
communication interface,” in Proc. Elect. Overstress/Electrostatic Dis-
charge Symp., 2006, pp. 144–151.

[6] M. Ker and T. Lai, “Investigation on robustness of CMOS devices against
cable discharge event (CDE) under different layout parameters in a
deep-submicrometer CMOS technology,” IEEE Trans. Electron Compat.,
vol. 50, no. 4, pp. 810–821, Nov. 2008.

[7] W. Stadler, T. Brodbeck, J. Niemesheim, and R. Gartner, “Characteriza-
tion and simulation of real-world cable discharge events,” in Proc. Elect.
Overstress/Electrostatic Discharge Symp., 2009, pp. 419–427.

[8] M. Moradian, A. Patnaik, Y. Han, F. Wan, D. Pommerenke, and D. E.
Swenson, “Determination of the effect of humidity on the probability of
ESD failure or upset in data centers,” ASHRAE Trans., vol. 120, pp. 25–41,
2014.

[9] A. Talebzadeh, M. Moradian, Y. Han, A. Patnaik, D. Pommerenke, and
D. E. Swenson, “Dependence of ESD charge voltage on humidity in
data centers (Part 1—Test methods),” ASHRAE Trans., 2015. vol. 121,
pp. 58–70. [Online]. Available: http://www.researchgate.net/publication/
276844702_Dependence_of_ESD_Charge_Voltage_on_Humidity_in_
Data_Centers_(Part_1_-_Test_Methods)

[10] A. Talebzadeh et al., “Dependence of ESD charge voltage on humid-
ity in data centers (Part 2—Data analysis),” ASHRAE Trans., 2015.
vol. 121, pp. 37–48. [Online]. Available: http://www.researchgate.
net/publication/276844297_Dependence_of_ESD_Charge_Voltage_on_
Humidity_in_Data_Centers_(Part 2_-_Data_Analysis)

[11] D. Pommerenke, “Charged cable event,” IEEE 802.3 Cable Discharge
Ad-Hoc, Feb. 2001.

[12] W.D. Greason, Analysis of Cable Discharge Event (CDE)., 2009.
[Online]. Available: http://wenku.baidu.com/link?url=VNvsDvMCWS8-
pSoNN7LkORQg7VqZWRDCP14a2yrPbfrLN94CAHA8xjysPgZElJR-
f5vtPPJRcfDEByL7FDHgM9J-QuaAigm4EZ-nt3NYACRwi

[13] N. Pischl, “ESD transfer through Ethernet magnetics,” in Proc. Int. Symp.
Electromagn. Compat., 2005, pp. 356–363.

[14] M. Watanabe, Wideband Transmission Transformer Technology in the
Broadband Age, TDK-EPC Corp., Tokyo, Japan, Dec. 2003. [On-
line]. Available: https://www.digikey.com/Web%20Export/Supplier%20
Content/TDK_445/PDF/tdk-tech-report-wideband-transmission.pdf?redi
rected=1

[15] Y. Lin, J. Park, and O. Isachar, “The challenges of on-chip protection
for system level cable discharge events (CDE),” in Proc. Elect. Over-
stress/Electrostatic Discharge Symp., 2008, pp. 125–132.

[16] A. Roc’h, H. Bergsma, D. Zhao, B. Ferreira, and F. Leferink, “A new
behavioural model for performance evaluation of common mode chokes,”
in Proc. Int. Symp. Electromagn. Compat., vol. 200, 2007, pp. 501–504.

[17] D. Bowen, I. D. Mayergoyz, Z. Zhang, P. McAvoy, C. Krafft, and D.
Kroop, “Modeling and testing of Ethernet transformers,” IEEE Trans.
Magn., vol. 45, no. 10, pp. 4793–4796, Oct. 2009.

[18] K. Casey, Resisting the Sudden Surge: Ethernet Protection for Exposed
Data Lines, Mouser Electron. Corp., Mansfield, TX, USA. Apr. 2013.
[Online]. Available: http://www.mouser.com/applications/industrial_
ethernet_protection/

[19] J. D. Pollock, W. Lundquist, and C. R. Sullivan, “Predicting inductance
roll-off with DC excitations,” in Proc. Energy Convers. Congr. Expo.,
2011, pp. 2139–2145.

[20] R. A. Salas and J. Pleite, “Equivalent electrical model of a ferrite
core inductor excited by a square waveform including saturation and
power losses for circuit simulation,” IEEE Trans. Magn., vol. 49, no. 7,
pp. 4257–4260, Jul. 2013.

[21] G. Shen et al., “ESD immunity prediction of D flip-flop in the ISO 10605
standard using a behavioral modeling methodology,” IEEE Trans. Elec-
tromagn. Compat., vol. 57, no. 4, pp. 651–659, Aug. 2015.

[22] T. Li et al., “System-level modeling for transient electrostatic dis-
charge simulation,” IEEE Trans. Electromagn. Compat., vol. 57, no.
6, pp. 1298–1308, Dec. 2015. [Online]. Available: http://ieeexplore.
ieee.org/stamp/stamp.jsp?tp=&arnumber=7217815

[23] AN-210 Effective ESD Protection Design at System Level Using VF-
TLP Characterization Methodology, Infineon Technol. AG, Neubiberg,
Germany, Dec. 2012. [Online]. Available: http://www.infineon.com
/dgdl/AN210_v1_3.pdf?fileId=db3a30432cd42ee3012cee8d005b0c19

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on March 01,2022 at 07:36:16 UTC from IEEE Xplore.  Restrictions apply. 



1416 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 58, NO. 5, OCTOBER 2016

[24] White Paper 3—System Level ESD, Part I, Industry Council on ESD,
Target Levels, 2011.

[25] R. W. Smith, “Apparatus and method for terminating cables to mini-
mize emissions and susceptibility,” Patent US5321372 A, 1994. [Online].
Available: http://www.google.com/patents/US5321372

[26] IdemWorks, IdEM 10., 2015. [Online]. Available: www.idemworks.com
[27] W. Huang, J. Tichenor, and D. Pommerenke, “An Ethernet cable

discharge event (CDE) test and measurement system,” in Proc. Int. Symp.
Electromagn. Compat., 2014, pp. 301–306.

[28] V. Pilla, “Cable discharge event (CDE)—A modeling and simulation
perspective,” M.S. thesis, Dept. Electron. Eng., MST Univ., Rolla, MO,
USA, 2014.

[29] G. Spadacini, F. Grassi, F. Marliani, and S. A. Pignari, “Transmission-
line model for field-to-wire coupling in bundles of twisted-wire pairs
above ground,” IEEE Trans. Electromagn. Compat., vol. 56, no. 6,
pp. 1682–1690, Dec. 2014.

[30] A. Ryder, The VOLTECH Handbook of Transformer Testing, Voltech
Instruments, Ltd., Abingdon, U.K., 2008. [Online]. Available:
http://www.voltech.com/Articles/086-627%20Transformer%20Testing/0
86-627.pdf

[31] D. C. Jiles and D. L. Atherton, “Theory of ferromagnetic hysteresis,” J.
Magn. Magn. Mater., vol. 61, pp. 48–60, 1986.

[32] ES631-LAN Ethernet Cable Discharge Event (CDE) Evaluation Sys-
tem, ESDEMC Technology LLC, Rolla, MO, USA., 2015. [Online].
Available: http://www.esdemc.com/products/cable-discharge-solutions/
productscable-discharge-solutions/

Yingjie Gan received the B.S. and M.S degrees
in electrical engineering from Wuhan University of
Technology, Wuhan, China, in 2010 and 2013, re-
spectively. She is currently working toward the Ph.D.
degree at the Wuhan University of Technology. In
2014, she joined the Electromagnetic Compatibility
Laboratory, Missouri University of Science and Tech-
nology, Rolla, MO, USA, as the joint Ph.D. student.

Her research interests include system-level ESD
measurement and IC immunity testing and modeling.

Xiaoying Xu received the Ph.D. degree in electric
engineering from Engineering of Ordnance Engineer-
ing College, Shijiazhuang, China.

Since 1982, she has been teaching and conduct-
ing research at the Physical Science and Technol-
ogy Department, Wuhan University of Technology,
Wuhan, China. She specializes in electrostatic dis-
charge, electromagnetic compatibility, and numerical
calculation. Her most recent research includes Min-
istry of Communications Key Research Projects and
projects sponsored by the National Natural Science

Foundation of China. She is the author of more than 50 scholarly works.
Prof. Xu currently serves on the Electrostatics Committee of Chinese Society

of Physics.

Giorgi Maghlakelidze received the B.S. degree in
electrical engineering from Tbilisi State University,
Tbilisi, Georgia, in 2013. He is currently working
toward the M.S. degree at the EMC Laboratory, Mis-
souri University of Science and Technology, Rolla,
MO, USA.

During 2011–2013, he worked on numerical EM
methods as a Junior Scientist in EMCoS Ltd. Since
2016, he has been on co-op in Signal Integrity Design
group in Cisco Systems, San Jose, CA, USA. His
research interests include signal integrity and EMI

designs in high-speed digital systems, numerical methods, computational elec-
tromagnetics, measurement methods, and automation.

Suyu Yang received the B.S. and M.S. degrees
in electrical engineering from Huazhong University
of Science and Technology, Wuhan, Hubei, China,
in 2010 and 2013, respectively. He joined the EMC
Laboratory, Missouri University of Science and Tech-
nology, Rolla, MO, USA, in 2013, from where he
received the M.S. degree in electronic engineering in
May 2016.

He worked as an Open Source Software Program-
mer in Google Summer of Code, 2011 and joined
Google in 2016. His research interests include ESD,

EMC measurement and modeling techniques, computer software programming,
and algorithms

Wei Huang received the M.S.E.E. degree from
the Missouri University of Science and Technology,
Rolla, MO, USA, in 2010, and the B.S.E.E. degree
from Beijing University of Posts and Telecommuni-
cations, Beijing, China, in 2007.

He was a Research Assistant at the MS & EM-
CLAB with interests in electromagnetic, electro-
static, and RF designs. He is the Founder of ESDEMC
Technology LLC and is focusing new ESD and EMC
test solutions developments

Byongsu Seol received the B.S. and M.S. degrees
from Chungbuk National University, Cheongju, Ko-
rea, in 1992 and 1995, respectively.

During 1993–1994, he was involved in the de-
velopment of transmission line parameter extraction
programs at the University of Arizona, Tucson, AZ.
In 1994, he joined the IC packaging technology group
of LG Semicon in Cheongju, Korea, which later be-
came a part of SK Hynix. In 2000, he joined Tessera
Technologies in San Jose, CA, as a Signal Integrity
Engineer. Since 2002, he has been with the Samsung

Electronics in Suwon, Korea. His current research interests include high-speed
system designs, electrostatic discharge analysis methods, and electromagnetic
compatibility design for electronic products.

David J. Pommerenke (F’15) received the Ph.D.
degree from the Technical University Berlin, Berlin,
Germany, in 1996.

After working with Hewlett-Packard for five years,
he joined the Electromagnetic Compatibility Labora-
tory, University of Missouri-Rolla, Rolla, MO, USA,
in 2001, where he is currently working as a Pro-
fessor. He has published more than 100 papers and
hold 11 patents. His research interests include EMC
with emphasis on measurement and instrumentation,
electronics, and immunity of electronic circuits, for

example, electrostatic discharge.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on March 01,2022 at 07:36:16 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


