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Improved SEED Modeling of an ESD
Discharge to a USB Cable
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Abstract—Integrated circuits (ICs) connected to a universal
serial bus (USB) interface require robust electrostatic discharge
(ESD) protection strategies due to the nature of the high-speed
interface and the regular access by users. System-efficient ESD
design (SEED) simulations can help predict the level of ESD stress
seen by the IC when protected by a transient voltage suppressor
(TVS). In the following paper, previously developed models were
improved to predict the voltage and current seen by a TVS and
an on-chip protection diode when an ESD gun was discharged to
one USB cable pin. Models were improved, in part, by accurately
modeling the conductivity modulation within the behavioral TVS
model and by using a measured equivalent source to represent
the complex interaction between the ESD gun, USB cable, and
enclosure. The response of the TVS and on-chip diode was studied
in simulation and measurement for several cable configurations and
when adding passive components between the TVS and on-chip
diode. Simulations predicted peak and quasi-static voltages and
currents at the TVS and on-chip diode within 30% of those seen in
measurements. The proposed modeling process can help engineers
to evaluate and optimize the effectiveness of their ESD protection
strategies under complicated test conditions.

Index Terms—Electrostatic discharge (ESD), modeling, system-
efficient ESD design (SEED), system-level ESD, transient voltage
suppressor (TVS), universal serial bus (USB).

1. INTRODUCTION

ROTECTION devices such as transient voltage suppressor

(TVS) diodes are often added to a circuit to improve its
immunity to electrostatic discharge (ESD). TVS devices are used
to shunt most ESD current away from sensitive ICs during a
transient overvoltage event. Ensuring the TVS turns ON during
an ESD event, and the on-chip ESD protection does not take the
entire charge can be challenging. Many on-chip ESD protection
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structures will turn-ON faster at lower voltages than the off-chip
TVS. System efficient ESD design (SEED) is an approach for
modeling the response of a system to an ESD event [1]. SEED
has previously been used to predict the interaction between the
TVS and diodes simulating on-chip ESD protection during a
transmission-line pulse (TLP) event [2]. Models are developed
in the following paper to predict the response of a TVS and
on-chip diode to a particularly complicated scenario: when an
ESD gun discharges to the pin of a universal serial bus (USB)
cable connected to a test board that contains the IC and TVS.

The USB interface is one of the most commonly used high-
speed interfaces on a wide range of electrical devices, with
connectors that are easily accessible to users. Its high-speed
nature and the high likelihood of seeing an ESD event make
it especially susceptible to ESD. The 480 Mb/s data rate for
USB 2.0 and 5 Gb/s for USB 3.0 interface carries substantial
signal integrity requirements, making it even more challenging
to build robust ESD protection. The high-speed requires on-chip
ESD protection with low capacitance; however, the light doping
required to achieve low-capacitance can cause high voltage
overshoots during an ESD event [3]. Usually, external ESD pro-
tection with a low clamping voltage, a low dynamic resistance,
and a low capacitance are required. A careful system-level ESD
design is needed to ensure the protection is adequate, with a
good understanding of the characteristics and limitations of the
ESD protection devices, together with the PCB parasitics [4].
Thorough simulation in the early design stage is essential.

A number of SEED models for ESD protection structures
have previously been developed. The static I-V curve of a
TVS was modeled in [5]. The transient turn-ON behavior was
modeled in [6] and [7] to account for the importance of the
TVS turn-ON time in system-level ESD simulations. The TVS
simulation framework was further improved in [8] and applied
in [2] to investigate the interaction between a TVS and on-chip
protection device during a TLP event. A number of models for
ESD guns have also been developed, for either circuit-based
or full-wave simulation, as summarized in [9]. System-level
simulation of a system’s response to an ESD event, however,
is still challenging considering the many interactions between
the ESD waveform and the protection circuits and the variations
in the ESD pulse that occur due to interactions between the ESD
gun and the surrounding environment—particularly when the
injection occurs at the end of a cable and not to a ground plane.

Although several publications provide an analysis of ESD
immunity with protection devices, less information is available
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on the impact of a cable on an ESD gun discharge event. It
has been shown that a circuit simulation approach for modeling
the ESD gun induced stress fails when the gun discharges to
a cable that is at an electrical long distance from the reference
plane [10]. The work in [11] shows the importance of modeling
the USB cable, as the ESD stress differs significantly with the
type and length of the USB cable. Cable discharge events with
a USB cable were studied in [12], [13], and [14], though only
the impact to the system was discussed without investigating the
interaction between the off-chip and on-chip protection devices.
Preliminary SEED models predicting the interaction between an
ESD gun, USB cable, TVS, and on-chip diode were presented
in [15], but these models could not accurately capture the peak
and quasistatic voltages and currents seen by the on-chip ESD
protection over a wide range of ESD levels.

The following paper presents improved models for predicting
the ESD stress at a USB IC input/output (I/O) pin when an
ESD gun is discharged to one pin of the USB cable. The
models in [15] are improved, in part, by better representing
the conductivity modulation using a physics-based nonlinear
resistance, which solves the difficulty of accurately predicting
TVS and on-chip diode response over a wide range of ESD
stress. The performance of the models is also demonstrated on
an actual USB cable rather than a USB cable surrogate. Although
the complexity of cable configurations [15] was simplified with
the circuit model in [16], it is not a general solution, requiring a
very detailed understanding of the 3-D structure and the current
path. In comparison, the proposed measurement-based equiva-
lent current source (obtained when the ESD gun discharges to a
50 €2 load and the cable is placed in one of the configurations)
is a simple, efficient solution and is suitable for more complex
scenarios with much greater accuracy.

The TVS and on-chip diode transient models are devel-
oped in Section II and validated against TLP measurements.
Section III describes the measurements characterizing the tran-
sient response of the ESD protection devices under different
USB cable configurations. Simulation models of the system
(the ESD gun, USB cable, test board, TVS, and on-chip diode)
are presented in Section IV along with a discussion on the
impact of the USB cable configuration. Discussion is presented
in Sections V. Finally, Section VI concludes this article.

II. TRANSIENT MODELING OF ESD PROTECTION DEVICES

The diagram in Fig. 1 shows the test scenario to be inves-
tigated. A general system-level ESD protection strategy was
implemented on a test board, including the off-chip (TVS)
and on-chip ESD protection devices. The dual-diode structure
represents the simplified ESD protection structure of the I/O on
an IC.

The TVS was modeled using a behavioral model like the one
in [17]. As depicted in Fig. 2, the TVS was modeled to capture
its small-signal input parameters (e.g., inductance, resistance,
capacitance), its IV characteristics (turn-ON voltage, snapback,
on-resistance, etc.), and the transient behavior (conductivity

P
near end USB cable (1.2m)

on-chip diodes

Fig. 1. Set up for characterizing the response of the TVS and on-chip diodes
during an ESD discharge to a USB cable.
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Fig. 3. Previous model of conductivity modulation. (a) Circuit model with a

constant Cswitch- (b) Voltage response at different injection levels.

modulation, turn-ON delay, etc.). The negative path was sim-
plified using an ideal diode in series with a resistor. Character-
ization of the TVS was done by measuring the device response
using a very fast TLP and then tuning the model to achieve
a good match between the simulated and measured current and
voltage waveforms in terms of their peak and steady-state values.
Models were developed using a TLP injection rather than an
ESD gun injection because of the lower complexity and better
repeatability of the TLP.

The voltage across the TVS can be explained using the mod-
eling framework shown in Fig. 2. In the first few nanoseconds
the voltage is dominated by the voltage across the inductance
“L1,” the voltage across the snapback delay model, and the
voltage across the conductivity modulation model. The con-
ductivity modulation model contributes mostly to the voltage
in the first nanoseconds. A circuit diagram of the conductivity
modulation block is shown in Fig. 3 [8], [17]. Conductivity
modulation is caused by the initially high resistance of the
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Fig. 4. Measured (blue solid line) and simulated (blue dashed line) TVS

voltage with the reference TVS model when injected with an (a) 50 V and
(b) 800 V TLP with 0.6 ns rise time. The voltage contributions (Fig. 2) from
the snapback overshoot Vsanpback, inductive overshoot Vinguctive_overshoot> and
conductivity modulation Vconductivity_modulations are marked with puple, gold,
and red dashed lines, respectively. (a) Vo, p =50 V. (b) Vprr, p = 800 V.

lightly doped regions of the TVS caused by a low minority
carrier concentration at the beginning of an event. Resistance
decreases, and conductivity increases as carriers are injected
into the region [6], [18]. Previously, conductivity modulation
was modeled with a switch and a capacitor [see Fig. 3(a)], where
the switch resistance is initially set to a high value until a certain
charge passes through the TVS (i.e., until a certain voltage is
reached by the capacitor), at which point the switch resistance
goes low. Correspondingly, the voltage response is shown in
Fig. 3(b).

During the TVS modeling process, it was found that the range
over which this model could accurately capture conductivity
modulation was limited, leading to the poor performance after
the overshoot. Two examples illustrate this observation. Fig. 4
shows results from TLP testing using a 0.6 ns rise time and 50
or 800 V pulse (when injected into a 50 €2 load). The simulation
shows a good match at the low injection level (50 V), but
substantially underestimates the peak and duration of the voltage
waveform for the high injection level (800 V). The model fails to
properly capture the conductivity modulation, which dominates
the falling edge of the response after overshoot. Note that the
falling edge is vital to the system-level simulation when used
together with the on-chip ESD protection devices since the
residual pulse [19] might be higher than the on-chip protection
can withstand. For example, for the 800 V TLP injection [see
Fig. 4(b)], the remaining TVS voltage in simulation is only
tens of volts at 0.5 ns, suggesting that there will be minimal
ESD stress at the on-chip protection device. The measured TVS
voltage, however, is much higher—around 100 V—which may
cause gate oxide failure of the IC. The current from 0.5-1 ns
and energy through the on-chip protection device will similarly
be underestimated.

The narrower voltage response (the voltage pulse across the
conductivity modulation block) with increasing current injection
[see Fig. 3(b)] of the conductivity modulation model leads to the
underestimated TVS voltage after the overshoot. In addition,
measurements suggest that the length of the conductivity mod-
ulation event should not change much with the injected current,
as shown in Fig. 5. Accordingly, the conductivity modulation
model was improved by better accounting for the physics behind
the change in conductivity.
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Fig. 5. Measured TVS voltage at TLP injection levels of 50, 200, 400, 800 V
and with 0.6 ns and 1 ns rise times. (a) 0.6 ns rise time. (b) 1 ns rise time.
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Fig. 6. Improved model of conductivity modulation using a physics-based
charge dependent resistor. (a) circuit diagram. (b) Voltage response with different
injeciton currents.

A. Improved Conductivity Modulation Model—Charge
Dependent Resistor

An equation for the conductivity modulation resistance is
presented in [18] and was used to model the conductivity mod-
ulation overshoot in [20]

_ Roff
1+ Qc/Qo

where Rcy is the resistance of the lightly doped region, R.g is
the resistance when the TVS is “OFF,” and Q ¢ and Qg represent
the total injected charge and the charge threshold needed to
establish conduction, respectively.

The block representing conductivity modulation was modified
to use this charge-dependent resistance, as shown in Fig. 6(a).
The charge-controlled resistor Rcyr was implemented in ad-
vanced design system as a symbolically defined resistor (1)
whose value is controlled by the voltage Viontrol S€en on the
capacitor Ceparge. Since Ceharge 18 charged by the current flow-
ing through the TVS, its voltage, Vcontrol, 1S proportional to
the total charge Q¢ through the TVS. The voltage across this
capacitor is given by

Rcwm ey

1

R
e B2Cchrge g (t)
Ccharge

‘/conlrol (t) = ITVS (t) *

1 t o t—a
= / Itys (@) e TCmsda (2)
C1chalrge —00

where « is a temporary variable used to integrate over time.
Assuming Ityg = 0 for ¢t < 0 and recognizing that Q¢ =

Ccharge Vcontrol

t t—a
Qo (1) = / Trvs (@) ¢ 3% da. 3)
0
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As RyCeparge 18 typically set such that RyCeharge is much
larger than the length of the event

t
QC (t) ~ / ITVS (O[)d()é. (4)
0
Ultimately, the resistance is modulated by the injected charge
such that

Roge
1+ (fg Itys (a)da) /QO.

Fig. 6(b) shows the voltage response of the improved con-
ductivity modulation module. The response duration remains
roughly constant across injection levels, which can help to
improve the modeling of the falling edge after the overshoot
(see Fig. 4).

Reowm (t) ~

&)

B. Transient Response of the Improved TVS Model

The performance of the TVS model is summarized in Fig. 7.
The quasi-static IV behavior of the model matches measure-
ments well during snapback and after. The peak current and
voltage seen by the model during its transient response are shown
in Fig. 7(b) for TLP rise times of 0.6 ns and 1 ns. The simulation
matches the measurement within about 5% over a wide range of
injections.

Fig. 8 shows the measured and simulated transient voltage and
current waveforms for the TVS under a low (50 V) injection and
a high (800 V) injection, and for 0.6 and 1 ns rise times. Only
the first 2 ns of the waveform is shown for a better view of the
rising and falling edges following the overshoot, which is vital
for system-level simulation with other ESD protection devices
[19]. The underestimation of current [see Fig. 8(c)] is caused by
imperfections in the model. Nevertheless, the underestimation
issue of the falling edge in Fig. 4(b) has been fixed. The falling
edge can now be modeled reasonably well over a wide range of
injection levels.

To better demonstrate the improved modeling of the falling
edge, a plot is given in Fig. 9 showing the TVS voltage 0.3 ns
after the overshoot as a function of applied TLP voltage. Con-
ductivity modulation should dominate in this region. Results
are shown for rise times of 0.6 ns [see Fig. 9(a)] and 1 ns
[see Fig. 9(b)]. Noticeable improvement was achieved with
the physics-based conductivity modulation model. Simulations
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Fig. 8.  Transient waveforms for the TVS under TLP injection with 0.6 ns and

1 ns rise time: (a) TVS voltage with TLP = 50 V; (b) TVS voltage with TLP =
800 V; (¢) TVS current with TLP = 50 V; (d) TVS current with TLP = 800 V.
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Fig. 9. TVS voltage 0.3 ns after the waveform peak, when the conductivity

modulation dominates. Results are shown for TLP rise times of (a) 0.6 ns, (b)
1 ns. The reference simulation is based on [8], [17].

were also performed with 0.3 ns rise time, with similarly good
results.

C. Transient Response of the On-Chip Diode Model

The transient model of the on-chip diode was built using
a similar methodology as the TVS, but without the snapback
module. Measured and simulated current and voltage waveforms
for the on-chip diode are shown in Fig. 10, with TLP voltages
of 20, 32, and 50 V, and with rise-times of 0.4, 2, and 5 ns. The
on-chip diode is characterized at alow TLP level, considering the
IC ESD protection structure is typical of low robustness—e.g.,
for a maximum 2 kV HBM event for a USB 3.1 repeater IC
(the Diodes Inc. PI3EQX1002B1). The waveforms match within
about 10% for each tested stimulation.

III. EXPERIMENTAL SETUP

ESD experiments were performed using the setup shown in
Fig. 1. An ESD gun was discharged to the D+ pin on one end
of a 1.2 m long USB cable. The shield was connected at the
other end to an enclosure. The other end of the D+ pin was
either connected to a test board including the TVS and on-chip
diodes characterized earlier or to a 50 2 load. The other USB
wires were left floating, as experiments showed little difference
depending on their termination. The test board included probes
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Fig. 11. Discharge to a test board connected to a 1.2 m long USB cable.

for measuring currents within the circuit and probe points for
measuring voltages [2], [17].

The test board setup is shown in Fig. 11. The DC bias (Vyq
in Fig. 1) was set to 0 V. 1 k€2 pick-up resistors were used to
measure the voltage at the TVS and on-chip diodes. The voltages
were measured by a Rohde & Schwarz RTO1024 oscilloscope
with 2 GHz bandwidth and 10 GHz sampling rate. To determine
the ESD current through the TVS and on-chip diodes, on-board
current probes were placed along the trace [2]. Simultaneously,
the voltages at the current probes were measured by a Tektronix
DPO 70804 digital oscilloscope with 8 GHz bandwidth and
25 GHz sampling rate. The transient currents were reconstructed
by calibrating each probe using the full S-parameter (character-
ized by a Keysight E5071C Vector Network Analyzer) with a
frequency domain compensation technique [21].

Four cable configurations were studied, as shown in Fig. 12:
a configuration with no USB cable where the ESD gun was
directly discharged to the test board or load (Case 1), a config-
uration where the USB cable was run along the enclosure and
the shield was connected to the enclosure at the discharge point
(Case 2), a configuration where the USB cable was run along
the enclosure and the shield was floating at the discharge point
(Case 3), and a case where the USB cable was run straight out

629
Lo test board
ESD gun tip USB cable near end is
(contact discharge) grounded
enclosure »
-1
Case 1 Case 2
(a) (b)
prem— 1.2m
near end is A
not grounded :
"¢ 11.2m
Case 3 Case 4
(c) (@

Fig. 12.  USB cable configurations. (a) Case 1: No cable. (b) Case 2: Cable
run along enclosure and shield connected at both ends. (c) Case 3: Cable run
along enclosure and shield connected only at test board. (d) Case 4: cable run
straight out from enclosure, parallel to and 1.2 m above the ground plane.
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Fig. 13.  Measured currents when discharging into a 50 €2 load for a 4 kV
contact discharge to the D4- USB cable pin. The cases correspond to the four
cable configurations shown in Fig. 12. The inset shows the current only for Cases
2 and 4 for comparison.

from the enclosure and parallel to the ground plane (Case 4). The
USB cable shield was only connected where it met the enclosure
for Case 4.

Fig. 13 shows the measured ESD current through a 50 €2 load
terminating the USB cable inside the enclosure when the ESD
gun was discharged to the USB cable D+ pin. The waveform for
Case 4 is particularly interesting since it exhibits a “two peak”
behavior that is significantly different from a typical ESD gun
pulse, where the second peak is even larger than the first. These
two peaks are caused by a complex interaction between the ESD
gun, the cable, the cable shield, the enclosure, and the ground
plane, as will be explained in Section I'V.

IV. SIMULATION

In previous studies, the interactions between the ESD gun, ca-
ble, and enclosure were simulated using relatively complicated
full-wave models, but these models could not fully capture the
waveform observed by the DUT in measurements and simulation
time and complexity was a concern [15]. To improve results, the
interaction among these components was instead captured using
a measured equivalent current source, as shown in Fig. 14.

The data defining the current source in Fig. 14(b), “ItDataset,”
is measured when the ESD gun discharged to a 50 €2 load
and the cable is placed in one of the configurations in Fig. 12.
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Fig. 14.  Simulation approaches. (a) Use of S-parameters from a 3-D full-wave
simulation to estimate response at, (b) use of a measured current source as the
simulation input (330 €2 represents the ESD gun source impedance). The DUT
is either a 50 €2 load or a model of the test board and its components (see Fig. 1).
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Fig. 15. Measured current during a 4 kV contact discharge to a 50 €2 load

(Case 1) or the 2 2 ESD target. The estimated current was simulated with the
measured source (found using a 50 €2 load) when discharging to a 2 €2 load. The
discharge time was slightly shifted for easier comparison.

The 330 €2 resistor shown in the figure represents the ESD gun’s
impedance. The current is extracted by dividing the measured
voltage by the parallel resistive “loads,” 330 2 and 50 €2 load.
A 50 € load was used to characterize the ESD gun discharge
[22] since the USB cable impedance between the D+ pin and
the cable shield is very close to 50 2. While the impedance
looking into the ESD gun from the USB cable will not be exactly
330 €2, and the load will not be much smaller than 50 () after
the TVS and diode turn-ON, this current source representation is
sufficient for most purposes. Changing this impedance will only
impact voltage and current waveforms in the DUT after the time
for energy to be reflected from the DUT to the ESD gun and
back—or after about 12 ns for a 1.2 m long USB cable, which is
after the most interesting portion of the discharge waveform has
already occurred. Even if the TVS and diode impedance were
seen instantaneously, with no cable delay, the impact would be
small. Fig. 15 shows the measured current when discharging to
a 2 Q) ESD target compared to an estimate of the current using
the source model in Fig. 14(b) with a 2 2 DUT load. The peak
current was underestimated by about 10% but the remaining
current waveform was captured well.

A. System-Level Simulation

An ESD discharge to a USB cable was simulated using current
sources measured for each configuration shown in Fig. 12. The
DUT was described by circuit models of the board, TVS, and
on-chip diodes. Fig. 16 shows the measured and simulated TVS
current waveforms for an 8 kV ESD gun discharge in Case 2
(cable shield grounded on both ends) and Case 4 (cable straight
out). The simulation predicts the peak currents within 10%
and captures the major features of the waveform, including the

= Measured
==+*Simulated

0 20 40 60 80 0 20 40 60 80
Time [ns] Time [ns]
(@ (b)

Fig. 16. Measured and simulated TVS currents in (a) Case 2—grounded both
ends, and (b) Case 4—cable straight out under 8 kV contact discharge.
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Fig. 17.  Measured and simulated transient waveforms for the on-chip diode
in the presence of a 1 kV and 8 kV contact discharge for the Case 2 cable
configuration (both ends grounded): (a) on-chip diode current, (b) on-chip diode
voltage. The start of the 1 kV event was shifted by 5 ns for easier comparison.
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Fig. 18. Measured and simulated transient waveforms for the on-chip diode
in the presence of a 1 kV and 8 kV contact discharge for the Case 4 cable
configuration (cable straight out): (a) on-chip diode current, (b) on-chip diode
voltage.

first prominent peak in Case 2 and the two smaller peaks in
Case 4. Cases 1 and 3 are not shown for the sake of space since
the model performs similarly well, and Cases 2 and 4 are the most
interesting cable-discharge cases in terms of peak levels and
waveshape. Considering that the current of the IEC waveform
and actual human ESD has reduced substantially from its peak
value when reaching 60 ns, the following results will focus on
the first 60 ns to better visualize the initial events.

The currents and voltages seen by the on-chip diode are
shown in Fig. 17 (Case 2, both ends grounded) and Fig. 18
(Case 4, cable straight out). The lowest ESD gun discharge level
(1 kV) and the highest level (8 kV) are shown since they are
the extreme conditions, which can best represent the model’s
performance. The simulation generally captures both the peak
level and the waveshape well. The ringing observed in the diode
voltage results when both the TVS and on-chip diode are turned
“ON,” essentially creating a transmission line shorted at both
ends, which is also captured by the model.

The measurement and simulation results for Cases 2 and
4 are summarized in Fig. 19 as a function of the ESD event
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Fig. 19. Simulation performance for Case 2 (both ends grounded) and Case 4
(cable straight out) with a 1, 2, 4, and 8 kV contact discharge. (a) On-chip diode
current at 10 ns. (b) On-chip diode peak current. (c) On-chip diode voltage at
10 ns. (d) On-chip diode peak voltage.
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Fig. 20.  Simulation performance for Case 1 (no cable) when 1) no passive
components were added, and 2) with a 1 Q resistor and a 10 nH inductor added
between the TVS and on-chip diode. (a) Diode current at 10 ns. (b) Diode peak
current. (c) Diode voltage at 10 ns. (d) Diode peak voltage.

level. Results are shown for both the quasistatic values at 10 ns
(averaged from 9-11 ns), as well as the peak current and voltage.
The steady-state current and voltage is predicted within 30%
of those found through measurements, while peak currents and
voltages are captured within 25%. There is less ESD stress at the
on-chip diode in Case 4 than in Case 2, which is not surprising
since the total injected current is much lower at the beginning
of the Case 4 pulse waveform (see Fig. 13).

Tests were also performed when a 1 € resistance or 10 nH
inductance was placed between the TVS and on-chip diode to
simulate parasitics or other elements that might be present in an
implemented circuit. Results are shown in Fig. 20 for Case 1
(no cable) and in Fig. 21 for Case 3 (cable grounded one end)
for ESD gun discharges from 1 to 8 kV. The predicted peak and
quasistatic voltages and currents match measurements within
about 30%. The simulation of Case 1 performed worse than
for Case 3, likely because of the rough approximation of the
ESD gun using the simple current-source model. The additional
impedance between the TVS and on-chip diode reduced the ESD
stress seen by the on-chip diode as expected [17].
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Fig. 21.  Simulation performance for Case 3 (cable grounded one end) when
1) no passive components were added, and 2) with a 1 €2 resistor and a 10 nH
inductor added between the TVS and on-chip diode. (a) Diode current at 10 ns.
(b) Diode peak current. (c) Diode voltage at 10 ns. (d) Diode peak voltage.
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Fig.22.  Approximation of Case 4 when discharging to a 50 €2 load [16]: with
inner path (“TL1,” of 50 € characteristic impedance) and common mode path
(“TL2,” 377 §2).

B. Impact of Cable Configuration

In the ESD immunity test with a contact mode discharge as
defined in IEC 614000-4-2, the injected discharge waveform
may deviate significantly from the waveform of the standard due
to the impact of the cable configurations, leading to misleading
immunity test conclusions. In particular, case 4 (cable straight
out) leads to a substantial change to the discharge waveforms.
With the help of full-wave simulations and some experiments
(e.g., additional cable ferrites over the USB cable can eliminate
the second peak at 10 ns in Case 4, Fig. 13), it was determined
that the two peaks seen for Case 4 are due to the creation of an
additional common mode current path along the outer shield of
the USB cable [16]. The out shield of the cable, together with
the ground plan 1.2 m below, roughly creates a transmission
line with an impedance close to 377 2 and wave velocity of
3E8 m/s, the wave impedance and propagation velocity in air.
Correspondingly, a circuit model is shown in Fig. 22. TL1
represents the transmission line formed by the D+ pin and the
USB cable shield. TL2 represents the transmission line formed
by the cable shield and the ground plane. The discharge pulse at
the inner conductor of the USB cable sees two parallel current
paths: one along the inside of the 50 {2 USB cable and another
along the 377 2 common mode path along the outside of the
shield. Since the initial pulse is split between these paths, the
initial peak seen by the DUT is lower than when the cable shield
is grounded. The second peak happens when the pulse following
the cable shield is reflected at the enclosure and arrives back
at the USB cable input. Simulations of the circuit in Fig. 22
demonstrate this basic explanation [16]. The simulation is not
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perfect, as the cable shield 1.2 m above the ground plane cannot
be perfectly represented by a TEM transmission line, but the
result is close.

As can be seen, care should be taken when deciding the
position and grounding of the USB cable in ESD tests. When
the shield is un-grounded at the injection point [see Fig. 12(c)
and (d)], the peak current will be lower than when the shield
is grounded. The higher the cable above the ground plane, the
lower the peak current. The duration between the first and second
peaks is proportional to the cable length. These changes to the
waveforms can impact if, or how strongly, the TVS turns ON,
and thus, the peak current and total energy seen by the on-chip
diode differ.

V. DISCUSSION

Accurately predicting the combined response of a TVS and
on-chip diode working together in a system-level simulation
is challenging. It is essential to have a good understanding
of the test board characteristics and to model these well. For
example, results shown here demonstrate that the length and
loss of the transmission line between the two devices must be
captured to determine the amplitude, frequency, and duration of
the resulting ringing that occurs when both devices turn-ON [see
Fig. 17(b)]. It is also critical that behavioral models accurately
capture the turn-ON behavior of the TVS and diode, including
the turn-ON voltage as well as the shape of the rising and falling
edges of their turn-ON response (just after the overshoot). A
small error in the turn-ON behavior of the TVS will cause a
large error in the predicted peak voltage seen by the on-chip
diode. The importance increases with higher discharge levels
[see Fig. 21(d)]. Without the improved model for conductivity
modulation in the TVS, the error in the simulated peak currents
and voltages can range from 30% to 210% when the discharge
level is above 2 kV.

Properly capturing the ESD gun waveform seen on-board is
similarly important. While the interaction between the ESD gun,
enclosure, and the USB cable can be captured somewhat through
full-wave simulation, the complexity is a concern, and fully pre-
dicting the waveform shape is difficult [15]. Here, we found that
using a current source measured for each cable configuration was
more accurate and easier to use than the full-wave simulation.
The primary limitation to this approach is that the accuracy
degrades after twice the cable delay, since the representative
source cannot reconstruct the impact of reflections from the
ESD gun impedance seen in the actual system. Measurements
performed here, however, suggest the impact on the performance
due to this limitation is minimal.

VI. CONCLUSION

The combined transient response of an off-chip TVS and
on-chip ESD protection diode to an ESD gun contact discharge
to a USB cable was studied with measurements and simulations.
To accurately model the response, improvements were required
for the TVS to properly capture the conductivity modulation that
occurs after the snapback. The simple switch-based behavior of
the previous model was replaced with a more physical nonlinear
resistance that depends on the charge carried through the TVS.

The modeling results were also improved by predicting the
on-board waveform using a measured, rather than a simulated,
source. This source could fully capture the interaction of the
ESD gun, cable, and enclosure within the most critical first
several nanoseconds of the waveform; and did a reasonable
job even after. Overall, the SEED models presented here did
a good job of accurately capturing the peak and quasistatic
voltages and currents seen by the on-chip diode for various ESD
gun injection levels and USB cable configurations, and when
adding additional passive components to the circuit. Measured
and simulated values matched within 30% or less. This level of
accuracy is significantly better than observed in previous studies
[15].

Results demonstrate the importance of the USB cable position
and the method of grounding the shield. The board will see a
two-peak event when the cable is far from the ground plane and
the shield is unconnected at the discharge point. The size of
the peaks and the time gap in between depend on the shield’s
size, the distance to the return plane, and the overall length of
the cable, among other factors. The case where the cable was
placed 1.2 m from the return plane, for example, produced an
initial peak that was 50% smaller than when the cable was run
along the enclosure with shield grounded at both ends. The cable
position and grounding should be considered when determining
ESD test strategies.

REFERENCES

[1] “White paper 3 system level ESD part III: Review of IEC 61000-
4-2 ESD testing and impact on SEED (system-efficient ESD de-
sign) - (vl.1 May 2021),” Accessed: Nov. 7, 2021. [Online]. Avail-
able: https://www.esdindustrycouncil.org/ic/en/documents/white-paper-
3-part-3-on-iec61000-4-2

[2] J.Zhouetal., “Race conditions among protection devices for a high speed
1/0 interface,” in Proc. 42nd Annu. EOS/ESD Symp., Sep. 2020, pp. 1-6.

[3] F. Farbiz, A. Appaswamy, A. A. Salman, and G. Boselli, “Overshoot-
induced failures in forward-biased diodes: A new challenge to high-
speed ESD design,” in Proc. IEEE Int. Rel. Phys. Symp., 2013,
pp. 2B.1.1-2B.1.8, doi: 10.1109/IRPS.2013.6531946.

[4] J. S. Meiguni et al., “Transient analysis of ESD protection circuits for
high-speed ICS,” IEEE Trans. Electromagn. Compat., vol. 63, no. 5,
pp. 1312-1321, Oct. 2021, doi: 10.1109/TEMC.2021.3071644.

[5] D. Dobrescu, L. Dobrescu, and A. Rusu, “A SPICE modeling of the
negative resistance breakdown region for the bipolar junction transistor,”
in Proc. 22nd Int. Conf. Microelectronics, May 2000, vol. 1, pp. 201-204,
doi: 10.1109/ICMEL.2000.840555.

[6] Z.Pan,D. Schroeder, S. Holland, and W. H. Krautschneider, “Understand-
ing and modeling of diode voltage overshoots during fast transient ESD
events,” IEEE Trans. Electron Devices, vol. 61, no. 8, pp. 2682-2689,
Aug. 2014, doi: 10.1109/TED.2014.2330365.

[7] P. A. Juliano and E. Rosenbaum, “A novel SCR macromodel for ESD
circuit simulation,” in Proc. Int. Electron Devices Meeting. Tech. Dig.,
Dec. 2001, pp. 14.3.1-14.3.4, doi: 10.1109/IEDM.2001.979499.

[8] P. Wei, G. Maghlakelidze, A. Patnaik, H. Gossner, and D. Pommerenke,
“TVS transient behavior characterization and spicebased behavior model,”
in Proc. 40th Elect. Overstress/Electrostatic Discharge Symp., Sep. 2018,
pp. 1-10, doi: 10.23919/EOS/ESD.2018.8509780.

[9] J. Yousaf, H. Lee, and W. Nah, “System level ESD analysis - a comprehen-

sive review [ on ESD generator modeling,” J. Elect. Eng. Technol., vol. 13,

pp- 2038-2049, 2018.

S. Caniggia and F. Maradei, “Circuit and numerical modeling of elec-

trostatic discharge generators,” IEEE Trans. Ind. Appl., vol. 42, no. 6,

pp- 1350-1357, Nov./Dec. 2006, doi: 10.1109/TIA.2006.882686.

P. Tamminen, L. Ukkonen, and L. Sydanheimo, “The effect of USB ground

cable and product dynamic capacitance on IEC61000-4-2 qualification,”

in Proc. 37th Elect. Overstress/Electrostatic Discharge Symp., Sep. 2015,

pp. 1-10, doi: 10.1109/EOSESD.2015.7314766.

[10]

[11]

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 28,2023 at 18:03:49 UTC from IEEE Xplore. Restrictions apply.


https://www.esdindustrycouncil.org/ic/en/documents/white-paper-3-part-3-on-iec61000-4-2
https://www.esdindustrycouncil.org/ic/en/documents/white-paper-3-part-3-on-iec61000-4-2
https://dx.doi.org/10.1109/IRPS.2013.6531946
https://dx.doi.org/10.1109/TEMC.2021.3071644
https://dx.doi.org/10.1109/ICMEL.2000.840555
https://dx.doi.org/10.1109/TED.2014.2330365
https://dx.doi.org/10.1109/IEDM.2001.979499
https://dx.doi.org/10.23919/EOS/ESD.2018.8509780
https://dx.doi.org/10.1109/TIA.2006.882686
https://dx.doi.org/10.1109/EOSESD.2015.7314766

XU et al.: IMPROVED SEED MODELING OF AN ESD DISCHARGE TO A USB CABLE

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 28,2023 at 18:03:49 UTC from IEEE Xplore. Restrictions apply.

S. Marathe, P. Wei, S. Ze, L. Guan, and D. Pommerenke, “Sce-
narios of ESD discharges to USB connectors,” in Proc. 39th
Elect. Overstress/Electrostatic Discharge Symp., Sep. 2017, pp. 1-6,
doi: 10.23919/EOSESD.2017.8073431.

W. Stadler, J. Niemesheim, A. Stadler, S. Koch,
ner, “Risk assessment of cable discharge events,”
Elect. Overstress/Electrostatic Discharge Symp., Sep.
doi: 10.23919/EOSESD.2017.8073428.

P. Tamminen and T. Viheriakoski, “Charged cable—system ESD event,”
in Proc. 38th Elect. Overstress/Electrostatic Discharge Symp., Sep. 2016,
pp. 1-7, doi: 10.1109/EOSESD.2016.7592559.

and H. Goss-
in Proc. 39th
2017, pp. 1-9,

Y. Xu et al, “SEED modeling of an ESD gun dis-
charge to a USB cable surrogate,” in Proc. I[EEE Int. Joint
EMC/SI/PI  EMC  Eur.  Symp., 2021, pp.1159-1164, doi:

10.1109/EMC/SI/P/EMCEurope52599.2021.9559216.

Y. Xu et al., “Modeling an ESD gun discharge to a USB cable,” in Proc.
IEEE Int. Symp. Electromagn. Compat. Signal/Power Integrity, 2022,
pp- 309-314, doi: 10.1109/EMCSI139492.2022.9889484.

J. Zhou et al., “Transient response of ESD protection devices for a high-
speed /O interface,” IEEE Trans. Electromagn. Compat., vol. 64, no. 4,
pp- 907-914, Aug. 2022, doi: 10.1109/TEMC.2022.3168855.

J. Willemen et al., “Characterization and modeling of transient device be-
havior under CDM ESD stress,” J. Electrost., vol. 62, no. 2/3, pp. 133-153,
Oct. 2004, doi: 10.1016/j.elstat.2004.04.007.

S.Marum, C. Duvvury, J. Park, A. Chadwick, and A. Jahanzeb, “Protecting
circuits from the transient voltage suppressor’s residual pulse during IEC
61000-4-2 stress,” in Proc. 31st EOS/ESD Symp., Aug. 2009, pp. 1-10.
G. Notermans, H.-M. Ritter, S. Holland, and D. Pogany, “Dynamic
voltage overshoot during triggering of an SCR-type ESD protection,”
IEEE Trans. Device Mater. Rel., vol. 19, no. 4, pp. 583-590, Dec. 2019,
doi: 10.1109/TDMR.2019.2952713.

S. Yang, J. Zhou, D. Pommerenke, and D. Liu, “A simple frequency
response compensation method for current probe measurements of ESD
currents,” in Proc. IEEE Int. Symp. Electromagn. Compat. Signal/Power
Integrity, 2017, pp. 158-163, doi: 10.1109/ISEMC.2017.8077859.

S. Yang and D. J. Pommerenke, “Effect of different load impedances
on ESD generators and ESD generator SPICE models,” IEEE Trans.
Electromagn. Compat., vol. 60, no. 6, pp.1726-1733, Dec. 2018,
doi: 10.1109/TEMC.2017.2785739.

Yang Xureceived the B.S. degree in electronic and in-
formation engineering from the Huazhong University
of Science and Technology, Wuhan, China, in 2019
and the M.S. degree in electrical engineering from the
EMC Laboratory, Missouri University of Science and
Technology, Rolla, MO, USA, in 2021.

He is currently an EMC design and Validation
Engineer with Tesla, Fremont, CA, USA. His research
interests include system-level ESD modeling, RF in-
terference, and EMI modeling.

Jianchi Zhou received the B.S. degree in electrical
engineering from the Huazhong University of Science
and Technology, Wuhan, China, in 2015. She is cur-
rently working toward the Ph.D. degree in electrical
engineering with EMC Laboratory, Missouri Univer-
sity of Science and Technology, Rolla, MO, USA.
Her current research interests include ESD testing,
numerical simulation, and RF measurements.

Sergej Bub received the M.Sc. degree in electrical
engineering specialized in nanoelectronics and mi-
crosystem technic from Technical University Ham-
burg Germany, Hamburg, Germany, in 2017.

He is currently a System Level ESD Expert with
Nexperia, Nijmegen, The Netherlands, working in the
development department with the focus on modeling
and simulation of high-speed systems for mobile,
computing and automotive applications as well as
on development and optimization of discrete ESD
protection components used for system-level ESD
protection.

o
.

3

/‘

Q

633

Steffen Holland received the Ph.D. degree in physics
from the University of Hamburg, Hamburg, Germany,
in 2004.

Until 2005, he was a member of research with the
University of Hamburg. Afterward he joined the pro-
cess development group of Philips Semiconductors,
Hamburg, Germany. He is currently with Nexperia
Semiconductors, Hamburg, Germany, and working
on discrete ESD protection devices as system ar-
chitect. His main research interests include device
physics and modeling.

Javad Soleiman Meiguni (Senior Member, IEEE)
received the M.S. and Ph.D. degrees in electrical
engineering from the K. N. Toosi University of Tech-
nology, Tehran, Iran, in 2008 and 2013, respectively.

He was an Assistant Professor with Semnan Uni-
versity, Semnan, Iran, until September 2017. He
was with the Electromagnetic Compatibility Labora-
tory, Missouri University of Science and Technology,
Rolla, MO, USA, as a Visiting Assistant Research
Professor from September 2017 to August 2019. He
is currently a Senior ESD System Design Engineer
with Amazon Lab126, Sunnyvale, CA, USA. His main research interests include
EMC and ESD.

David Pommerenke (Fellow, IEEE) received the
Diploma and Ph.D. degrees in electrical engineering
from Technical University Berlin, Berlin, Germany,
in 1990 and 1996, respectively.

He was with Hewlett Packard, Roseville, CA, USA
for five years. He became faculty with the Electro-
magnetic Compatibility Laboratory, Missouri Uni-
versity of Science and Technology, Rolla, MO, USA.
In 2020, he joined the faculty of the EMC Laboratory,
Graz University of Technology, Graz, Austria, and is
member of the SAL/GEMC laboratory. His current
research interests include system-level ESD, electronics, numerical simulations,
EMC, measurement methods, and instrumentation.

Dr. Pommerenke is currently an Associated Editor for the IEEE TRANSAC-
TIONS ON ELECTROMAGNETIC COMPATIBILITY.

Daryl G. Beetner (Senior Member, IEEE) received
the B.S. degree in electrical engineering from South-
ern Illinois University, Edwardsville, IL, USA, in
1990 and the M.S. and D.Sc. degrees in electrical
engineering from Washington University, St. Louis
MO, USA, in 1994 and 1997, respectively.

He is currently a Professor of Electrical and Com-
puter Engineering with the Missouri University of
Science and Technology, Rolla, MO, USA (Missouri
S&T), is the former Chair of the Missouri S&T ECE
Department, is the Director of the Missouri S&T Elec-
tromagnetic Compatibility Laboratory, and is the Director of the Center for Elec-
tromagnetic Compatibility, a National Science Foundation Industry/University
Cooperative Research Center. His research interests span a wide variety of topics
including electromagnetic immunity and emissions from the integrated circuit
to the system level.

Dr. Beetner was the 2020 recipient of the IEEE EMC Society Technical
Achievement Award and the 2003 IEEE-HKN C. Holmes MacDonald Out-
standing Young Electrical Engineering Professor and also the recipient of the
number of best paper awards including honorable mention for the 2018 Richard
B. Schulz Best Transaction Paper award. He was the IEEE EMC Society as the
EMC Education Grants Chair, SC-5 Special Committee on Power Electronics
Secretary, Educational Committee Secretary and Vice-Chair, Tutorials Chair,
as the Chair of TC-4 Electromagnetic Interference Control, and as a member
of the EMCS Board of Directors, and has served IEEE as an Associate Editor
for the IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT and as
the Chair of the selection committee for the IEEE Medal for Environmental and
Safety Technologies. He is a former Chair of the Central States ECE Department
Heads Association.


https://dx.doi.org/10.23919/EOSESD.2017.8073431
https://dx.doi.org/10.23919/EOSESD.2017.8073428
https://dx.doi.org/10.1109/EOSESD.2016.7592559
https://dx.doi.org/10.1109/EMC/SI/PI/EMCEurope52599.2021.9559216
https://dx.doi.org/10.1109/EMCSI39492.2022.9889484
https://dx.doi.org/10.1109/TEMC.2022.3168855
https://dx.doi.org/10.1016/j.elstat.2004.04.007
https://dx.doi.org/10.1109/TDMR.2019.2952713
https://dx.doi.org/10.1109/ISEMC.2017.8077859
https://dx.doi.org/10.1109/TEMC.2017.2785739

