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T ime flies, this is the fourth issue of the magazine for year 
2012. I hope the revamped magazine design and interesting 
articles of the past three issues have enhanced your read-

ing pleasure.

In this issue, Hongyu Li, Victor Khilkevich, Tianqi Li and David Pomme-
renke from Missouri University of Science and Technology; and Seong-
tae Kwon and Wesley Hackenberger from TRS Technologies share 
their experience in ESD protection for electronic products. Their paper, 
“Nonlinear Capacitors for ESD Protection”, investigates the nonlinear 
behavior of capacitance versus applied voltage for ESD protection 
capacitors. The comparison between the conventional multi-layer 
ceramic capacitor (MLCC) and the proposed anti-ferroelectric (AFE) 
capacitor shows that the capacitance of the AFE capacitor increases 
with increasing applied voltage, which is a desirable characteristic for 
ESD protection effectiveness. 

The next paper, “Examination of Contaminant-Induced Faults in Con-
nectors”, authored by Hua Zeng from Hitachi Automotive and Todd 
Hubing from Clemson University, studies the effects of salt water expo-
sure on cable connector impedances. Several tests are performed to 
explore the shunting resistance across the pins of wiring harness con-
nectors. The test results show that salt-induced corrosion and moisture 
may cause intermittent shunting resistances capable of affecting the 
normal operation of various systems. It is also found that the shunting 

resistances are non-linear with applied voltage, which will have direct 
impact on ESD or radiated RF susceptibility of products that may be 
exposed to a salt-water environment. 

The last paper, “Test Methods for RF-Based Electronic Safety 
Equipment: Part 1 – From Field Tests to Performance Metrics”, is 
a two-part series of the RF-based electronic safety equipment 
test methods contributed by Kate A. Remley and William F. Young 
from the National Institute of Standards and Technology. The 
two-part series describes in detail the development of free-field 
test methods for wireless electronic safety equipment that repli-
cate field-test conditions in a laboratory environment. The test 
methods are developed to support the National Fire Protection 
Association (NFPA) in the revision of NFPA 1982: Standard on 
Personal Alert Safety Systems (PASS), but will be applicable to 
other types of RF-based equipment as well. In Part 1, they illus-
trate methods for extracting performance metrics from a series 
of field tests conducted by NIST researchers. In Part 2, that will 
appear in the next issue, they will replicate the key field test 
conditions in the laboratory and verify device performance 
under those conditions.

If you have any comments or suggestions on further improving 
this column, please do not hesitate to write to me through email at 
ekysee@ntu.edu.sg. I wish all readers a Happy New Year!

Practical Papers, Articles  
and Application Notes
Kye Yak See, Technical Editor

Nonlinear Capacitors for ESD Protection
Hongyu Li, Victor Khilkevich, Tianqi Li, David Pommerenke, Missouri University of Science and Technology, USA;

hlfm4@mst.edu, khilkevichv@mst.edu, tlx6f@mail.mst.edu, davidjp@mst.edu and 

Seongtae Kwon, Wesley Hackenberger, TRS Technologies, Inc., USA

seongtae@trstechnologies.com, wes@trstechnologies.com

Abstract—In order to protect electronic products from Electro-
static Discharge (ESD) damage, multi-layer ceramic capacitors 
(MLCC) are often used to bypass the transient ESD energy. Most 
dielectric materials used in MLCC are nonlinear, since the dielec-
tric constant decreases with increasing voltage, reducing the 
capacitance value, thus degrading the ESD protection effect. 
Using a large initial capacitance value will ensure sufficient ESD 
protection; however, the shunt capacitors also limit the signal 
bandwidth of the ESD-protected data channel, thus setting a maxi-
mal capacitance value at data voltage levels. This paper investi-
gates the nonlinearity of capacitors and suggests improved trade-
off between ESD protection and data bandwidth by using the Anti-
ferroelectric (AFE) capacitors as ESD protection. The dielectric 
constant of AFE material increases with increasing voltage. The 
voltage dependence of X7R and AFE capacitors are measured 

using static and nanosecond transient measurements. The ESD 
protection effectiveness with different material capacitors are 
compared by simulation. Due to very limited availability of suitable 
AFE material samples only hand-made capacitors have tested 
without investigating the long term stability of the material.

Index Terms— ESD protection, AFE material, nonlinear capacitor

I. Introduction

ESD is one of the most important reliability problems in an electronic 
product. In order to provide ESD protection to electronic products, 
decoupling capacitors and series resistors can be used as shown in 
Fig. 1. The capacitors absorb the injected charge, and limit the maxi-
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showed no noticeable voltage dependence. The measurement 
fixture is shown in Fig. 4. The two cylindrical devices are the PIO 
capacitors.

B. Static Measurement Results for X7R Capacitors

Static measurement results for X7R capacitors are shown in Fig. 
5. All four capacitors (4.7nF, 50V) showed similar behaviour. The 
capacitance decreases from 4.7nF to about 1nF at 400V DC bias. 
We observed no damage to the capacitors at 400V.

C. Static Measurement Results for AFE Capacitor

The measurement result for an AFE capacitor is shown in Fig. 6. 
The capacitance is about 3nF without any DC bias, and increas-
es with increasing DC bias voltage before the transformation 
from the AFE phase to the FE phase. For this AFE sample, the 
transformation occurs at about 325V, causing a peak in its 
capacitance value of about 8.5nF at 325V. In the FE phase the 
capacitor acts as normal capacitor, and the capacitance 
decreases with increasing DC bias voltage. The capacitance 
drops back to 3.5nF at 500V.

IV. Transient Measurement

The nonlinearity of the capacitors can be seen clearly from the 
static measurement results. However, ESD is a transient process 
of nanosecond time scale. ESD currents typically have rise time 
of less than 1ns. However, the voltage and current rise times at 

the capacitor is limited by the capacitance value and the source 
impedance (about 300 Ohm for an IEC 61000-4-2 ESD generator at 
lower frequencies and around 100 Ohm at higher frequencies). 
The voltage and current rise time at a capacitor with hundreds 
pF or a few nF is generally between a few and tens of nanosec-
onds. Transient measurements investigate if the capacitance can 
react with sufficient speed to provide ESD protection.

A. Transient Measurement Method

In the measurement setup illustrated in Fig. 7, C represents   the 
capacitor under test. A pulse with duration of 70ns and a rise time 
of 150ps generated by the Transmission Line Pulser (TLP) is inject-
ed into the capacitor under test through a microstrip transmission 
line. A loop formed by a trace and vias is embedded underneath 
the transmission line. The mutual inductance between the trans-
mission line and loop is used to measure the derivative of the cur-
rent flowing on the transmission line. The current is obtained by 
integrating the measured derivative of the current. The voltage 
across the capacitor is measured with an oscilloscope.

chains are polarized spontaneously and the adjacent chains of 
ions of one kind are polarized in the opposite direction. 
Therefore, unlike ferroelectric materials which show 
spontaneous polarization, there is no net spontaneous 
polarization in AFE materials [7][8]. 

Lead zirconate (PbZrO3) was the first compound identified 
as an antiferroelectric. PbZrO3-based antiferroelectric 
materials have been extensively studied over the past several 
decades for applications as high-energy storage capacitors and 
high-strain actuators/transducers [7]. More recently, with the 
development of microelectronic devices, antiferroelectric thin 
films have been explored for applications such as 
microactuators in microelectromechnical systems (MEMS) and 
decoupling capacitors in high-speed Dynamic Random Access 
Memory (DRAM) devices [7]. 

An electric-field-forced phase transformation from an AFE 
phase to a ferroelectric (FE) phase occurs in AFE material 
owing to the small free-energy difference between the two 
phases [7]. However, before this transformation, the dielectric 
constant increases with increasing electric field strength 
applied.  

This research uses the type D AFE material from TRS 
Technologies. The AFE material is a 30um thick gold plated 
wafer. A hand-made capacitor is created as shown in Fig. 2. A 
2mm x 3mm large piece of AFE wafer is placed between two 
layers of copper tape. Silver paint is used to contact the AFE 
wafer. 

Fig. 2. Hand-made AFE capacitor 

III. STATIC MEASUREMENT

At first the static capacitance-voltage characteristic is 
measured. Four 4.7nF 50V X7R capacitors from 4 different 
manufactures and the hand-made AFE capacitor were 
measured. 

A. Static Measurement Method 
A DC voltage is applied across the capacitor under test, and 

an LCR meter or a vector network analyzer (VNA) with DC 
block circuit is used to measure the capacitance. The 
measurement setup is explained in Fig. 3. 

LCR or 
VNA
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R2 1MΩ 
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V1 

Fig. 3. Static measurement block diagram

C1 is the capacitor under test, i.e. the DUT. V1 is the DC 
voltage power supply which provides the DC bias. Resistors R1 
and R2 (1 MΩ) isolate the impedance of the capacitor from the 
impedance of the power supply. C2 blocks DC to protect the 
instrument. Its capacitance should not be voltage dependent. 
Two 8kV 20nF paper in oil (PIO) capacitors comprise C2 
placed in parallel. Tests showed no noticeable voltage 
dependence. The measurement fixture is shown in Fig. 4. The 
two cylindrical devices are the PIO capacitors. 

Fig. 4. Test fixture for the static measurement using network analyser or LCR 
meter 

B. Static Measurement Results for X7R Capacitors 
Static measurement results for X7R capacitors are shown in 

Fig. 5. All four capacitors (4.7nF, 50V) showed similar 
behaviour. The capacitance decreases from 4.7nF to about 1nF 
at 400V DC bias. We observed no damage to the capacitors at 
400V.
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6. The capacitance is about 3nF without any DC bias, and 
increases with increasing DC bias voltage before the 
transformation from the AFE phase to the FE phase. For this 
AFE sample, the transformation occurs at about 325V, causing 
a peak in its capacitance value of about 8.5nF at 325V. In the
FE phase the capacitor acts as normal capacitor, and the 
capacitance decreases with increasing DC bias voltage. The 
capacitance drops back to 3.5nF at 500V.

Fig. 3. Static measurement block diagram
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Fig. 5. Static measurement results for four X7R capacitors from different 
vendors 

Fig. 6. Static measurement results for the AFE material capacitor

IV. TRANSIENT MEASUREMENT

The nonlinearity of the capacitors can be seen clearly from 
the static measurement results. However, ESD is a transient 
process of nanosecond time scale. ESD currents typically have 
rise time of less than 1ns. However, the voltage and current rise 
times at the capacitor is limited by the capacitance value and the 
source impedance (about 300 Ohm for an IEC 61000-4-2 ESD 
generator at lower frequencies and around 100 Ohm at higher 
frequencies). The voltage and current rise time at a capacitor 
with hundreds pF or a few nF is generally between a few and 
tens of nanoseconds. Transient measurements investigate if the 
capacitance can react with sufficient speed to provide ESD 
protection. 

A. Transient Measurement Method 
In the measurement setup illustrated in Fig. 7, C represents   

the capacitor under test. A pulse with duration of 70ns and a 

rise time of 150ps generated by the Transmission Line Pulser
(TLP) is injected into the capacitor under test through a 
microstrip transmission line. A loop formed by a trace and vias 
is embedded underneath the transmission line. The mutual 
inductance between the transmission line and loop is used to 
measure the derivative of the current flowing on the 
transmission line. The current is obtained by integrating the 
measured derivative of the current. The voltage across the 
capacitor is measured with an oscilloscope. 
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C
Loop

Fig. 7. Block diagram for transient measurement setup

The charge and current for a linear capacitor are described by 
[9]

,VCQ  (1) 

and 

  .dttdVCI  (2) 

For a nonlinear time-independent capacitor the equations 
become 

  ,dVVCQ  (3) 

and 

    .dttdVVCI  (4) 

So the nonlinear capacitance can be calculated by 

(5) 

The measurements capture the current derivative and the 
voltage across the capacitor. The post processing obtains the 
current and the voltage derivative. Low pass filtering is used for 
noise suppression and de-trending is used to remove the effect 
of scope’s imperfect DC-offset on the integration of the current 
derivative. 

B. Transient Measurement Results for X7R Capacitors 
If the TLP is set to 1200V charge voltage it takes about 60ns 

to charge the capacitor to 450V, as shown in Fig. 8. The stress 
was repeated many times to assure the phenomena are stable. 
Results from three repeats are plotted in Fig. 8. The change of 
the capacitance versus time for X7R capacitors is shown in Fig. 
9. The results show that the X7R capacitors react fast enough to 
the transient signal 
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IVC 

Fig. 5. Static measurement results for four X7R capacitors from 
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The charge and current for a linear capacitor are described by [9]

  (1)

and

  (2)

For a nonlinear time-independent capacitor the equations 
become

  (3)

and

  (4)

So the nonlinear capacitance can be calculated by

  (5)

The measurements capture the current derivative and the volt-
age across the capacitor. The post processing obtains the cur-
rent and the voltage derivative. Low pass filtering is used for 
noise suppression and de-trending is used to remove the effect 
of scope’s imperfect DC-offset on the integration of the current 
derivative.

B. Transient Measurement Results for X7R Capacitors

If the TLP is set to 1200V charge voltage it takes about 60ns to 
charge the capacitor to 450V, as shown in Fig. 8. The stress was 
repeated many times to assure the phenomena are stable. 
Results from three repeats are plotted in Fig. 8. The change of 
the capacitance versus time for X7R capacitors is shown in Fig. 
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this beneficial property being used for ESD protection. Fig. 
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The deviation above 300V may be caused by the limitation of 
the transient measurement method. Due to its large capacitance 
it was barely possible to reach 400V at the highest TLP charge 
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A. SPICE Model for Nonlinear Capacitor

The Analog Behavioral Model is used to model the nonlinear 
capacitor, as shown in Fig. 14. The capacitor is modeled by a 
controlled current source, GVALUE in PSpice, whose current is 
defined by equation (2). The time derivative of the voltage is 
modeled by using the discrete derivative of time (DDT) function 
in PSpice. A voltage dependent capacitance is specified by 
using a look-up table based on the measurement. This table con-
tains voltage-capacitance pairs picked from points on the mea-
sured curve. The voltage input is nonlinearly mapped from the 
voltage values in the table to the capacitance values. Linear 
interpolation is used between table values [9]. 

B. ESD Current Source Model

ESD generator is modeled using the equivalent circuit as shown 
in Fig. 15. This circuit models the current and the impedance of 
the ESD generator. Initially, the capacitors are charged until the 
switch initiates the breakdown. C4, L2, R4 and R5 set the initial 
rise time, R1 and C2 represent the interaction between the body 
of the ESD generator and ground. The main discharge constant 
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ing are both based on discharges from a human body, thus 
their total charge and pulse length are similar. The source 
impedance for the HBM testing is 1500Ω. Passing the HBM test 
ensures a robustness of the IC input for currents up to about 
1.3A which we assume as the failure threshold of the simula-
tion. Another consideration leads to the usage of a series resis-
tor. Without such a resistor the internal ESD protection of the 
IC would compete with the PCB based protection, possibly 
leading to the IC protecting an external ESD protection. A 
series resistor allows for a sufficient voltage drop separating 
both protection methods electrically. A resistance of 200Ω is 
selected in this simulation. ESR and ESL represent the effective 
series resistance and inductance of the capacitor respectively, 
whose values are set to 100mΩ and 1nH. The circuit is excited 
by the ESD generator shown in Fig. 15. The ESD generator is 
charged to 2000V initially.

The critical current flowing into the IC is shown in Fig. 19. Using 
the X7R capacitor, it reaches 1.6A which is above the destruction 
threshold ensured by 2000V HBM testing of 1.3A. In contrast the 
increasing capacitance of the AFE capacitor limits the peak cur-
rent below 0.9A.

In designing a protection circuit, the 0V capacitance is deter-
mined by the required signal bandwidth. The protection effect is 
determined by the capacitance ratio between the capacitance at 
the highest voltage reached during ESD and its 0V capacitance. 
The larger the ratio is, the better the ESD protection will be. For 
the X7R capacitor this ratio is usually about 0.3, while it reaches 
about 3 for the AFE capacitor investigated in this research. This 
larger ratio allows an improved trade-off between ESD protec-
tion and bandwidth.

VI. Conclusion

X7R capacitors are often used as ESD protection. In this applica-
tion the voltage across the capacitor will surpass the rated volt-
age, often reaching 400V on a 50V capacitor. The voltage depen-
dence of capacitors with two different dielectric materials, X7R 
and AFE, are measured using both static and transient measure-

ment methods.  Similar capacitance changes have been 
observed for static voltages and transient voltage changes. The 
X7R capacitors lose most of their capacitance while the AFE 
capacitors increase their capacitance values as the voltage 
increases up to a certain point as shown in Fig. 13, for example. 
This increasing nonlinearity of AFE capacitor improves ESD pro-
tection at a given signal bandwidth. The improvement of the ESD 
protection has been quantified with simulation. The temperature 
dependence of the AFE’s capacitance and the long term reliabili-
ty of AFE capacitors have not been investigated.
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