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'The cubic equation in the denominator is not easily
factored to find the roots, but we found that, since we
have all the coeflicients from Equation 3, we wrote
out a cubic equation solver in Excel (two complex
conjugate roots and one real root for our waveforms)
and, once again, used Solver to find an optimal fit.
We have C from current integration to CV =Q, as
always, so the four parameters from Equation 3 are
fit to circuit elements R, Rx, Cx, and L, in most cases
perfectly. If there is any doubt about the partitioning
of C and V|, it can be shown through Equation 6 that
C can be chosen arbitrarily and then scaled by o, with
aC paired with aCx, L/a, R/a, Rx/a, and V /o to

Figure 4. Circuit model and 3p1z parameters for large CDM target, +500V
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give an identical solution. Also, it can be shown that
the final inductance L, in Equation 6 and Figure 3,
is equal to T,/t, times the initial L as in Figure 1 and
as would be extracted from Equation 3 (1/(w,*C)).
This inflates the final inductance and can also be
thought of as softening the voltage step function,

as discussed in [2].

EXAMPLES
Figure 4 shows an example of a large CDM target

3plz solution and circuit model. The inductor is about
twice what we would expect from probe and test
fixture, while the extra capacitance Cx almost matches
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Figure 5: Circuit model and 3p1z parameters for small CDM target, -500V (waveform flipped)

the test fixture capacitance C. The current oscillates
initially in the outer loop, where the LC product is
about the same as for the test fixture, twice the L
and half the C. The spark therefore absorbs the field
energy quickly, through L-C matching, and conceals
itself, as it were, by ringing at about the frequency
expected from the L and C of the probe and target in
the test fixture.

Figure 5 shows more of the same for the small target
(negative voltage waveform flipped for convenience).
Inductance and capacitance “mirroring” in the spark
occur again, this time for a much smaller C. Now
the Rx in the outer loop is actually negative (not
surprising for a plasma), while R=35 ohms bleeds off
the spark energy. Despite the negative Rx, the poles
and zero of Equation 6 are always in the left half of
the complex plane, i.e., stable.

One final case is shown in Figure 6, from the

2023 EOS/ESD Symposium paper 1A.5 [3], data
kindly provided by the contributing author [4]. This
target was small (1 cm?) and had a very small probe
(inductance about 1 nH), therefore a smaller LC
product than usual. Once again there was mirroring
of external L and C in the spark itself, this time with
negative Rx and even more vigorous high-frequency
oscillations (about 3 GHz). This could mean that

an air spark plasma resonance becomes more active
at higher natural frequencies—if so, it is of strong
interest to all CDM situations (factory test socketing,
die-to-die (D2D) assembly, etc.) because of the low-

inductance packages and interconnects of today.

The CDM test standard (now JS-002) originated in
the 1980s when DIP packages justified the 5 mm
probe still used in CDM test hardware. The test

23-1A5 Figl0, V=10V 2.23nH  ~2:Lg,,
04
0.3
Foa % ) o
o1l $
B ots i\/\(\l‘v“—: s ®,=18.624 GHz 9.77Q
ek 1 vt Y ' p=0.0832 v 27.80
o time, nsec C=2.96 pF 3.17 pF
7,=0.130 ns -C
@ 3plzfit ® measured Tz=0-057 ns = 3plz
R2=0.974 —

Figure 6: Circuit model and 3p1z parameters for a small, low inductance probe (1 nH) target from a 2023 paper [3], +10V



method has its merits and is not easy to change, but
“real” CDM stress events may often have worst-

case ringing and currents such as in Figure 6, so we
should take note. Waveforms like Figure 6 have been
observed at several labs and may represent worst-case

CDM conditions.

DISCUSSION AND SUMMARY

As the air spark plasma is composed of excited

and ionized atoms and molecules, with lifetimes

in the 10s of nanoseconds, plus free electrons, it is
not surprising that energy-storage elements (extra
inductance and, usually, capacitance) are part of the
spark circuit model. Also, voltage is expected to
precede plasma current flow, the I-V phase relation of
an inductor. Remarkably, the spark’s extra L and C are
usually a near-match for the L and C of the external
environment, assuring a quick flow of energy into

the spark from the field. The thermodynamics of this
process could be interesting to study.

This initial work on the CDM spark circuit model
should be continued on to larger and smaller target
(i-e., package) sizes, and varying probe inductance

so that the variety of CDM test and use conditions

is comprehended. At some point, trends for all the
circuit elements should be clear enough that the circuit
model for any metal target (akin to a short circuit) in
any CDM environment can be predicted, and with it
trends for peak current and such. The model can then,
for example, be used as a CDM “source,” surrounding
a known ESD circuit model of a pin under test.

To facilitate the exploratory studies of these various
CDM test conditions, the algorithm described here
and in [2] could be ported to a software platform
where the circuit parameters are found after very

few keystrokes, as with existing ESD waveform
evaluation software for human body model (HBM).
Also, now that we have a circuit topology for the
spark, we can imagine using a licensed version of
SPICE simulator that finds optimized circuit element
values given a topology. Having made fast work of
the waveform evaluation, we can expect considerable
physical insight to emerge from the trends discernable
from large amounts of CDM data, much of which is
already on file.

Finally, we should see if air spark plasma conditions
produce the occasional high-frequency resonance
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(Figure 6) when certain external L-C conditions are
met. This could represent a worst case for CDM peak
current in factory assembly/test or D2D conditions.
If the idea of an avalanche process and drift time

of carriers to anode/cathode resonating with an
external circuit sounds familiar to an electrical
engineer, it could be because the decades-old high-
power microwave IMPATT diode (impact ionization
avalanche transit time) works on exactly that principle.
‘We should find out if the occasional occurrence

of such conditions is a threat to our devices in
manufacturing and protect them accordingly. @
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CAPACITOR IMPEDANCE EVALUATION
FROM S-PARAMETER MEASUREMENTS

Part 1: S, One-Port Shunt, Two-Port Shunt and Two-Port Series Methods

By Bogdan Adamczyk, Patrick Cribbins, and Khalil Chame

his is the first of two articles devoted to the topic

of capacitor impedance evaluation from the s
parameter measurements using a network analyzer.
Part 1 describes the impedance measurements and
calculations from the s,, parameter using the one-port
shunt method, two-port shunt, and two-port series
methods. Part 2 will discuss impedance measurements
and calculations using the s, parameter with two-port
shunt and two-port series methods.

CONFIGURATIONS, CIRCUIT MODELS, S,, -
IMPEDANCE RELATIONSHIPS

One-Port Shunt Method

Note: The one-port shunt method is also called a (one-
port) reflection method [1]. One-port configuration
for a two-terminal DUT is shown in Figure 1.

Figure 2 shows the transmission line circuit model at
Port 1.

The network analyzer sends the incident waves (at
different frequencies) to Port 1, terminated with Z_
(interconnects are taken out of the measurements
through the calibration process).

Upon the arrival at load Z , the incident waves get
reflected (unless the load impedance Z_equals Z,).

@
Port 1
Zo=500

Figure 1: One-port shunt configuration
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The reflected voltage waves, v, are related to incident
voltage waves, v, by the load reflection coefficient, I

defined as

r==x )

vi

w2 4]

Figure 2: Transmission line circuit model of one-port
shunt configuration
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'This load reflection coefficient equals the s,, parameter ZxZ0 _ 5
and can be computed from [2], S11 = % 10)
Zx+Zp 0
Zy—2Z,
11 2ot @) o
Eq. (1) is used to obtain the DUT impedance in terms Spp = ZxZo—Zo(Zx+Zo) (11)
of 5,, parameter, as follows ZxZo+Zo(Zx+Zo)
11 = 2ZyZo+Z2 12)
S11Zx + 51120 = Zx — Zy “
which simplifies to
81120 + 2o = Zx — S112x 5)
Si =——— (13)
Zo(s11 +1) = Z,(1 — 514) (6) 17 22420
Resulting in the DUT impedance in terms of the s, Eq. (13) is now solved for Z_in terms of s, .
arameter as |1],
P . 511(2Zx + Zo) = —Z, (14)
1+s
T = 7 —
* 01-5:, (7) o
Two-Port shunt Method 22,;511 + 20511 - _ZO (14)
'The two-port shunt configuration for a two-terminal _
DUT is shown in Figure 3. 2Zxs11 = =20 = ZoSua (15)
2Zxs11 = —Zo(1 + s511) (16)

The simplified circuit model of this shunt
configuration is shown in Figure 4.

Note that the DUT Port 1 Port 2
impedance Z _is in
parallel with the Port 2
impedance Z, resulting
in an equivalent load
impedance of

Port 1 Port 2

Zy =500 I:Z;' Zy =500

Figure 3: Two-port shunt configuration

ZxZo
= %0 8
L™ z.42, ®)

The s5,, parameter equals
the load reflection

coefficient and can be
computed from

» U;
B | B
511 = r - =L =0 (9) 4—/\/7 v,

Utilizing Eq. (8) in
Eq. (9) we get

Figure 4: Transmission line circuit model of two-port shunt configuration
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resulting in Port 1 Port 2
1+514
Zx - _ZO ? (17) 811 t ’
511 D Port 1 Port 2
Zp =500 Zy =501
Two-Port Series Method
The two-port series ; ;
conﬁguratmn fc.)r a two- . Figure 5: Two-port series configuration
terminal DUT is shown in
Figure 5.
'The simplified circuit model of this series Zy
| I Port 2

configuration is shown in Figure 6. Port 1 -
¥ A,
Note that the DUT impedance Z_is v,

in series with the Port 2 impedance
Z,, resulting in an equivalent load

impedance of
Figure 6: Transmission line circuit model of two-port series configuration

ZL = Zx + Zo (18)
The s5,, parameter equals the load reflection coefficient resulting in
and can be computed from .
Zy =22, 1 151 26)
=r=%"% =511
su=I= 2112 (19)

IMPEDANCE MEASUREMENT SETUP AND
RESULTS

'The impedance measurement setup and the PCB
(20) boards are shown in Figure 7. The boards were

populated with Murata X7R ceramic capacitors,

GCM188R71H472KA37, GCM188R71H473KAS5S5,

or GCM188R71C474K A55, of the values 4.7 nF, 47 nF,
and 470 nF, respectively.

Utilizing Eq. (18) in Eq. (19) we get

_ Zy+Zo—Zy

S ]
11 ™ 7z +Zo+2,

Zx
S - —
117 z,.+22, (21)

One-port shunt PCB Two-port shunt PCB

Eq. (21) is now solved for Z_in terms of s .

s11(Zx +2Z,) = Zy (22)

or

ZyS11+ 220811 = Z, (23)

2Z9s11 = Zy — ZyxS11 24) gz
274811 = Z,(1 —s14) (25) 3

Two-port series PCB | .

. Figure 7. Measurement setup and PCBs
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Impedance curves for a 47 nF capacitor are shown

in Figures 8 and 9. Figure 8 compares the results
between the one-port shunt and two-port shunt
| configurations, while Figure 9 compares the two-port
| = series and two-port shunt configurations.
= I foan = 43.25 Mz TTT]
so— LI i | L1
L T foas = 3.29 MHz 1 . .
2 I = 1192 Kz L Clearly, the two-port series measurement 1s not
: i - reliable. Figure 10 shows the capacitor impedance
5 }1\ H foan = 5048 Mz k .
-l raly ’ ' I L I curve obtained from the Murata Design Support
- i i ], 72 N PSSR Software “SimSurfing” [3].
ol | ge=szsvmns ¥ ||| L
1) wChi Stal 100000 e — — Saop 300000 GHE

EC -
e Upasiecn i

'The one-port shunt, two-port shunt and Murata
measurements at 0 dB and at self-resonant frequencies
are shown in Table 1.

Figure 8: S, -based impedance curves - one-port shunt (Eq. 7) vs.
two-port shunt (Eq. 17)

Clearly, the one-port shunt and two-port shunt
measurements do not agree with the Murata
values. The measurement results for the other

two capacitors (4.7 nF, 470 nF), not presented here,
showed similar trends.

'The overall conclusion is that the capacitor impedance
evaluation from S parameter measurements is not
accurate. The next article will discuss the capacitor

il I~ | Two-port series | |
o Y il impedance estimation from s,, parameters and show
) ' \’\--\. Al its superiority over the s, -based methods.
DL Pse U S L Lge]) 11
ol 3 | T fean= 50.‘“? MHz

| UL
foaw =319 MHz || ||| |
! e HHHHI 1T Two-port shunt
| =125 MHz I_L__ ¥ 1L LLL
1 SChI Start 100000 ez — = X Shop 200000 GHz.
wi o wom e e Carm
EFCn | ipamecn wote Y
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Figure 10: Murata “SimSurfing” impedance curve for 47 nF capacitor Table 1: Impedances at 0 dB and self-resonant frequencies
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UNDERSTANDING ESD CONTROL

Part 1. Charge Buildup and Resistance to Ground

Dr. Jeremy Smallwood on behalf of EOS/ESD Association, Inc.

he normal world is full of electrostatic discharge
(ESD) risks to unprotected ESD susceptible
devices (ESDS). To handle these, we must set up
an ESD Protected Area (EPA) in which we have
reduced the ESD risks to a low level. In Part 1,
this article will look at how static electricity works.
Part 2 will look at how we control it in an EPA.

Where does static electricity come from? Science tells
us that every material is made of atoms. Atoms are
made of electrical charges — positive protons in the
atomic nucleus and negative electrons around them.
When these are present in equal numbers, their
electrical effects cancel.

When two materials touch, some charges move
from one material to the other. When the materials
separate, each takes a small surplus of one type of
charge. Repetition can build the charge imbalance.
The charges will try to move to restore balance if
they can, but if prevented — static electricity starts
to accumulate.

These processes happen very easily. Several thousand
volts can be measured on the surface of a plastic sheet
lifted from a pile of materials. Packing tape pulled
from the reel can give readings of tens of thousands
of volts. The repeated shoe-floor contact of a person
walking can raise their body to several thousand
volts — when they discharge by touching something,
they get a shock, as most of us have experienced.

'The buildup of charge is rather like the buildup of
water in a wash basin. A basin has a tap that allows
water in and a drain that lets water out. If there is no
plug in the drain, and only a small amount of water
flows in, it can run out as fast as it enters with no
buildup. Similarly, if charge can flow away (dissipate)
as quickly as it is separated, there is no buildup of
static electricity. If, however, the basin has a partly
blocked or small drain and the tap is full-on, the

Dr. Jeremy Smallwood has worked in electrostatics [Ei
and ESD control since the late 1980s. He formed §
Electrostatic Solutions Ltd. in 1998 to provide Jg
electrostatics consultancy, training, and R&D services ;
for industry and works with British and IEC standards ¥
Committees. His book “The ESD Control Program
Handbook” was published by Wiley in 2020.

water level in the basin can build up. If a basin has a
blocked drain or the plug is in the plughole, it only
needs a dripping tap to cause water level buildup.
Similarly, if charge cannot dissipate, only a small
amount of charge separation can lead to a buildup of
charge and high voltage levels.

INSULATORS AND CONDUCTORS

'The materials that act like the plug in the plughole
are insulators. An insulator is a material that does
not allow charge to move away quickly enough

to avoid charge buildup. These are materials like
ordinary plastics and rubber. Insulators promote
charge buildup and ESD risks, so we prefer not to
have them near ESDS in an EPA.

Any item which is not an insulator allows charge

to move around quickly enough to avoid charge
buildup, providing the charge has somewhere to

go. These are the conductors, static dissipative,

and conductive materials. The IEC 61340-5-1

and ANSI/ESD 20.20 standards have specific
definitions, classifying an insulator as a material or
item having resistance over 100 GQ (10" Q) and

a conductor as an item or material with resistance
less than 10 kQ. “Static dissipative” items and
materials are those with intermediate resistance.

Be careful — not all industries and standards use the
same definitions. Examples of conductors and static
dissipative materials can be metals, ESD control
materials and water. The human body is mainly
water and has resistance between about 1 kQ) and
100 kQ depending on many factors.
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When it comes to cutting-edge Wireless, RF, and Microwave Test Systems, ETS-Lindgren leads the way. As the global authority in innovative test solutions, we

deliver unmatched performance and reliability for far-field, near-field, and compact range chambers, designed for RCS and antenna measurement testing. Our
solutions are trusted worldwide by leading organizations in the automotive, defense/aerospace, and wireless industries.

With over 50,000 installations globally, ETS-Lindgren is the preferred partner for turnkey systems that ensure precision and dependability. Our vertically
integrated approach means we produce 90% of a project’s components in-house—from RF Shielded Enclosures and Absorbers to Multi-Axis Positioners,
custom-designed Antennas, and advanced Software—ensuring unparalleled quality and seamless integration.
Our comprehensive services include:

Builder of the World's Largest Anechoic Chamber

Provider of 80% of CTIA Authorized Test Labs (CATLs) Worldwide
Innovator of Countless Industry-First Advancements

Join the ranks of international clients who frust ETS-Lindgren to push the boundaries of what's possible. Together, we'll redefine the future of antennas and

propagation. For more information on our solutions, visit www.ets-lindgren.com or contact your local ETS-Lindgren office or representative.

Connect with us at:

COMMITTED TO A SMARTER,
E o a MORE CONNECTED FUTURE
NETS-LINDGREN

An ESCO Technologies Company

Offices Worldwide | ets-lindgren.com
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