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WARRANTY

KeyTek Instrument Corp. warrants each Instrument manu-
factured by it to be free from defects in material and work-
manship for a periocd of one year from the date of dellvery to
the original purchaser, provided the instrument 1s used in
accordance with the instructions in this manual. KeyTek's
obligation under this warranty is llmited to servicing or
adjusting an instrument returned to the factory, transpor-
tation charges prepaid, for that purpose. This is the only
warranty offered in connection with the sale of thils Instru-
ment, no other warranty is implied. KeyTek 1s not llable for
consequential damages.

If a fault in operation occurs, the following steps
should be taken:

1. Notify KeyTek Instrument Corp. giving full details
of the faulty operation, the model number and serial
number of the instrument. On receipt of this intor-
mation, service data or snipping instructlions will
be proviced.

2. 0On receipt of the shipping instructicns, forward the
instrument prepaid and repairs will be made at the
factory.

If it is necessary to return this instrument to the
factory, 1t should be shipped in the original packing carton.
If it is not available, use any suitable rigid container with
adequate packing to protect the unit during transict.
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WARNINGS

THE OQUTLET TO BE USED MUST HAVE THE THIRD WIRE "SAFETY"
GROUND IN PLACE! OPERATING SERIES 2000 EQUIPMENT WITHOUT
THE THIRD WIRE GROUND IN PLACE WILL ALLOW ANY EXPOSED
METAL ON THE GUN OR POWER SUPPLY TO BE ELEVATED TO AS
MUCH AS 28%kV.

OBSERVE ALL SAFETY PRECAUTIONS ON PAGE 11%,

THE USER SHOULD UNDERSTAND THAT OBJECTS IN THE VICIHNITY
OF AN OPERATING ESD SIMULATOR, WHETHER IT I3 ACTIVELY
DISCHARGING OR SIMPLY CAUSING CORONA, ARE LIKELY TO BUILD
UP A CHARGE. THIS ESPECIALLY APPLIES TC UNGROUNDED OR
UNGROUNDABLE OBJECTS SUCH AS PLASTICS, FURNITURE, AND
PEQOPLE. CARE SHQOULD THEREFORE BE TAKEN TO GROUND ALL
CONDUCTIVE OBJECTS, ESPECIALLY INCLUDING PERSONNEL, IN
THE VICINITY OF THE ESD SIMULATION.
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SAFETY PRECAUTIONS

Don't ESD test near personnel using pacemakers.

Don't ESD test near autcmatically-contrclled machinery.
Don't leave ESD tester unattended with 1ts tTrigger in
"lock-on" position, and voltage dialed up, without suit-
able precautions.

If you must do so, provide adeguate perscnnel barriers
and large warning signs.

Preferable still i1s a personnel I1ntrusion sensor that
automatically removes power from the ESD tester.

Test only with the ESD return (the "grcund strap”") con-
nected to ground. Use one of the following:

A. "Green ground" (i.e., the power-line third wire) at
the EUT (Equipment Under Test),

B, "Green ground" at the same wall socket Ilnto which the
EUT 1s connected, but not to any other wall socket,

C. EUT chassis or panel (after checking it 1s grounded),
or

0. A ground plane under the EUT, itself connected to one
of the grounds ldentifiled in A., B. or C. above.

Establish routine calibration intervals for the E3D
tester, particularly for output nigh voltage.

Interrupt testing to investigate any undsual operatction,
particularly of the ESD simulator's digital voltage
display.

Unusual operation might be the result of internal com-
ponent fallure, which in an extreme case could possibly
cause unprcogrammed high-voltage, or a voltage higher than
programmed, to appear at the tester's discharge tip.
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ESD SIMULATOR INTERNAL COMPONENT LIFE CCNSIDERATIONS

QPERATING TO MAXIMIZE
THE ESD SIMULATOR'S USEFUL LIFE

When stressed at high voltage, all electronic components nave
1ife limitations. Critical components within the KeyTek ESD
simulatorts Polarity Selector and Discharge Networks, in
particular, should provide over 2.5 million discharges or
100C continuous hours at 25kV. More discharges and lLonger
time intervals will result from operaticn at lower voltages.

Specific operating procedures can minimize high-voltage
stress on the ESD simulatoris internal components:

1. To maximize internal high-voltage compecnent life (as
well as for safety reasons), never leave the IZ3SD
Discharge Gun's trigger locked on, with the tip
voltage dialed up, except during actual ESD testing.

Even when testing, try not to leave the tilp voltage
dialed up for extended periocds.

2. Use of "Normal" rather than "Slow" ramp speed,
selected via the push button switch on the Simulator
Power Supply's front panel, will alsc minimize the
time that internal components spend at high voltage.

Only use "Slow" when determining the voltage at
which breakdown takes place by watching the display.

3. When a great deal of repetitive testing is planned,
contact the factory in advance for informaticon on
replacement Pclarity Selectors and Discharge Het-
works, as well as other components that may undergo

severe prolonged high-veoltage stress 1n sugh a
progranm.
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SUMMARY OPERATING INSTRUCTIONS

Use 1 per 10 secs for singie shot. Use 1
pet 5 secs (20fsec) tor sxpioratary ang
setl- of groxmity-dischacge,

Use 1 per 13 or 10 secs tor exiended.
lixeg-posinan repeiitive 1ests, prelerapiy
n NORMAL CHARGE mooe tor extended
nsirument sle.

NORMAL ramps up tign vait-
age at maximum speed. gves
best instrument hife: smce
components are al high
voitage tor the teast ume.

SLOW aliows sesing treax.
dowr voltage sispiayea;

NGAMAL gives single
Shots except al very
close spacings.

BURST gives muitple
Shots, parucuiariy with
appropriate Discharge
Networks such as

1 per 05 secs (20/se<) not operational in e:?e‘c[;aislgc%tnésuer ang 1 ON-3. ON-4 etc.
gger 1oCk-an, 1 e tupod-mount moge. P )
PROG ¥ LiIGHY BIGITAL HY LIGHT
ESPLAY

ngdigates Mat the dispiay 5 reading
SAROGRAMMED vonage.

Jn when hese 5 1o high voitage at
the up: + e, TRIGGER off and voltage
decayeg to iess than & lew hunareg

indicales nay the MISiay 1S reaning
actual uip hign vonage.

For salety, 1t 51ays 0n egven alter

tngger retease. unti Lp voitage decays
to @ lew hundred volts,

vouls. /m,/
P e
TR - 4 l !
/L TRIGGER® POLARITY SELECTOR
SN o j To change poianty:
‘?\‘ , 1 Raigase ant/or unlock 1ngger
1 S 2. Wart for TIP HV to decay, ang
DISCHARGE MY CONTROL L, - disgtay to return 10 “PROG v
GROUND S'ﬁqu écitﬁmm'us — 3. Rotate pofanty ejector to “OUT™
posHinn, (o free polarnty Ccyhnger
(ennect 1o

t “Green Qroung” [power-hing 1nuwg

wiced at e £yl

“Green ground” at the same wall
sacket nto which the 67 15
pluggea. Lut not to any other
will SQcket,

EUT chassis or panei, after
cnecxing il 15 grounded: of

A qgroung ptane unger the EUT,
connected o 11) (23 or {3} above.

{EUT = Equipment under lesh

2

Pull cyhncer out further. and tum
grector to the "IN position. Then
rotate gyhnder 180" ang reonsen
firmiy 1o poesition

* TRIGBER — iyrng HV on:

Lp = Lock on, any rep rate except 20/sec. Operauonal onwy
i 1ped busning 15 ySed 10 Mount gun 10 DOWEr Suppiy
of t9 Specia ingog.

Qtt

Single-snot fyse 1 puise/10 secs settng), o

Hepeunve if heid n, 3t any selected rep rae

Center
Down

FOR AIR FSCHARGE, EITHER:

1. Pull trigger, set mgh voitage 10
desiees level, approagh EUT wilh
Lip ki discharge occurs, of

Fix upto-EUT distance at iess than
programimes MY discharge ts
tance. Puii trgger and tayse
aischarge as HY tnes to ramp past
voItage corresgancing to discharge
distance

SEE OPERATING INSTRUCTIONS FOR
SAFETY PRECAUTIONS

ALSD SEE OPERATING iNSTRUCTIONS FOR
THE BEST WAYS TO MiNIMIZE HIGH.
YOLTAGE STRESS QN THE £3D
SIMULATOR'S INTERNAL COMPONENTS

DOING SO WiLL THEREBY MAXIMIZE
SIMULATOR 1 FE
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SECTION 1

General Information

Introduction

The KeyTek Seriles 2000 FElectrostatic Discharge System
consists of many units whilch can be put together ¢to
provide instrumentation for simulating the actual ESD
alr discharge, plus separate simulations for all five
vaslc phenomena associated with the ESD event. 4s a
minimum, an ESD-1 Discharger (or gun), a Discharge
Network (DN-1, 2, etec.), Discharge Tip (DT-1, 2,
etc.) and Model PSC-1 Power Supply/Control Unit are
required to perform testing.

The basic KeyTek Series 2000 ESD Simulation System is
housed 1in two interconnected units: the ESD-1 Dis-
charger (or gun), which may be either hand-held or
tripod-mounted, and 1¢ts associated Power Supply/-
Contrel Unit PSC-1. The Discharger is made up of the
basle handle, polarity switch, high-voltage set Xknob
and digital display. The Power Supply/Control Unit
includes selectors for repetition-rate, charge rate
and burst/normal modes.

Interchangeable Discharge Networks, Current Injection
Adapters and Tips all plug directly into the Dis-~
charger's barrel. The Dlscharge Network 1s also
remotable via an optional cable, the EC-1, to provide
a lighter, hand-held probe for extended testing
without a tripod, In this latter mode, the IDis-
charger 1ltself may be mounted on the Power Supply/-
Control Unit via tripod mounting hardware, which I3
included.

Speclflc Series 2000 Model Groups have been identi-
fied, to help users select the ESD test capabilities
most appropriate to their immediate needs. Thus
Model Groups 2001, 2002, 2003 and 2004 provide pro-
gressively Increasing capabilities for ESD test
purposes,

Expansions and additicns, selected from the nexst
Model Group or from anywhere in the entire Series
2000, can be made at any time. See Table 1~-1 on the
following page for details.






TABLE 1-1

Series 2000
ESD Test Systems

NOTE: Additional mocules may be neeqed for exact correlaion with MiniZap modets. (See next page).

How, Optimirsd Frue-ESD™ gna |
Fisid-Emphasizing Model Groups |
Originai Mtode Groups {with Probe Remoting Cabie} |
Capabiiity Mode! # 2001 | 2002 | 2003 | 2004 | 2021 | 20227 | 20233 | 2024* |
1. AIR-DISCHARGE SIMULATION
Discharge: +1 10 +25kV. single-shot and reoetitive
(irtervas 10s, 3s. 1. 058). Buidt-in QUM girectly
measures stored high volage. ESD-1 A i o b . ° A .
IEC human-body-moael Discharge Network
(150 pinso Q). DM-1"* b A @ ° * . ®
IEC bali Discharge Tip DT1 o hd & * * i . .
2. ACCESSORIES AND POWER SUPPLY
Corona and Fielg-Enhancement Discharge Tip U2 L4 g L b ® b & @
ProximityJest. Self-Discharge Tip . FTI0 ® * * * d hd ® d
Power SuppiyiCantral Unet PSC-i e . * * d . hd .
Carrving Case CA-1A . ® * . . ™ . s
3. AUXILIARY DISCHARGE AND FIELD TIPS
Wedge, Simulating Tool DT3 . . . e hd hd
£-Freid (electne tietd) Simuiator Frit o * | e . . *
m-Figlg {magnetc field) Simulaior Fr12° ; I » » . s |
Discharge £-Fielg Collanse Adanter Fr-21°* * b . .
4. DIRECT CURRENT INJECTION, incucing
Fast Air-Qischarge Mode, via:
10KV Fast-Anproach Current Injection Adamer FA/CIA™-10" * d
20kV Fast-Approach Current inection Adapter FAJCIA™.20" e L b . ® o
5. ADDITIONAL ACCESSORIES !
Carrying Case CA-2A . b d e
Coax monitor for £8D current wavelorm. inciudes
Ground Plane (GP-1). Scope Cable win 500
Terminaton {FC-50), and Short Grouna Strap
{GCE-1). CTC-1 L ® ° . ® L]
Probe Conversion Cable: Remotes any
Discharge Netwark as kght. hang-heid probe EC-1 b . * ¢ . .
Tripod T1A e b hd
DC Cutput Calibration Atenuator DCA-1 . .
Field and Corona Sensor Grous FCS-1 b e
Common Monitor Unst. HEC-1 . i
H-Fieid sensor. HFS-1 g ® ®
£-Fieid sensor, EFS-1 . * |
Pre-Discharge corona sensor. COS- ° * |
6. ADDITIONAL DISCHARGE NETWORKS
NEMA Part DC33 and MiL STD 883B Discharge
Network (100 pF/1500 2 DN-2 i
Upperftower-Dody-rmoael Discharge Network
(700 oF/100KA50 pFi150 1)) DN-3 *
Segmented-body-moget Discharge Network .
(700 pFA0GKAS0 pF180 /20 pF-50 0% DN-4 ®
7. TRUE-ESD™ OPTION GROUP, TSD.1"
Optirmum basic human-Doay modei network
EIA Std. PN-1361 (Draft 6. 1985} Discharge Network
(100 pFIS00 DN-& i d s
Trug-ESD™ HandTio/DischargeTio Comomanon - HTA0/DT-4 o ® b
t Group 2021 adds True-ESD™ 3 Group 2023 adas poth True-ESD™ ang hieids, plus current irjechion.

2 Groun 2022 adds fields instead of True-ESD™ plus current iyection. * Groun 2024 adds True-ESD™ fields. current iniection, fisld sensors, etc.

T Requires a ClA or FACIA™: FAICIA-20 is recommenged.

" DN-1C may be substitutea directly for ON-1: 1IEC Current-tnjector, CIAZV tfor use with DN-10) may be directly substituted for entre TSD-1 {e. DN-6
and HT10/0T-4).

* Patent pending.






TABLE 1-1 (CON'T)}

Model 2000 (con’t)

For exact correiation with standard MiniZap Modeis

To upgrade Groups 2001, 2002, 2003, 2004, 2021, 2022. 2023, 2024 for TRU E-ESD™ Fast Rise Current injection (FR/CI™), and in ;
accordance with the proposed revision o 1EC 801-2 {150 oF13300Q), the following must be included with each Model 2000 Group:

TRUE-ESD™ — fast riae air discharge with 150 pt/3300 (MZ-10 or M2-15)

OiN-10 DN-10 provides 1580 pF/3300Q
(may be ourchased In itleu of standard DN-1 at no additionai charge)
HT-10/DT-4 TRUE-ESB™ ManagTip/DischargeTip Combinaticn

(includeg in 2021, 2023, and 2024 as standard)

Fast Rise Current injection, (FR/CI™) with 150 pt/3300Q (MZ-15)

CIAIV" Battery powered. reiay-operated current injection madule praviding the fast nise and
the 150 pF/A300 network, when used with the DN-10 above.

NOTE. Maximum test voltage at ieast 10kV. Relay operation s ransparent 10 the uset.
NOC auxizary swich operation s required.

Relay hie 1s approxmately § million discharges. The poted +V relay may be factory
replaced for between 4(0-50% of he currert price of a new CIA/V. The CiA/V comes
equipped with 45 own plug-n discharge tps. the OT-21 (IEC ball) and OF22 {sharp point).

Not compatbie with OT1 thru OT5. ang not usable with FT12 or FT.21 as replacement
for FA/CIA20.

‘Warranty on encapsulated intermnal relay 1s for 2 mulkon discharges. Replacement cost is between 40 and 50% of the current price of a new
CIAIV, consuit faciory.
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General Performance Qverview

1.

2.

Generator

Voltage contlnuously selectable from 1 to 25kV,
in both polarities.

Library of interchangeable, plug-in discharge
networks. Included are single R-C Networks to
meet IEC, EIA, NEMA and MIL Standards. Also
avallable are more complex Networks: to generate
multiple pulses in a single discharge packet, and
to simulate a segmented-body equivalent circuit,
Custom Networks can also be furnished to meet
speclal requirements.

Discharge MNetworks are remotable from the Dis-
charger, via an opticonal additiconal cable, for
test applications using the Dlscharge Network as
a lightweight probe.

Dlscharge Networks, Discharge and Field Tips,

plus Auxiliary Adapters for alr discharge and all
five of 1its basic components:*

Alr Discharge Generation: simulates the basi-

cally unrepeatable, but highly realistic,
real-world human discharge; for both direct
and proximity testing.

5. Discharge Current-Wave Injection: provides
highly=-repeatable, standardized waves into
the test plece, via Current Injecticn aAdapt-
ers.

4., Discharge Magnetic-Field Simulation: a re-
peatable pulsed magnetic fleld which mini-
mizes locallzed electric field and other
air-discharge effects, to facilitate diag-
nostic work with the magnetic fleld =zlone.
Uses a special Magnetic Field Tip, plus an
appropriate Current Injection Adapter (20kV
usually preferred).

#*Number sequence, 1-5, 1s the order of occurrence during

the actual air discharge. Items are listed in reverse
however, i.2. from 5 to 1 as that order
approximates thelr relative simulation importance.

order
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3. Discharge Electric-Field Collapse Simulaticn:
a repeatable pulsed electric fleld which
minimizes localized magnetic and other ef-
fects of the alr-discharge event, again for
diagnostic work. Employs the Electric Fleld
Tip, plus an appropriate Current Injectlon
Adapter (20kV usually preferred), and the
Discharge Electric Fileld Adapter.

2. Pre-Discharge Electric Field Simulation:
permits repeatable, E-fleld and rate-of-
approach E-field simulation, 1independent of
operator position and approach speeds; via
electronically-determined ramp speed. Uses
E-Fleld Tip.

j
.

Pre-Discharge Corcna Simulation: generates a
relatively repeatable, ennanced-{iaeld-
generated corona, which in turn generates RFI
to faclilitate investigatlion of EUT sensitiv-
1ty. Uses standard Ball or Point Dilscharge
Tip, alone or in conjunction with the Self-
Discharge, Proximity Field Tip.

Current Injection Adapters (CIA-5, 10, 20, etc.):
avallable at different switching voltages. For
current-injection (rather than air-discharge)
operating mode, an Adapter 1s interposed between
the Discharge Network and the Discharge Tip.

When the Tlp is then held directly against the
test piece, the repeatable nature of the Adapt-
er's precision switch characteristic 1Insures that
an egually-repeatable current wave 1s 1Injected
for QC and Preduction testing.

A Current Injecticn Adapter, preferably cthe
CIA-20, 1s also used for simulating Dlscharge
Magnetic Fielid and Discharge Electrostatic Field
Collapse, to insure repeatability (see Section
2.3).

Interchangeable Discharge Tips: IEC-specifiled
ball-finger DT-1, as well as point or awl (DT-2)
and wedge or screwdriver (DT-3).






6. Interchanzeable Field-Generatcr Tlps and Adapters:
FT=10 Self-Discharge, Proximity Field tip

FT-11 Electric PField (E~-Field Simulation) Tip;
for both Pre-Discharge Electric Fleld and
Discharge Electric Fleld Collapse simula-
tion.

FT-12 Magnetic Fleld (H-Field Simulatiocn) tip;
for Discharge Magnetic Fleld simulation.

FT-~21 Discharge Electric Field Adapter; only
needed for Discharge Electric Fileld Col-
lapse simulation.

7. Programmable Repetitive Operating Modes, In
Addition to 3ingle-Shot: pulses repetitive
approximately every 10, 3, 1 and .05 seconds.*

The 10, 3 and l-second nominal delays per pulse
are provided for theorough ESD-testing of comput-
ers and other digital equipment capable of run-
ning in check-sum and parity modes; without
applying discharges so close together that aver-
age surge power would itself begln to cause
failures. A computer can thus be run for hours
or even days in check modes during qualiflcation
testing, to insure against extra ESD-sensitivity
peints in the machine's cycle.

The nominal .05 seccnd delay time, or 20/seccond
rep rate, is far too fast for medium or high-
voltage ESD testing because of the hlgh average
power it can apply to sensitive devices. It is
used primarily for low-voltage, 1investigative
work below a few xV, although it is completely
operational, at slightly slower speeds, over the
Series 2000's full 25kV range, should it Dbe re-
gquired.

The nominal .05 second delay time can also be
useful for air-discharge proximity testing, and
foer all field testing, in which the discharge
current f£lows only in the simulater's return, and
therefore doesn't flow directly into the Equlp-
ment Under Test.

#.05 seconds for human body simulation capacitor to 150pf;
preportionately slower for higher capacitor values in other
Discharge Networks. Available only when the ESD-1 1s in
momentary, not leck-~on, mode.
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1.2.2 Monitors/Calibrators

1. Digital Stored Voltage Monitor {supplied with all
units).

Located at eye level on the Discharge. It reads
the low-voltage, programming signal to which the
high-voltage will be siaved, until the trigger is
depressed to generate the high voltage. It then
switches over automatically to directly measure
actual stored high-voltage output. Thus the
reading decays quickly on discharge, clearly
signifying charge dump. This visual indication
of discharge provides positive identification of
the ESD event, even at low voltages at which
there is no spark.

2. Audible-Discharge Monitor (supplied with all
units).

Beeper located within the Discharge handle.
Informs the user when a discharge has occurred.
Useful both for low voltages where there is
otherwise littler audible indication of dis-
charge, and at all voltage levels for indication
of multiple discharges.

3. Calibrators

CTC~-1* PULSED QUTPUT VOLTAGE CALIBRATOR {(with
Model CA-1)

BNC ocutput on this built-in, IEC-specified
coaxial load permits discharge voltage-
wave performance verification over the
life of the equipment. Thus waves can
periodically be calibrated for all avail-
able Discharge Networks, Current Injection
Adapters, Discharge Tips, etc.

HFS-1* MAGNETIC-FIELD VOLTAGE CALIBRATOR (with
Model CA-2)

This pickup facilitates scope calibration
of voltages generated by the Magnetic-
Field (H-Field Simulation) Tip. It is
also useful for measuring H-Fields
generated by all types of discharge.

* For proper operation, must be used with the supplied,
terminated cable, and an oscilloscope with at least
400MHz bandwidth.






EFS-1% ELECTRIC FIELD VOLTAGE COLLAPSE CALIBRATOR

CcCs-1

(with Mcodel CA-2)

Provides signal to scope proporticnal to
rate-~of-change of electric field, for
calibraticn of the Electric Field (E-Field
Simulaticn) Tip and Collapse Adapter used
with the Discharge Electric Field Adapter.
It is also useful for measuring E-field
change generated by all types of discharge.

CORONA CALIBRATOR/MONITOR (with Model CA-2)
Furnishes output, of specified bandwidth,

from RF-pickup sensor for oscilloscope
monitering.

4. DC Output Calibration Attenuator
Model DCA-1 (optional)

Attenuator network to allow scope or meter
monitoring of DC stored on the discharge capacitor
-(10,000:1 ratio when loaded with 10 megohms) .

* For proper operation, must be used with the supplied,
terminated cable, and an oscilloscope with at least 400MHz

bandwidth.






1.3 Specifications

1.5.1 General

Voltage Range:

Polarity:

Operating Modes:

Repetitlion Rates:

1 to 25kV with Ball Tip (and without
Extender Cable EC-1).
to 20kV with Polnt and Wedge Tips
(pT-2, DT-3).
1 to 20kV with Extender Cable EC-1
and any tip.

fu—

Operator-Selectable {(plus or minus)

Single~shot and repetitive

One shot per approximately 1, 3 or
10 seconds. Fast repetitlicn rate

of nominally 20/second, for dis-
charge distances well within
breakdown voltage settings, is

also available;
lock-on) mode.

in momentary (not

Bullt-In Digital Voltmeter:

High Voltage
Trigger On:

High Voltage
Trigger OFL:

below 300-500V,

Measures and displays actual nigh
voltage at the ESD Simulatcr's tip
(+5% of reading + .2kV).

Before tip voltage has decayed Lo
continues tg¢ measure
and display tip nigh voltage (+5% or

reading + .2kV).

After tip voltage has decayed L0
below 300-500V, displays "Program
Voltage"™ -- the voltage that will

appear at the tip when the high-
voltage trigger 1s depressed. Note:
Actual displayed voltage may be
slightly lower than program voltage
at levels above 25kV (with DT-1) or
above 20kV (with DT-2 or DT-3 or
EC-1). This is due to the voltage
limit safety feature Iincluded within
this eguipment.
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Display Indicators:

ACTUAL

PROGRAM

Trigger P

#

Program V
A

Dischargze
Ground St

v Indicates that the DVM 1s displaying
actual tip High Voltage, Independent
of trigger position. Stays on until
tip voltage has decayed bDelow 300~
500V.

v Indicates that the DVM 1s displaying
Programmed Voltage. Can be i{llumi-
nated only when tip voltage 1s less
than 300-500V.

osition:
Up: Lock-On*
Center: OFF
Down: Momentary Cn

Note: Lock-0On position is operaticnal conly
when the ESD gun is tripod-mounted (special
tripod bushing required), or 1s mounted ¢to
the PSC-1 power supply unit (supplied as
part of all Series 2000 Zystems).

This built-in personnel safety feature, the
inability to operate in Lock-On mode when
the ESD gun is hand-held, insures that a
charge cannot continue to exist on the gun
after it is put down.

Finally, 20/sec repetition rate 1s un-
available in Lock-On mode, tc insure against
use on actual equipment {which might recelve
tco much energy in this mode), and to maxi-
mize ESD gun life.

oltage

djust: Multi-turn, long-life potentiometer,
mounted in thumb-accessible positiocn
on ESD gun handle.

rag: Inductance equivalent to that of
IEC-specified return, but with
insulaticn adequate for 25kV.
Length ~v2000mm, or 6.5ft.
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Normal/Slow Ramp Selector:

Slow Ramp
Position:

Normal Ramp
Position:

In Slow Ramp mode, for repetition
rates of one shot per 3 seconds and
one shot per 10 seconds, the hilgh-
voltage ramps up slowly enough to
permit the digital voltmeter to
display the voltage at which the
simulated ESD breakdown oceurs.
Useful for applications 1in wnich the
ESD gun location is fixed.

Preferred for most other work. The
high voltage ramps up rapidly, there-
by minimizing stress on internal
high-voltage components, with con-
sequently prolonged instrument life
and reliablility.

Normal (Single-

Shot)/Burst
Selector:

In Burst position, allows reallstic
gimulation of multiple discharges
even when the ESD tester 1ls on a
tripod or 18 otherwise In a flxed
location, Also required is an appro-
priate Discharge Network like the DN3
or DN4. (Multiple ESD discharges
usually occur from a rapidly~
advancing human finger, or from an
appropriate hand or finger simula-
tor.)






1.3.2

1.3.2.1

Note:

Discharge Networks

Discharge Network DN-1 (IEC-specifiled)

Energy Storage Capacitor: 150pf +10%
Discharge Resistor: 150 *+5%

All performance specifications based on use of 100MHz
bandwldth 1instrumentation, and shortest possible
ground strap (~30c¢m), as per IEC specifications.
Discharge current is measured Iinto an IiEC~-specifiled,
coaxial 2. load.

Risetime of discharge current: 5ns +30%
Duration of discharge current: 30ns +30%

Peak value of discharge current,
+30%: 94 at 2kV
18A at 4kV
3TA at BkV
T0A at 15kV

Due to discharge arc characteristics, multiple dis-
charges can occur with all Discharge Networks, includ-
ing the DN-1. In most cases, these will occur at
particular distances well under the maximum or crit-
ical distance.
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1.3.2.2 Discharge Network DN-2

The DN-2 Discharge Network is designed to meet the
requirements of NEMA Part DC33. Per the requirements
of that document, the DN-2 includes a 100 pF +/~ 10%
charge capacitor and a 1500 Ohm +/- 10% discharge
resistor. Because the DN-2 is an air discharge
network, it will not produce a waveform per the
requirements of MIL-STD 883C.






1.3.2.3 Discharge Network DN-3

The DN-3 Discharge Network i1s very similar to the
DN-1 Network except for an internal modiflicatlion to
enhance multiple discharges. The output energy
storage capacitor and resistor are the same as those
In a DN-1: exact specifications are 150pf +15%, and
150 ohms +10% respectively. For proper operation of
this network, the Burst/Normal selector switch on the
power supply/control unit must be in the Burst mode.
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1.3.2.% Discharge Network DN-4

The DN=-4 Discharge Network i1s very similar to the
DN-1 Network except for internal modificaticns to
enhance multiple discharges and peaking. The output
energy storage capacltor and resister are similar to
those in a DN-1; exact specifications are 150pf +15%
and 150 ohms +10% respectively, except that a peaking
circult 1s 2added. For proper operation of this
network, the Burst/Normal selector switch on the
power supply/control unit must be in the Burst mode.






1.3.2.5 Discharge Networks DN-5 and DN-6 (EIA PN-1361, Draft

5. November 24, 1981)

The DN-5 has a dilscharge capacitance of 60pf and =a
discharge resistance of 10k._. The DN-6 has a dls-
charge capacitance of 100pf and a discharge resist-
ance of 500..

Althougn the EIA specifies each of these networks for
use at only a single voltage (20kV for the DN-5, and
10kV for the DN-6), they are of course useable over
the full operating range of the Series 2000 equip-
ment. However, multiple discharges may be present,
especially with the DN-5, at very small discharge
spacings and/or lower voltages. Thils 1s due to the
critical amount of energy needed to form and heat a
spark channel so that the gap lmpedance falls to a
low and stable value. Scome of this energy can ccome
from stray capacitances (which are Linherent within
any piece of electronic equipment). The main portion
of energy, however, must come from the discharge
network's capacitance thru the network's output
resistance. The DN-5's 10K.r output resistor se-
verely limits the energy available, thus leading to
the high probability of irregular performance.

In addition, the internal DN-5 capacitances asso-
ciated with this large value resistance comblne to
produce narrow waveform overshoots in the range of
8-12 Amps into a CTC-1 target. (One would normally
expect an output current of 20kV/10k. = 2 Amps) .
Experience nas shown that real world human ESD events
can show an overshoot of 12 to 30 Amps peak. The
DN-5 therefore represents an excellent simulation of
real world effects. However, if these overshoots
present a problem, KeyTek can supply a DN-5A, which
has an internal 500.n. resistance, along with an
RT-9500 9.5K.n.resistor tip. This combination allows
the minimum amount of overshoot possible, on the
order of 1 to 3 Amps. (It may well not be at all a
realistic simulation, of course.) Consult factory for
further detalls.
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Discharge Capacitance

Tolerance:

Voltage

Sensitivity:

Discharge Resistance

Tolerance:

1-154

+15%

Typically less than 20%
capacitance decrease from
0 to 25kV.

+10%






1.3.2.6 All Other Discharge Networks

Unless otherwise specifled for a particular network,
characteristics are:

Discharge Capaciltance
Tolerance: +15%
Voltage
Sensitivity: Typically less than 10%
capacitance decrease from
0 to 25kV.
Discharge Registance

Tolerance: ~+10%
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1.3.2.7 Discharge Tlps, Models DT-1,2,3

l.

2.

Model DT-1 1s a ball Tip (IEC). The full 25kV is
available with this tip.

Model DT~2 is a point tip, used for corona gener-
aticn. Over 20kV is avallable with this tip.

Model DT-3 is a wedge (or screwdriver) tip. Over
20kV 1s avallable with this tip.






1.3.2.8 Hand and Tool Simulator HT-10 and DT-4

The Model HT-10 Adapter was designed to be used in
conjunction with the new DT-4 Tool Tlp, and any Series 2000
ESD simulator. The combination provides significant new
capablility for truly realistic simulation of electrostatic
discharge from a hand-held metal object.

The Model HT~10 1is a modular adapter that plugs into Series
2000 Discharge Networks. The Tool Tip Model DT-4, plugs into
the front of the HT-10, to provide a highly-repeatable
simulation of a hand with tool, bracelet, ring or key.

The HT-10 can be unplugged from the Series 2000 to permit
testing without the initial spike, when 1t 1s desired to
determine which speciflc fallure modes the splke causes in
the Equipment Under Test, or to meet various existing
specifications 1n which other ¢ips may be called for, such as
the IEC Process Control ESD Standard, IEC 65 (Secr} 80.

When used in conjunction with the Series 2000, the HT-10/DT-4
combination generates, on discharge, a narrow, super-fast
current spilke of 2 to U nanosecond duration. This spike is
superimposed on the normal, longer duration pulse from the
specific Discharge ‘Network being used.

At voltages up to about 5kV, the DT-4 tip generates both
faster and higher—amplitude static discharge current waves,
than does a finger or the rounded metal tip - the DT-1 -
often used to simulate it. With a stored voltage of 5kV,
narrow-spike amplitude from the HT-10/DN-4 combination is on
the order of 10 to 30 amperes, independent of the internal
resistance of the Dlscharge Network (DN) in use. In effect,
the HT-10/DT-4 combination is a current source 1n parallel
with the conventional R-C human-body network.

With higher stored voltages, corona effects usually make ESD
less repeatable, often (but not always) resulting in slower
wavefronts - 5 to 10 nanoseconds or longer. At these higher
voltage levels the HT-10/DT-4 combination still gives much
sharper Discharge Network risetimes - typlcally Just a few
nanoseconds. (Near 10kV in particular, the HT-10 performance
is optimum with the DT-1.) These faster risetimes more
accurately simulate the fast discharges from hands with
metalllic objects which take place under many real-1ife,
fast-approach conditions, even at higher voltages.






TYPICAL ESD WAVEFORMS*

The real world
discharge - it
includes a steep
inltial spike
from a hand with
metal object:
tool, bracelet,
ring or key.

Spike dominates
wave.

Peak current = 25A.
Rlsetime <.9ns

Scope scales:
2.5A/half cm
2ns/half cm

Discharge from
an ordinary ESD
simuletor, with
NO initlal spike
(C 1s 100 pfd, R
is 500 ohms.)

NO initial spike
(Simulates human-
body discharge
without metal
object.)

Peak current = T.5A.

Risetime = 3Ins

Scope scales:
2.5A/half cm
2ns/half cm

Discharge

with reallstic
initial spike
from Series
2000 simulator
with HT-10
Adapter and
DT-4 Tip (C 1is
100 pfd, R 1is
500 ohms).

Closely
approximates
hand with metal
object.

Peak current = 214
Risetime <.9ns

Scope scales:
2.5A/half cm
2ns/half cm

*A11 photos taken using Tektronix 7834 oscilloscope with TAl9
vertical amplifier. This combination has a 400 MHz
bandwidth, and a 0.9 nancsecond risetime. Initilal spikes 1In
Figs. (1) and (3) will be apparently reduced by 2:1 1if viewed
on a 100 MHz, 3.5 nancsecond scope. (But the initial spikes
will still be there, and will still cause equipment fallures,
whether a limited-bandwidth, 100 MHz scope "sees" them or
not.) All waves shown are for a 5kV initial charge-voltage
level.
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SECTION 2

Operating Instructlons

Agsembly and Basic Operation

Agsembly

1. Connect a Dlscharge Network (DN} to the gun
assembly.

2. Connect a tip (DT or PT) to the Discharge Net-
work.,

3. Connect the low voltage interconnect cable be-
tween the gun handle and the power supply unit.
(Lock 1t in place at both ends.)

4. Connect the ac power cable from the Power Supply
to an appreopriate ac outlet. Units shipped
within the U.S. are set for operation at 120V ac
60Hz; units shipped ocutside the U.S. are gener-
ally set for 220V ac 50Hz operation. (See Sec~
tion 2.1.2 for details if 1t 1is necessary to
change from 120V to 220V operation, or vice
versa.)

WARNING

The outlet to be used must have the third wire "safe-
ty" ground In place! COperating Series 2000 equlpment
without the third wire ground in place will allow any
exposed metal on the gun or power supply to be eleva-
ted to as much as 25kV.

5. Connect the ground return cable ("ground strap")
to the Discharge Network (DN). The other end is
connacted 1n one of the following ways:

A. "Green ground" (i.e., the power-line third
wire)} at the EUT (Equipment Under Test),

B. "Jreen ground" at the same wall socket 1into
which the EUT 1s connected, but not to any

other wall socket,

C. EUT chassis or panel (after checking 1t 1is
grounded), or

D. A ground plane under the EUT, itself con-
nected to one of the grounds 1identified in
A., B. or C. above,

2-1






2.1.2 Power Requirements and Setup: Different Line Volt-

ages

The 2000 Series Equipment may be operated from an ac
power source of 100, 120, 220 or 240 volts (+10%),
50-60 Hertz. The selection of the desired voltage is
made prior to connecting the instrument to the power
source in the followilng way:

SELECTION OF OPERATING VOLTAGE

1. Open cover door and rotats fuse-puil to laft.

2. Select operting voitage by arienting PC board.
to powrtion dmired yoltags on top-left side,
Puzh board firmly into module siot,

3. Rotrte fuse-puil back into normal potition
and r-irsart fuse in hoiders, using caution to
stiect correct fuse vaive.

Fig. 2-1

Selecting Different AC Line Voltages

1. Make sure line cord is removed from rear panel.

2. 3Slide clear plastic protector cover from right to
left, covering the line receptacle and uncovering
the fuse.

3. Pull fuse ejector out and all the way to the

left, ejecting the fuse and providing access to
the voltage selector board.
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Using a palr of pliers, remcve the voltage selec-
tor board, replacing it in one of the four possi-
ble positions with desired voltage designation
showing after 1t 1s re-installed.

Install the fuse: .54 Slow-Blow for 100 and 120V
operation, .25A Slow~Blow for 220 and 240V cpera-
tion.

Push fuse ejector tc the right and all the way
back in, slide the clear plastlc protector plate
back 1in place over the fuse, and 1Install the llne
cord in the now-uncovered receptacle,.
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2.1.3

2.1.3.1

Operation
Power Supply/Control Unit, Model P3C~-1

L.

Hepetition Rate Selector:

There is a five position mode switch located on
the power supply unit which provides the fol-
lowing control:

10s - If the trigger on the ESD gun 1s held
depressed, or 1f the trigger 1s in the lock
positicn, and the gun 1s mounted on 1its power
supply or an appropriate tripod, a single
dlscharge will occur at a rate of approximately
once per ten seconds. (The exact rate will vary
depending on tip~-to~discharge point spacing,
voltage setting, alr conditions, ete.) Use this
position for "single~shot".

38 =~ Same as (A) above, except dlscharges will
occur at a rate of about 1 per 3 seconds.

ls - Same as (A) above, except discharges will
occur at a rate of about 1 per second.

Qff - Prevents high voltage generation. (Program
voltage 1s displayed.)

.058 - If the trigger on the ESD-1 is held
depressed, discharges will occur at a rate of
about one per .05 seconds.* This mode is not
operaticnal with the trigger in the lock position
(i.e., 1n tripod mode) except when using an
extender cable such as EC~-1. Tn this case, the
.05s mede can be actuated on a manual basis only
by using the remote trigger on the discharge
network (ESD-1 trigger must be in lock on mode).

¥,05 seconds for human body simulation capacitor to 150pf;

proportionately slower for higher capacitor values in other
Discharge Networks. The rate 1s also strongly dependent on
tip-to-target spacing versus Programmed Voltage.
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Normal/Slow Ramp Selecter:

A two position swiftch allows selectlion of NORMAL
or SLOW charge ramp. In the NORMAL position,
voltage will appear at the tlp as soon as the
trigger 1s depressed. In the SLOW position,
activating the trigger wlll cause the voltage to
ramp up sSlowly from zero to the set alming volt-
age. If the ailming voltage 1s greater than the
distance required for a discharge to occur,
watching the DVM will allecw the coperator to
determine the approximate breakdown voltage.

Burst/Normal Selector

A two position switch allows selection of NORMAL
and BURST mode,. In the NORMAL position, the
charging of the discharge network 1s stopped
immediately upon sensing & discharge from the
discharge tip. This position 1s used for the
normal discharge networks such as DN-1, DN-2,
DN-5, DN-6, etc. In the BURST mode, the charging
of the discharge network continues for a short
time after a discharge occurs. This position 1s
used with multiple discharge networks such as the
DN-3, DN=-4, etc.
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2.1.3.2 Discharger or Gun, Model ESD-1

1.

Voltage Control -~ A thumbwheel knob Is provided
to increase or decrease the set discharge volt-
age.

Trigger - The trigger is a three position switch.
In the center off position, no voltage is trans-
fered to the gun tilp. When normally depressed
(mementary contact)}, the high voltage will appear
at the gun tip until a discharge occurs., If the
trigger 1s held depressed, the voltage at the tip
will ramp up to the Program Voltage, in a manner
determined by the Repetitlon Rate Selector and
the Normal/Slow Ramp Selector.

The lock, or upper trigger position, 1s opera-
tional only when the gun 1s mounted on a tripod
or the PSC-1 power supply, and the interloeck 1n
the gun handle 1s satisfled. The lock trigger
position 1s generally only used for repetitive
testing at slow discharge rates (the trigger lock
will not operate in the .05s mode).

DVM - Monitors the charge circultry to read the
voltage to which the capacitor will be charged
when the trigger is depressed, and measures
actual tip voltage before and during the dis-
charge after the trigger 1s depressed. The DVM
will continue to measure the tip vocltage after
the discharge EVEN IF THE TRIGGER IS RELEASED,
until the tip voltage falls below a few hundred
volts., Two small LED's located on either side of
the DVM, annunciate the DVM mode: programmed
voltage (left light) or actual tip voltage {(right
light).

Polarity Selection - Polarity selectlcen is accom-
plished by removing the rear barrel of the gun
approximately one and a half inches by rotating
the ejector ring. Then rotate the rear bdarrel to
the desired polarity, and re-insert 1t firmly
inte the gun. CAUTION ~ before changing polar-
ity, remove all power to the gun by flrst turning
the power supply to the off position, and then
touching the tip to the return point of the
ground cable, to insure that the discharge capac-
itor 1s completely discharged.






2.1.3.3 Discharge Network, Model DN-1, 2, etc.

Each Discharge Network comes with an auxilizry
handle, for use with the cptional Extender Cable,
EC-1.

The momemtary switch on this handle 1s used to switch
to high voltage mode when the EC-1 1s 1in use; and 1t
operates only with the basic ESD-1 trigger switch in
UP, or LOCK-ON mode. This in turn implies that the
ESD-1 is mounted on the PSC-1 Power Supply Unit or
the T-1 Tripod; otherwise system 1lnterlocks will
prevent operaticn. (The purpose of these interiocks
i1s to minimize possibllities for personnel hazard.)
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2.2

Self-Discharge Proximity Tip and Tip Spacer, Model

FT-10

A single assembly, the FT-10, is used both for self-
discharge proximity testing, and as a spacer or
"depth-gauge"” in normal air discharge <testing. In
this latter case, the FT-10 provides a flxed distance
between the discharge tip and the surface to which
the discharge will be made.

The FT-10 assembly fits c¢ver the discharge network
(DN) with any tip (DT-1, 2, or 3) in place.

Flxed Distance Testing

To perform alr discharge testing to a surface, and
maintain a filxed distance from the dlscharge tip to
the surface, the FT-10 is used as a tip spacer .

The Tip Spacer i1s obtained by simply removing the end
cap containing the discharge ball from the FT-10
assembly. Distance frem the tlp to the discharge
surface can be adjusted by sliding the assembly
forward to the desired location, and then locking the
FT-10 in position via the knurled knob on the bottom
of the FT-10 collar. Note: no discharge will occur
unless the tip voltage 1s high enough to break down
the gap. Too great a distance setting will prevent a
discharge from occurring. {Too close a setting may
gZenerate multiple discharges.)

Proximity Dlscharge Testing

For proximity discharge testing, the end cap of the
FT-10, which contains the discharge ball, must be in
place; and the return wire connected to the end cap
must be connected to the dlscharge network (DN).
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Current Injection Adapters, Models CIA-~5, 7.5, etc.

Several current injection adapters are available to
provide the capability of directly injecting a current
pulse into the eguipment under test, and to insure
repeatability in H and E field simulations.

The current injection adapter {CIA) mounts on the front
of the discharge network (DN). At the front of the CIA
are two high voltage connectors, one above the other, and
two ground pins (used as locators and shield ground
connecters with the FT-21 and FT-11). For Current
Injection testing, the discharge tip (DT1, DT2, DT3) is
connected to the lower high voltage socket.

The impulse occurs when the Discharger’s voltage exceeds
the current injection adapter’s nominal voltage +10%.
Thus the programmed voltage should be set 20 to 30% over
the nominal CIA voltage to insure firing. To provide
current injection over a range of different voltages,
CIA's are available with nominal switching (or breakover)
voltages from 5kV to 20kV: specifically at 5, 7.5, 10,
15 and 20kv.

Current injection testing is then performed by placing
the tip in direct contact with the surface into which the
current impulse is to be injected.

Note: If the tip is not in direct contact with a
conducting surface, an extraneous beep may be heard from
the gun when the trigger is pulled. This is normal and
is not an indication of improper operation.

A schematic of the CIA, connected to a typical Discharge
network (DN), is given in Figure 2-2.
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Typical CIA Schematic
(Connected to Discharge Network)
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The following diagram shows appllcation of Current
Injector Adapter to all three modes 1n which it 1is
useful: Current Injection, Magnetic Field Simulation
and Electric Fileld Collapse Simulation.

Any Discharge Any

Network Current Injection
Adapter
N /

CURRENT
INJECTION:
Discharge Tip
Any Discharge Any
g%ggg’rlc Network Current Inject:on
SIMULATION: \ Adapter
/"“‘ﬁ;\\ //
N4
H-Fieid
Tip, FT-12
ELECTRIC
FIELD
COLLAPSE
SIMULATION: Any Discharge Any
Network Current

Injection
/ Adapterfé\

v

/h_,_J”:\\
>
T T ‘

E-Field

Discharge
Tip, FT-11

E-Field
Fig. 2-3 Adapter-FT-21

Use of Current Injection Adapter for Current Injection,
Magnetic Field Simulation and Electric Fleld Collapse
Simulation
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2.4

Extender Cable, Model EC-1

The EC-1 extender cable allows remoting the Discharge
Network (DN) and tip. A separate handle and aux-
1liary trigger are provided on the discharge network.

CAUTION: Turn main power off (on the PSC-1) before
connecting or disconnecting the EC-1.

When the EC~1 Extender Cable 1s 1n use, the E3SD-1 gun
should bte flrmly mounted on the power supply mounting
bracket, or on a tripod.

To 1install the extender cable, simply remove the
discharge network from the gun and connect the EC-1
between the gun and discharge network. All gun
operation 1s the same as before, except the DN and
any tilps being used, are now remote from the gun.
(Maximum attainable high voltage 1is reduced, to 20kV
from 25kV, with the EC~1 in use.)

The main trigger must be in the Lock On (up) posi-
tien, Iin order for the remote trigger to function.
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2.5

2.5.1

2.5.2

2.5.3

Tripod and Boom, Model T-1

This sectlcon refers to the cpticnal tripod and boom,
Model T-1.

Ungacking

The Model T-1 Tripod is shipped inside a double box,
with the inner box supported by fcam end caps.

Remove the tripod and boom from the Iinner carton,
being careful to preserve both inner and outer boxes.
Boxes should be stored in the event the fripod ever
has to be re-shipped.

Assemblz

1. Loosen the lower collar on the tripcd mast.
Moving the collar towards the bottom of the mast
will allow the legs to unfold. Tighten the liower
collar with the legs spread to support the tri-
pod.

2. The bracket, located at the center of tripod
boom, has a sleeve which fits over the post on
the top of the tripod mast. Attach the boom to
the top of the triped mast by placing the sleeve
over the post con the mast, and tighten the clamp.

3. A bracket 1s provided near the bottom of the
tripod mast for mounting the PSC-1 Power Supply.
The power supply top bracket should be mounted to
the tripod bracket preovided, with the power
supply push-button controls facing upward.

4, The ESD CGun is mounted on the bracket provided at
the end of the tripod boom.

Adiustment

1. Height The two upper collars on the tripod mast
can bDe loosened to raise or lower the tripod
boom.

2. Boom Angle The boom angle can be adjusted by
loosening the clutch mechanism with the nhandle
provided.

3. Boom Length Loosening the boom collar, located
just tenind the ESD gun mounting bracket, will
allow the length of the boom to be adjusted.
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2.7 Simulating the Ailr Discharge and All Five Alp-

Discharge Components

2.7.1 Summary

Each configuration 1listed btelow must Include an
ESD-1, a PSC-1, and at least one Discharge Network
(DN1, 2, 3, ete.)

Table 2-1

EQUIPHMENT REQUIRED FOR DIFFERENT SIMULATIONS

SIMULATION MODE ADDITIONAL UNITS REQUIRED
ALR DISCHARGE At least one Dlscharge Tip OT-1, 2, or 3
1. FPre-Discharge Corona=-
Generated RF Interference Paint Diacharge Tip or-2
2. Pre~Dlscharge Electric Pleid E~Pleld Tip PT-11
3. ODisenarge Electric Field Any Current Injection
Collapse Adapter, preferably CIA-20
E«Field Tip Pr-11
Dlsenarge E-Pleld Adapter FT=21
4, Discharge Magnetic Fleld Any Current Injection
Adapter, preferadly CIA=2Z20
H=Fleld Tip FT~12
5. Current Injection Any Current Injection
Adapter CIA~10, 20,ete.
Any Discharge Tip oT-1, 2, or 3







2.7.2

2.7.2.1

Simulating the Alr Dlscharge

Direct Alr Dlscharge

Required are:

ESD-1 Discharger {(gun)

PSC~1 - Power Supply/Control Unit
DN-1, 2, 2, etc. At least one Discharge Network
DN-1, 2, or 3 At least one Dlscharge Tilp

Optional 1a:

FT-10 Spacer/Proximity Tip
HT-10 with DT-4 Hand adapter with Tool Tip
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2.7.2.2 Proximity Alr Discharge

Required are:

ESD-1 Discharger (gun)

PSC-1 Power Supply/Contrcl Unit
DN-1, 2, 3, etec. At least one Discharge Net-
work
pr-1i, 2, or 3 At least one Discharge Tip

Plus:
FT-10 Spacer/Proximity Tlp
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297-3
2.7.3.1

Simulating the Five Compo

nents of the Air Dlscharge

Pre-Discharge Corona

Regquired are:

ESD-1
PSC-1
DN-1, 2,

3, ete.

Plus:

DT-2

Any Discharge
Network

b\
.

Discharger (gun)

Power Supply/Contrcl Unit

At least one Dilischarge Net-
work

Corona Tip

—

Fi

\

Point Discharge/
Field Tip, DT-2

g. 2-5

Configuration for Simulating Pre-Dlischarge Corona






2,7.3.2 Pre-Discharge Electric Fileld

Requlred are:

ESD-1 Discharger (gun)

PSC~-1 Power Supply/Control Unit
DN-1, 2, 3, etec. At least one Discharge Net-
work

Plus: .
PT-11 Electric Field Tip

Any Discharge
Network

_J E-Field

Tip, FT-11

Configuration for Simulating Pre-Dlscharge Electric
Field






2.7.3.3 Discharge Electric Field Collapse

Required are:

ESD-1
PSC-1
DN-1,

Plus:

FT-11
FT-21

CIA-20

2,

Discharger {(gun)
Power Supply/Contrecl Unit

3, ete. At least one Dlscharge Net-
work
Electric Field Tip
Discharge Electric Fleld
Adapter
Current-~Injection Adapter,
preferably 20kV as 1indicat-
ad. Other voltage level
CIA's perfectly acceptable,
but won't generate as high a
fleld strength.
Any Discharge Any
Network Current
Injection
[—__/T\ : / Adapter
>
L__{ t g 1 /

E-Field
Tip, FT-11

Discharge
E-Field
Adapter-FT-21

Fig. 2~7

Configuration for Simulating Discharge Electric Fleld

Collapse






2.7.3.4 Discharge Magnetic Pield

Required are:

ESD-1
PSC~1
DN-1, 2, 3, etc.

Plus:

FT~12
CIA-20

Any Discharge
Network

Discharger (gun)

Power Supply/Control Unit

At least one Dlscharge Net-
work

Magnetic Field Tip
Current-Injection Adapter,
preferably 20kV as indicat-
ed. Cther voltage level
CIA's perfectly acceptable,
but wen't generate as high a
flield strength.

Any
Current [njection
Adapter

/

Z2N

f”'"dﬂg\\ \

7

rl

Configuration for Simulat

H-Field
Tip, FT-12

g. 2-8

ing Discharge Magnetic Field






2.7.3.5 Discharge Current-wWave Injectiocn

Required are:

ESD~1 Discharger {(gun)

PSC-1 Power Supply/Control Unit
DN-1, 2, 3, etc. At least one Dlscharge Net-
work
DT-1, 2, or 3 At least one Discharge Tip

Plus:
Cia-5, 7.5, 10, 15 Current-Injectlon Adapter
or 20
Any Discharge Any

Network Current Injection
Adapter
—— N\ /

/
Any/

Discharge Tip

Pig. 2-9

Configuration for Slmulating Discharge Current-wWave
Injection






2.8 Calibrateors
2.8.0 ESD Wavetform Verification

Making an accurate, noise free measurement of an ESD
waveform from a simulator or human source can be extremely
difficult due to the wave’s very fast sub-nanosecond
risetimes and to the large amounts of EMI generated. We
therefore strongly recommend that any calibration or
re-certification be done at the ReyTek factory.

The equipment used at KeyTek consists of the following:

Tektronix 7104 1 GHz mainframe with EMI option
Faraday shield for oscilloscope

Tektronix 7A29 preamp
Tak+ronix 7810 timebasse

Ve T b § ol W el SRE T St

Tektronix 011-0068-00 20dB attenuator

Tektronix C-53 oscilloscope camera
KeyTek~manufactured IEC revised* ESD target

1.5 meter square Aluminum vertical plane to mount
target

8’ Belden 9913 coax cable with type "N" connectors

. 8 * @

LI T B )

W O~ O LAY O Lo B

The IEC revised target is essential to obtain accurate
results in a 1GHz bandwidth environment. The earlier IEC
target design gives highly distorted results. The IEC
revised target will be commercially available from KeyTek
when the IEC finalizes its design. Plans for constructing
one are available from KeyTek or the IEC.

The target is mounted in the center of the 1.5 meter
square vertical plane. This plane is held vertical by a
wooden stand or special mounting to a non-metallic wall.

* 25 resistors in outer ring
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The oscilloscope is installed in a Faraday cage. This
is a rectangular Aluminum box large enough to contain the
oscilloscope and camera, and to allow air circulation
around the back of the scope so it does not overheat. The
power line for the oscilloscope is brought in through a
filter to prevent the entry of conducted EMI. A type
N feedthrough is mounted on one side near the front, to
pass the ESD signal into the enclosure. The front of the
enclosure is hinged at the top allowing it to be opened
easily to access the camera and controls. The edges of the
door are lined with spring finger stock to insure good rf
integrity. The 7A29 and 7B10 occupy one plug-in slot each.
The two unused slots must be filled with either blank
panels or with any other plug-ins to prevent EMI leakage.
It is imperative that the oscilloscope be well shielded in
this way, or else the large EM field generated by the ESD
event will radiate directly into the CRT and electronics of
the oscilloscope, causing massive noise and distortion of
the waveform.

Belden 9913 is used to connect the target to the scope
because it is very low loss and has 100% shield coverage.
RG55 and RGS8 are too lossy and will not give accurate
results.

The 20d4B attenuator is needed to scale the output of
the target to be within the range of the 7A29. It must be
a low VSWR microwave type, such as the Tektronix part
listed in #5 above.

Please contact the KeyTek Customer Service Department,
if telephone assistance is required. All products in the
Series 2000 ESD simulator product line are designed to
maintain their calibration. Re-certification is sometimes
required by customers, and that service is available at the
KeyTek factory.
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2.8.1 MNodel CTC-1 Coaxial Target Calibrator

The Model CTC-1 Coaxial Target Calibrator is built
to IEC specifications.* It is used along with a
storage oscilloscope of > 400 MHz bandwidth to
measure discharge current waveshape.

Note, that use cf an oscilloscope with 400 MHz
bandwidth will permit full use of the CTC-1's "1
nanosecond~risetime capabilities.

The schematic diagram of the calibrator is given in
Figure 2-11. It includes the TC-50 balun cable
supplied as standard equipment with the CTC-1.

NOTE: AS SPECIFIED BY THE IEC, ALL CALIBRATION WORK
WITH THE CTC-1 SHOULD BE DONE WITH THE SHORT GROUND

RETURN STRAP, THE GCS-1. IT IS SUPPLIED WITH THE
CTC-1.

The long (76 foot) ground strap (GCL-1) may be used
as a check, but all Discharge Networks, following
the IEC's lead in the matter, are specified "with
the shortest possible ground return”, i.e. the
roughly 12-inch GCS-1.

H
! I
ESD |
OISCHARGER | f 50N
N DISCHARGE | TERMINATION
‘\' LN e L, e
| 294 U () oW T0 SCOPE
i
! 2. i
H
i
9mRT// i :
GROUND g; ;
STRAP | OISCHARGE !
GCS - | RETURN )
i |
| |
|
MOQEL CTC-| MODEL. TC-%0
TERMINATION CABLE
Fig. 2-11

Using the CTC-1 Coaxial Target Calibrator

* TEC Draft Standard, TCBS {(Sect) 80, WG4
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2.8.1.1

A balun 1s built intoc the TC-50 cable to reduce
common mode effects.

When an oscilloscope with typical, 1 Megohm input
Impedance is used with the TC-50 terminated cable,
the scale factor 1s 1 volt per ampere of discharge
current. When using a 50 S scope input, the 50 Ju
cable termination supplied as standard equipment with
the TC-50 must be removed, to Insure correct effec-
tive termination impedance and consequently correct
wave shape. Scale factor remains 1 volt per ampere,
since the effective termination Impedance remalns the
same, namely 500,

If attenuation of the CTC-1 output signal 1s requir-
ed, a suitable S50J4L attenuator can be inserted (and
indeed cascaded) between the CTC-1 rear output Jack
and the TC-50 cable. The followlng types have been
found to be acceptable,.

Attenuation Manufacturer Mocdel Number
x2 Tektronix 011-0069-02
x5 Tektronlx 011-0050-02
x10 Tektronix 011-0059-02

50 Ohm Measurements with the CPC-1 Coaxial

Target Callbrator

The first rule to be observed when making measure-
ments 1n a 50 ohm system 1s that you must Insure that
the source zlways "sees" a 50 ohm termination. The
CTC~1 Coaxial Target Calibratcr can be considered to
be a 50 ohm source, which must be terminated in a £0
ohm load to produce a scale factor of 1V/A (1 volt
per ampere). Anything that causes the CTC-1 to see a
terminating impedance of other than 50 ohms will
cause reflections and standing waves to exist,
resulting in incorrect measurements.

In crder to maintain the 50 ohm system, any trans-
mission line between the source (CTC-1) and the load
must have a characteristic 1impedance of %50 chms.
Several commerclal varieties are avallable, Iincluding
RG-58 and RG~-55, (suffixes such as A, A/U, U, etc.
refer to the dielectric material and do not affect
the characteristic impedance). Por short cables, up
to a few feet, the attenuation for different vari-
eties of cable i3 trivial.






The standard CTC-1 1is equipped with a short length of
RG-55 and a balun. This cable 1s terminated 1in 50
ohms at the balun (scope) end, for use with oscillo-
scopes having a 1 megohm input impedance. The combi-
nation cable, balun and termination 18 termed the
Model TC-50. The 50 ohm coaxial termination must be
removed 1f the CTC-output is connected to an oscillo-
scope having a built-in 50-ohm termination, such as a
Tektronix malnframe using a TAI9 or a TA29 vertlcal
amplifler. (To remove the termination, sllt the heat
shrink tubing that holds the termination to the cable
end. )

Attenuators can be used within a 50 ohm system to
reduce the output scale factor. Tektronix, Hewlett
Packard and others, manufacture attenuators accep-
table for use in 50 ohm systems. Any attenuator used
must be designed to be inserted in a $0 ohm system
(with minimum loss) without changing the character-
istic impedance of the line.

Attenuators are avallable in factors of 2, 5, 10 and
others. These can be connected in series; the over-
all scale factor is the product of the Iindividual

Wid W b e L

scale factors. It is best to stick to the even ones
for ease in scale factor calculation. Some accep-
table Tektronlx attenuators are llsted below.

2:1 Tektronix Part #015-~1001-00

5:1 Tektronix Part #015-1002-00

10:1 Tektreonix Part #015-1003-00

Fig. 2-11A shows various acceptable and unacceptable
configurations.
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T | = 500 TERMINATION Al = 500 IN-LINE ATTENUATOR = 300 COAX BALUN
(SUPPLED 8Y KEYTEX) r2:1, 5:1. ETC.) (SUPPLIED BY XEYTEK)
REMOVE KEYTEK-
SUPPLIED 50 Q ACCEPTABLE
TERMINATION —
SCOPE A/ SCOPE
530 COAX ; _qr‘""" INTERNAL 500 COAX ] WITH HICH
cTe-1 = _ | s0q TEr- CTC-1 B HT! IMPEDANCE
MINATION (IM) INPUT
SCOPE W/ SCOPE
p— 500 CDA .. T == INTERNAL 50 £ COAX ] WITH HIGH
B A | son TEr- CTC-1 ~ A | T1 TI'1PEDANCE
MINATION (IM) INPUT
50 Q COAX SCOPE W/ 500 COAX SCOPE
n == INTERNAL WITH HIGH
CTC-1 3HA 1 Al 1 500 TER- CTe-1 3 HALAIT | rMpeDANCE
MINATION (IM) INPUT
NOTES: 1. THE ATTENUATOR CAN BE AT EITHER END OF 50 COAXIAL CABLE; HOWEVER LOCATING
THE ATTENUATOR AT LOAD END OF CABLE, FOLLOWING THE BALUN AS SHOWN, IS PREFERRED.
2. USE ONLY S0 COAXIAL CABLE
3. USE ONLY ATTENTIATORS DESIGNED FOR 50 2 SYSTEM {i.e. 750 OR 300Q
ATTENUATORS ARE UNACCEPTABLE).
UNACCEPTABLE
50 Q COAX | scope w/ 50 Q COAX SCOPE
s A T INTERNAL L] WITH HIGH
CTC-1 i 5hQ TER- cTC-1 — T 1% | [vPEDANCE
MINATION (IM) INPUT
. SCOPE W/ i SCOPE
50 Q CDAX — T oTERAL 50 Q COAX = | WITH HIGH
CTC-1 - 500 TER- CTC-1 :}m B _HA | IMPEDANCE
MINATION (1" INPUT
50 Q COAX SCOPE /- 50 0 COAX SCOPE
e INTERNAL - N¥ITH HIGH
cTC-1 B AT A 50 Q TER- cre-1iA B TIA [APEDANCE
YINATINN (IM)_INPUT
Fig. 2-11A

Acceptable and Unacceptable Coaxial Attenuator Configuracions
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2.8.1.2 Peak Discharge Output Current

The wvalue of peak discharge output current avallable
from a Discharge Network (DN) 1s related to the
voltage stored on the DN output capaclitor (Vx), and
to the DN output resistance (Rx). However, peak
current 1s not simply equal to Vx dlvided by Rx.
This simple relaticn does not take into account the
characteristics of the dlscharge arc?*, nor does 1t
take 1nto accocunt the not-inconsequential stray
capacltances, or the very substantial inductances
involived.

See section 3.1, under Applications, for further
details.

¥Arc resistance, in particular, may be as high as 100 to 200
ohms; and the arc will have some 1inductance as well,






2.8.2

Model DCA~1 DC Qutput Calibration Attenuater

The Model DCA-1 DC Output Calibration Attenuator 1is
connected to any discharge network instead of a
discharge tip. It has a 10,000:1 attenuation factor
when driving a 10 Megohm load. This translates to an
output of 1 volt for a 10kV DN output voltage. For
other common loads, use the following table:

Attenuatorgr Attenuation 1V Cutput 25kV Yields

Load Factor for Input’ an Qutput of:
of:

oD 9,540:1 9.54kV 2.62V

10M 10,000:1 10kV 2.50V

1M 14,550:1 14.55kV 1.72V

The schematic diagram of the attenuator 1s as
follows.

5000 MEGOHMS

>
10.047
INPUT 524K UF  QUTPUT
< —- =
Fig. 2-12

DCA-1 DC Qutput Callbration Attenuator






2.8.3

Model HFS-1 H-fleld Sensor

The Model HFS~1 H-fleld Sensocor consists of two parts;
the HFS-1 loop antenna, and the Model HEC-1 monitor
units.

To use the H-fileld sensor:

1. Rotate the HEC-1 unit's handle downward until it
rests agalnst the stop.

2. Attach the HFS sensor loop to the front end of
the monitor. '

3, Connect a TC-50 terminated cable between the
storage scope and the monitor unit.

To check the relative H-fleld performance of the
Model ESD-1:

1. Configure the ESD-1 with a CIA and a PFT-12 fleld
tip (see manual secticn 2.7.3.4).

2. Positlon the FT-12 tip in close proximity to the
HPS-1 loop and pull the trigger.

Typical scope settings of 20ns/0.5¢m and 50V/0.%cm
should show the H~fleld envelope.

HFS-1
/

HEC-13

H-FIELD
SENSOR
MODE

=}
I

e

INTERPOSE
COAX ATTENUATOR
IF REGUIRED

TC-50 [:::::] STORAGE

NC / SCOPE
20ns Y

N ) 0w/ Ot

Fig. 2-13
Using the HEC-1 H-fleld Sensor
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2.8.

4

Model EFS=-1 E-~field Collapse#*® Sensor

The Model EFS~1 E-fleld Collapse Sensor consists of
two parts; the EFS-1 E-fleld Collapse Antenna, and
the Model HEC-1 Monitor Unit.

To operate in the E-fleld collapse mode:

1. Rotate the HEC-1 unit's handle decwnward until it
rests against the stop.

2. Attach the EFS-1 sensor disk to the front end of
the monitor. -

3. Connect a TC-50 terminated cable between the
storage scope and the monitor unit.

Tec check the relative E~-fleld performance of the
Model ESD-1:

1. Configure the ESD-~1 with a CIA, FT-21, and FT=-11
Fleld Tip (see manual section 2.7.3.3). '

2. Position the FT~11 very close and parallel to the
EFS-1 disk and pull the trigger.

Typical scope settings of 50ns/0.%cm and SV/0.5¢m
should show the E-fleld Collapse envelope.

EFS-1

7

HEC-1
E-FIELD

NG SCOPE
o SwbDiv
T;ﬁ { -
INTERPOSE ="
COAX ATTENUATOR

SQnsrOIv
1F REQUIRED

= QOES NOT MEASUIRE STATIC E-FIELDS

Fig. 2-14

Using the EFS-1 E-fleld Collapse Sensor

*Jnit measures only E-fleld Collapse. It will not measure
statlic E-flelds.
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2.8.5

Model CCS-1 Corona Sensor (Figure 2-15)

The Model CCS-1 Corona Sensor conslsts of two parts;
the CCS-1 Antenna, and the Model HEC-1 Monitor Unit,
Te operate in the corona sensor mode:

1. Plug the antenna Iintc the receptacle on the top
of the monitor unit.

2. Attach a 10:1, 10M_n_ scope probe tc the turret
terminals located on the side of the monitor
unit, as indicated in the Flgure.

Strong corona should show up on the oscillloscope as a
gseries of closely spaced lmpulses when using the
100mV/cm and lms/cm ranges. The Iimpulse decay time
constant is approximately Sms.

HEC-1
CORONA

PLUG-IN CCS-1 o
ANTENNA
HERE

VOO myscm
s

SCOPE PROBE
M, 1001

t 5ma DECAYTC

Fig. 2-15

Using the CLS~1 Corona Sensor
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2.9
2.9.1

Dielectric Tester, Model PSC-2

General

The Model PSC-2 is used in conjunction with the Model
2000 and an EC-2 cable to generate a 1.2 x 50 us, 25kV
impulse for the dielectric testing of materials. The
output waveform, of the Model PSC-2, is taken at the
OUTPUT HIGH and OUTPUT LOW rear panel connectors.

Specifications
Open-Circuit Voltage (0OCV) waveform:

Front time: 1.2 +/= 0.36 us
Duration : 5@ +/~ 10 us
Vpeak : 25 KV +/- 10%

Power Reguirements

The Model PSC~2 can only be operated from an ac power
source of 105 teo 130 Vrms, 50-60 Hertz. Operation of
the system will be inhibited if ac is not present or the
POWER switch, located on the front panel, is in the OFF
pesition.

Set-up, and Operation

1. Turn Model 2000 main power OFF (on the PSC-1) and
connect the cable marked EC-2 to the ESD-1 as
labeled.

2. Connect the other end of the EC-2 cable to the PSC-2
as labeled.

3. PSC-1 Set-up:

a. Set SECONDS/PULSE switch toc 190.
b. Set CHARGE switch to SLOW.

C. &Set PULSE switch to NORMAL.

d. Turn main power switch to ON.

4. PEC-2 Set-up:

a. Connect main power cord to the PSC-2 and turn
POWER switch to ON.

b. 1Install the PSC-2 Output Cover.

€. Connect the PSC-2 to the device under test, via,
the OUTPUT HIGH and OUTPUT LOW rear panel
connectors.
Note: Use 25kV insulated test leads for this
connection. Also, two access holes for the test

leads are located at the top of the PSC-2 Output
Cover.
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5. ESD-1 Set-up:
a. Set the TRIGGER to LOCK (LOCK-ON) position.

b. Adjust the VOLTAGE CONTROL knob to set the
desired discharge voltage.

6. An impulse may now be initiated by:

a. Depressing the CHARGE switch located on the
PSC~2 front panel, and then

b. Depressing the PULSE switch, also located on
the PSC-2 front panel.

Note: It is recommended that there be a delay
of 10-15 seconds between pulses to allow for
proper operation of internal circuits.

2.9.5 HMonitoring

Two BNC connectors are provided to enable oscilloscope
monitoring of a replica of the voltage and current
waves. These BNC connectors marked V MON (for voltage)
and I MON (for current) are located on the PSC-2 rear
panel and defined as follows:

1. WV MON/Voltage

An attenuated version (50mv/kVv) of the output
Voltage is available at the Vv MON connector.

2. I MON/Current

An attenuated version {(1V/aA) of the cutput current
is available at the I MON ccnnector.

The Andible-Discharge Monitor {see section 1.2.2.2) is
disconnected. A discharge is indicated by viewing the
Digital Stored Voltage Monitor and noting a rapid decay
of the meter reading. This signifies a charge dump.

2.9.6 External Interlock

The External Interlock jack (PSC-2 Rear Panel) is used
when it is desired to extend the PSC-2 interlock circuit
Lo include an external test fixture or equipment under
test (this can be an interlock switch or interlock
system which may include many switches). See Figure
2-16 for connection of T2-PSC-2 Cable Assembly and
T3-PSC-2 Interlock Jack.






INTERNAL
o= CIRCUITRY
F ~TT

+8y

| =

T3~PSC-2 T2-PSC-2
CABLE ASSEMBLY

PSC-2 EXTERNAL INTERLOCK JACK
(LOCATED ON REAR PANEL)

EXTERNAL INTERLOCK SWITCH
CR INTERLOCK SYSTEM. MUST
BE IN CLOSED POSITION FOR
PROFER QOPERATION.

FIGURE 2-16

EXTERNAL INTERLOCK CONNECTICN
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SECTION 3

Applications

Peak Dlacharge Qutput Current

As 1ndicated 1n section 2.8.1.2, the value of peak
discharge output current avallable from a Discharge
Network (DN) is related to the voltage stored on the
DN output capaciter (Vx), and to the DN output re~
sistance (Rx). However, peak current !s not simply
equal to Vx divided by Rx. This simple relation does
not take Into account the characteristics of the
dlsecharge arc*, nor does 1t take into account the
not-inconsequential stray capacitances, or the very
substantial inductances involved,

Typlcally the value of current measured using the
CTC-1 lies between 10% and 95% of the value obtained
by dividing Vx by Rx, depending on the value of the
resistance 1ln the partlcular Discharge HNetwork. The
150 pfd/150 ohm DN-1 gives a ratio of 50 to 60%;
i.e., 15 kV yields on the order of S0A peak, rather
than the 100A that would flow into a simple reslstor
of 150 ohms., This 1s allowed by the IEC speciflca-
tion for the DN-1. It ealls for current output,
probably with this effect in mind, as 70% of calcu-
laved Vx/Rx, + 30%. Thus 70%, minus 30% of 70%, ls
about 50%. -

For DN's with resistance wvalues of 500 ohms *to 1K,
peak currents more nearly agree with calculated Vx/Rx
flgures.

For DN's with very much lower resistances than 150
ohms, peak output currents may even be lower than 50%
of calculated Vx/Rx; for 10 to 20 ohms, for example,
peak cutputs may be on the order of only 5 to 10% of
calculated Vx/Rx.

Table 3-1 followlng, gives theoretical maxima for
outputs from DN's with a wide range of C and R val-
ues, with no accounting for either arc reslstance or
stray capacitances. Actual values may differ by a
factor of two or more, lower or higher.

*Arc resistance, in particular, may be as high as 100 to 200
ohms; and the arc will have some inductance as well.
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The maxima are expressed in percent of Vx/Rx. For
example the table shows that a DN-1 has a theoretlcal
maximum of 73% at SkV. Thus 1nstead of getting a
peak of 5kV/150 or 23,324, 1t would theoretlically be
7T3% of 33.34, or 24.3A.% At 10kV 1t would bve twice
the flgure, and so on.

The theoretical maxima have been calculated first for
the 1inductance of a short ground strap (GCS-1), on
the order of 0.7uH {(including wiring wlthin the DN
1tself), With a long ground strap (GCL-1), total
Inductance 13 about 1.7uH, Theoretical maxima are
given for this case as well.

Note again that in almost every case, theoretical
maxima are Just that -- theoretical. As 1indlcated in
the IEC Draft Standard, actuals may generally deviate
by up to as much as + 30%.%%

Oscilloscope bandwidth may alsoc limit peaks. A peak
occuring at 2ns will be reduced by 50 to 70% by a 100
MHz scope with 1ts 3.85ns risetime. It wilill even be
reduced -- 20% or so -- by a 400 MHz scope with 1 ns
risetime! And a 60 MHz cscilloscope 13 probably Just

inappropriate altogether,

* Arc reslstance seems to dominate for this network, SO
actual peak currents will be ~ 20 to 30% lower than the
theoretical 24.3A,

#*¥PFPor the I[EC-3pecifled DN-1. As mentioned previously,
deviations may even exceed 2:1 for other R-C value combil-
nations. For really high resistances, intitial overshoots,
from 0.5 to 2ns in duration, due to 9.5 to 2pfd stray
capaclitances, may even exceed 5 or Ax the theoretical
flgures.






Table 3-1
Theoretical Maxima versus Vx/Rx
For various DN C's and R's

Theoretical Current Theoretical Current

Maximum Peak Maximum Peak

C R with GC3-1% Oceurs with GCL-1%** QOccurs

(pra} {ohms) DN# -(% of Vx/Rx) at (nsg) {% of Vx/Rx) at {(ns)
&0 15 13 10 8 15
60 10,000 5 100 1 100 2
1G¢0 100 60 10 7 17
100 500 6 a3 5 87 10
100 1,500 2 99 3 97 6
120 1,800 99 3 98 5
125 55 93 6 87 11
150 150 1 76 10 64 18
150 2,000 39 2 99 5
200 1,000 g8 L a7 8
200 2,000 100 3 99 5
250 3,000 100 2 100 i}
255 80 &7 15 54 25
300 500 a7 7 94 13
3100 1,000 99 4 a8 9
00 3,000 100 2 100 b
300 5,000 100 1 100 3
330 2,000 100 3 99 b
500 5,000 100 1 100 3
2

700 50 68 24 55 4

®*Assumes total L=0.7uH. Note actual peak current values may
differ by up to 2:1, execluding possibly even higher, 1 toc 2ns
inltial overshoots.

**Assumes total L=1.7uH. Note actual peak current values may

differ by up to 2:1, excluding possibly even higher, 1 to 2ns
initial overshoots.
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SECTION 4

4. Calibration

4.1 Checking ESD 2000 Generator Calibration

4.1.1 Indicators & Basic Functions Test

1. Fit DNl and DT1 (ball tip) te gun.
2. Set V Prog to zero with potentiometer on gun.

3. Press trigger (momentary)

Readout should = 00.0KV +- .1
V/Prog led should extinguish
V/Act led should light

Release trigger

4. Set V/Prog = 25.0KV

Press trigger (momentary)

Readout should = 25.0KV +- .1
V/Prog led should extinguish
V/Act led should light

Release trigger

V/Act led should remain on until readout drops
below .3 to .SKV
V/Prog led lights as V/Act led extinguishes

4.1.2 Calibration Check

1. Fit DCA-1" to DN1 and connect DVM to DCA output
(DVM input impedance must = 10 M )

Set + Polarity and then - Polarity

Set V/Prog + & V/Act + & DCA Output + &

- Polarity - Polarity - Polarity
5.0KV 5.0KV +— . 1RV 0.5V +- 15MV
10.0kV 10.0KV +~ 0.1KV 1.0V +- 30MV
15.0RV 15.0KV +— 0.1KV 1.5V +- 45MV
20.0RV 20,.0KV +~ 0.1KV 2.0V +~ A0MV
25.0RV 25.0RV +- O0.1lEKV 2.5V +- 75MV

2. 1If required discharge waveforms and resultant

output currents can pe checked in accordance
with information provided in the Series 2000
operating Instruction manual.

"See page 2-25 for description.
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4.2

CALIBRATION PROCEDURE FOR ESD SERIES 2000

Remove outer case of the power supply unit to expose the
contrel board (refer to figure 4.1). Connect the ESD-1 to
the ocuter case using the mounting bracket. Attach the
signal cable from the ESD-1 to the PSC-1. Connect power
cord to the PSC-1.

Apply power to the unit. Loosen screw on top of display
cover to gain access to DVM board (refer to figure 4.2).
Turn set voltage knob until the display reads 0.0kv,
Adjust potentiometer R1 to read 0.0kV Vprogram on display.
Pull trigger of ESD-1 and adjust Vactual to 0.0kV with
potenticmeter R29 (refer to figure 4.5).

With Vprogram still set to 0.0kV, use an oscilloscope to
check for 20 volts peak to peak at lk ohm, gquarter watt
resistor R116, located on the control board. The
amplitude adjustment is the potentiometer RETA (refer teo
figure 4.3}.

With Vprogram set to 0.0kV, remove blue plugs located at
J4 and J5 of the control board. Use wire jumpers to
connect J5-1 to J4-3 and J4-4 to J4-1. Put oscilloscope
probe to IC AD533JH, ElA pin 3 (refer to Figure 4.3), and
adjust signal as close to zeroc volts as possible. To
adjust amplitude of wave, use potentiometer R73. To
adjust dc level, in respect to ground level, use
potentiometer R75., Replace blue plugs to J4 and J5 and
re~adjust dc level with potentiometer R75. Use
potentiometer R74 to readjust amplitude to zero,

Set Vprogram with set voltage knob to 25.0kv. With a volt
meter, measure the voltage on the DVM board from El pin 11
to ground (pin 8) (refer to figqure 4.5). At 25.0kV the
meter should read 253.0mv. Adjust this voltage level with
potentiometer R5.

Set Vprogram with set voltage knob to 25.0kV. Pull
trigger of ESD-1 and Vactual should read 25.0kV. Adjust
High Voltage level with potentiometer R109 located on the
Control board (refer to figure 4.3).

Set Vprogram with set voltage knob to 25.kV. To adjust
high voltage ocutput requires a DCA-1 attenuator or an
electrostatic volt meter. Place DCA-1 to end of Discharge
network and connect a volt meter to the DCA-1l terminals.
Or place high voltage probe of electrostatic volt meter to
output of discharge network and the ground of meter to the
discharge return of the network. Pull trigger to get
25.0kV output, and adjust with potentiometer R20A located
on the DVM board (refer to figure 4.5). If a DCA-1 or an
electrostatic volt meter is not available, omit section 7.
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10.

Set Vprogram to maximum with set voltage knob it should
not exceed 27.3kV. To adjust the Vprogram maximum reading
requires a resistor change. This resistor is located in
the handle of the ESD-1, on the handle board, as R2A
(68.1K ohm 1%). To increase Vprogram, decrease the
resistor value and to decrease Vprogram, increase the
resistor value {(refer to figures 4.2 and 4.4).

Set Vprogram to maximum, pull trigger and Vactual should
not exceed 26.6kV. To adjust Vactual must be done in both
polarities individually. Adjust the negative polarity
first. This is done of the control board with the 3.3 chm
resistors R150 to R153 (refer to figure 4.3). Each
resistor adds in the voltage drop of the diode it follows.
Remove or add the resistors as needed. Allow unit to sit
unplugged for fifteen minutes before proceeding to
positive polarity adjustment. Turn unit on and check
negative adjustment. Put unit in positive polarity and
turn on high voltage. Again, unit should not exceed
26.6kV. Adjust the positive high voltage with R219 and
R217 (330chm and 680ohm respectively refer to figure 4.3).
To increase the output increase the resistors values and
to decrease the output, decrease the resistors values, Be
sure that the relationship between R219 and R217 remains
that R217 is twice the resistance value of R219.

The amount of time that the unit requires to go from
vactual back to Vprogram is called Changeover. The
lowest Vactual reading should be at 0.3kV before the
display switches back to the Vprogram reading. To correct
the changeover time, adjust potentiometer R56 on the DVM
board. This adjustment must be done separately for
positive and negative polarities (refer to figure 4.5).






REMOVE 4 SCREWS

/\DO NOT REMOVE

e

I 2

REMOVE 2 SCREWS

Figure 4.1

Removing outer Case of Power Supply PSC-1







SEMOVE SZREW TO
ACCESS VM E0ARD

REMOVE SCREWS TO
ACCESS HANDLE BOARD

Figure 4.2

Access to DVM Processor PCB and Handle
PCB







OS1y
IS1Y 212Y
.\1Jm) \im@m \\ix\\;m&&

604 10d

fimndndar e Oy~
g;%%mﬂw

?\\m_ §<

ot

Figure 4-3
Control PCB Trim Locations
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Figure 4-4

Handle PCB Trim Location
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Figure 4-5

DVM Processor PCEB Trim Locations







Secticn 5

Series 2000 Schematics

5. Schematics and Location Drawings

5.1 Symbols and Notations

5.1.1 Units and Component Assumptions

Unless otherwise indicated:

1. resistors are in ohms, inductors in
microhenries

2. c¢apacitors < 1 are in mfd
3. capacitors > 1 are in pf, except

polarized units (marked with a +
on one terminal) are in ufd

4. guad gates are two-input Nand gates,
74LS00; with +5 connected to pin 14,
and logic ground connected to pin 7

5.1.2 Trims and Test Points

1. * Signifies trim on test.

2. Test points are numbered sequentially from
top to bottom along the front of the board
as viewed from the front of the instrument.

5.1.3 Terminals and Connections

<:> outgoing connection to another board;
see connector sheet for the board involved

from another point on the same board,
possibly on another sheet or the same
schematic (designated)

te another point on the same board, again
possibly to another sheet of the same
schematic {designated)

see specific schematic

see specific schematic

see specific schematic

analog signal ground

+0ovad A Y
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analog power ground

digital circuit ground,

chassis ground

or logic ground
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Section 6

Application Notes

AN 150

AN 151

AN 153

AN 161

AN 162

AN 172

An ESD Circuit Model with Initial
Spikes to Duplicate Discharges from
Hands with Metal Obijects

ESD Testing: The Interface Between
Simulater and Equipment Under Test

Comparing Computer Models to Measured
ESD Events

ESD Discharge Waveform Measurement,
The First Step in Human ESD Simulation

Computer Modeling The Effects of
Oscilloscope Bandwidth on ESD Waveforms,
Including Arc Oscillations

Testing Equipment and Circuits for ESD
Sensitivity
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Ke leK Service Note (S-110
February 8, 1989

ESD Waveform Verification

Making an accurate, noise free measurement of an ESD
waveform from a simulator or human source can be extremely
difficult due to the wave'’'s very fast sub~nanosecond
risetimes and to the large amounts of EMI that are
generated. We therefore streongly recommend that any
calibration or re-certification be done at the KeyTek
factory.

The equipment used at KeyTek consist of the following:

Tektronix 7104 1 GHz mainframe with EMI option
Faraday shield for oscilloscope

Tektronix 7A29 preanmp

Tektronix 7810 timebase

Narda Model 766-20, 20dB attenuator

Tektronix C-53 oscilloscope camera
KeyTek-manufactured IEC revised* ESD target

. 1.5 meter sqguare Aluminum vertical plane to mount
arget

6' Belden 9912 coax cable with type "N" connectors

e »

Ot O~ U b b

The IEC revised target is essential to obtain accurate
results in a lGHz bandwidth environment. The earlier IEC
target design gives highly distorted results. The IEC
revised target is now commercially available from KeyTek.
{Plans for constructing one are available from KeyTek or
the IEC.)

The target is mounted in the center of the 1.5 meter
square vertical plane. This plane is held vertical by a
wooden stand or special mounting to a non-metallic wall.

* 25 resistors in outer ring, 5 in center ring.

KeyTeK INSTRUMENT CORP. 260 Forgham Road, Wimington, MA 01887 = TEL: (617) 658-0880 » FAX: {617) 857-4803 » TELEX: 851389






The oscilloscope is installed in a Faraday tage. This
is a rectangular aluminum box large enough to contain the
oscilloscope and camera, and to allow air circulation
around the cscilloscope so it does not overheat. The power
line for the oscilloscope is brought in through a filter to
prevent the entry c¢f conducted EMI. A type N feedthrough
is mounted on one side near the front, to pass the ESD
signal into the enclosure. The front of the enclosure is
hinged at the top allowing it to be opened easily to access
the camera and controls. The edges of the door are lined
with spring finger stock to insure good rf integrity. The
/A28 and 7B10 occupy one plug-in slot each. The two unused
slots must be filled to prevent EMI leakage. It is
imperative that the oscilloscope be well shielded in this
way, or else the large EM field generated by the ESD event
will radiate directly into the CRT and electronics of the
oscilloscope, causing massive noise and distortion of the
waveform,

Belden 9913 is used to connect the target to the scope
because it is very low loss and has 100% shield coverage,
RG55 and RG58 are too lossy and will not give accurate
results.

The 20dB attenuator is needed to scale the output of
the target to be within the range of the 7A29. It must be
a low VSWR microwave type, such as the Narda part listed in
#5 above. (Repeated pulsing will overstress and eventually
damage lower power attenuators.)

Please contact the KeyTek Customer Service Department,
if telephone assistance is required.

Ccs-110 page 2 of 2
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Ke TeK Application Note AN 150
KeyTek Instrument Corp.

~ An ESD Circuit Model with Initial
Spikes to Duplicate Discharges from
Hands with Metal Objects*

P. Richman

Equipment that passes electrostatic discharge (ESD) testing can  Discharges from typical ESD simulators using a simple series RC
and often does malfunction during actual use in mysterious yet  network human-body model do not show this kind of spike per-
apparently £SD-related ways. Many factors can be involved, but  formance. Many £SD simulators do, however, often put out a
real explanations are not easily determined. The highly variable
nature of ESD in the air makes almost any explanation seem
believable ®

The differences between upsets (malfunctions) caused by ESD
simulators on the one hand, and by actual personnel discharge
on the other, seriously limit attempts 1o standardize ESD test
technigues and equipment. At least part of the problem can be
attributed to steep initial spikes due to human ESD. A new, dual
resistance-inductance-capacitance (RLC) circuit model can

account for these initial spikes in human-discharge waves.[1] (@) (b}
NOTE: Apparent antc:oation of discharge by arc oscilations seems due to EMI caused by the
£50 WAVES GENERATED discharge, recaved Ino the scope via paths oiner than the Y-ampifar Input cadke — n fact.
BY PERSONNEL VS. SIMULATORS Dy-passing the Input amplher's 3-10 nsec celay.
Discharges from a metal object such as a key, tool, bracelet or Figure 1
ring, held by or worn an the hands of charged individuals, are TWO REPRESENTATIVE CURRENT WAVES FROM
increasingly recognized as reasonable worst-case situations. }%/:F?%ET%T\%E ?}E; EE%’L%S;:SETQ&%@E@ESJEE/;\[;«
They ge;gratﬁe cu;regt Yv;yels*, xqto victim equipment that often UNDER APPARENTLY IDENTICAL CIRCUMSTANGES.)
include |gh-amp itude initia spikes. These range from 10t 30 PEAKS AND RISE TIMES ARE REPRESENTATIVE
A peak, with rise times less than 1 nsec and durations of 1to 4 OF WAVES FROM A RING, BRACELET,
nsec, when viewed with 400 MHz instrumentation (i.e., approxi- TOOL OR AN ACTUAL KEY.
mately 0.9 nsec rise time).{1,2,3] Two typical waves are shown {STEEP EDGES BRIGHTENED FOR READABILITY)
in Fig. 1 for discharges from individuals charged to 5 kV. ~ 5 kV INITIAL CHARGE VOLTAGE

5 ATHALF CM, 2 ne/HALF CM

*This variable character is the apparent basis for one ESD-simulation approach that is based on ignoring air discharge entirely, That's a lot fike looking
under a street light for a dropped key, instead of in the dark where it was dropped, because at least you can see under the light.

it's unlikely the key will be found there. It's just as unlikely that an effective ESD test standard can totally ignore air discharge. Both current iniection
ang air discharge are necessary.

© 1985 EMC Technology; reprinted with permission, with minor changes,

P KeyTeK ViNSTRUMENT CORP. 260 Fordham Road, Wiimington, MA 01887 = TEL: (508;658-0880 = FAX: (508} 657-4803
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sharp, partial step to start the discharge current wave, Fig. 2a
shows the current from a typical, International Electrotechnical
Commission (IEC) specified 150 pF-150 ohm simuiator, with IEC-
specified shortest possible ground return, used for cali-
bration.[4] Fig. 2b shows a similar discharge, but it includes the
typical 30-50% initial step that resuits from the 2-meter ground
return of any typical [EC simuiator. Both waves are shown for
the same 5 kV charge voltage used in Fig. 1.

The initial step in Fig, 2b almost makes the simuiator's output
seem o be trying to generate the initial personnel spike of Fig.
1. Two experiments tend to confirm ths, First, Fig. 3a shows the
discharge current wave from a single-RC ESD sirmulator using the
Electronic industry Association {ELA} values of 100 pF and 500
ohms.[5] Ground return is two meters; charge voltage is 5 kV.
The simulator’s output now has almost a 100% initial step.

(a) SHORTEST POSSIBLE
GROUND RETURN

{b) TWO-METER
GRGUND RETURN

Figure 2
TYPICAL DISCHARGES FROM AN IEC-SPECIFIED ESD SIMULATOR,

C=150 pF; R=150 ohms (SEE REF 4}

5 kv INITIAL CHARGE VOLTAGE
25 AMHALF CM, 5 ns/HALF CM.

The second experiment shows the step’s probable cause. Figure
3b repeats the test of Fig. 3a, but with the ESD simulator’s
ground return completely diconnected. Current seems to flow
in a one-wire circuit! The short, fast rise time spike of Fig. 3bis
clearly related to the initial steps of Figs. 2b and 3a. Just as
clearly, it cannot be generated by the simple RC model.

{a) (b)

Figure 3
DISCHARGES FROM AN EJA-SPECIFIED ESD SIMULATOR,
WITH GROUND RETURN FIRST CONNECTED (g)
AND THEN DISCONNECTED ()
C=100 pF. R=500 OHMS (SEE REF 5)

5KV INITIAL CHARGE VOLTAGE
2.5 AIHALF CM, 5 ns/BALF CM

Conclusions to be drawn from the two experiments just de-
scribed — increasing the simulator’s resistor from 150 ohms to
500 chms and opening the ground return — are:

» A physical effect assaciated with the RC simulator generates a
step or spike somewhat like, but smailer in peak magnitude
than, the ESD spike generated by a human hand with metal
object.

¢ Capacitance of the hand — and of the physical RC network
{separate from the value of capacitance used but related to
the size of the capacitor), even including the ground return
used in the simulation — to the floor and walls is the most
probable source of the spike for humans and simulators, res-
pectively.

Capacitance to the flpor and walls of any object such as a
hand or a network depends on the cbject's physical dimen-
sions. A hand will have higher capacitance than the physical
capacitance of an RC network, since the hand is typicaliy
much larger. The same hand will have fower inductance than
a ground return wire, since itis far shorter. It therefore seems
reasonable for the hand's capacitance. in view of its iow asso-
ciated inductance. o produce a higher-amplitude, steeper
rise time spike.

» Simulator capacitance to the floor and walls can also explain
the discharge current wave of Fig. 3b, in which there is no
apparent return path for current flow.

A BETTER MODEL TO SIMULATE
PERSONNEL DISCHARGE
The above mentioned simpie RC model used for most £50 sim-
ulations ignores inductance, capacitance to free space and arc
resistance, These ssues are examined below.

Capacitance to Free Space

Maost handbooks that contain formulas for capacitance include
one for the capacitance between two concentric spheres. The
reiation is:

d, x d,
d}_d1

C = 56K (4

where d, and d, are inner and outer sphere diameters in cm,
K=1 far vacuum and K~ 1 for air, and Cis in pF.[6] Fora 9-cm
diameter human hand in a typical small room with 3-meter diam-
eter, Cis 5.2 pk.

If room diameter is infinite, i.e., free space, Eq. (1) becomes:
C=0.56Kd, | (2)

and the capacitance of a 9-cm diameter hand to free space is
about 5 pF. An RC netwaork is much smaller than a hand; one pF
is a reasonable capacitance for a typical network.

Capacitance to free space of the victim equipment panel may
be approximated by the capacitance of a 40 to 50-cm diameter
disc. Terman gives this as 16 to 20 pR.{6] If the point of discharge
to the victim equipment is removed — by a 25 to 50-cm wire -

150.2






Tabie 1
DIMENSIONS, INDUCTANCE AND CAPACITANCE
VALLIE FOR PARTS OF THE BODY

Body Part diem) | i{femy | L{uH) | C(pH
Hand with metal obect 7.5 12 .02 g
Forearm {wrist to elbow) 9 30 A 10
Full arm (wrist to shouldar) 9 80 27 20
Torso 30 &0 13 20
Lower body 30 80 13 20

from a ground plane, then the resulting spike rise time wili be far
slower and the peak spike current will be greatly reduced.

inducfance of the Hand, Arm and Body

Inductance of both the lower and upper arm makes most of the
upper arm capacitance inaccessible to the discharge for longer
than the 1 to 4 nsec duration of the initial spike. The spike must
therefore come from the hand plus perhaps a portion of the

forearm. Inductance calculations using a round wire as a model,
from Terman[7] give:

L = 002¢ [2.303 108+ %‘7} - 1} (3)

where { and d are length and diameter, respectively, in cm; Lis
in uH. Table 1 gives calculated inductance and capacitance
values for various parts of the body.

An Equivalent Circuit to Explain the initial Spike
Fig. 4 shows a human discharge model, configured to explain
the wave of Fig. 1, taking into account:

¢ Capacitances to free space of hand holding a key {C,),

forearm (C.,), upper (C,,) and the combination of torso and
lower body (C,).

» Capacitance to free space of the vicim eguipment panel
(Cie)-

UPPER FORE- HAND
ARM ARM
TGRSO

2 o YICTIM

EQUIPMENT

HIGH ~IN-~
kg BAUCTANGE
GREEN GROUND

|
§
i
|
|
I

H
o
i |

t i

i t

: £

H H

{ 1 |

i | |

: f ! l
¢ H i

| 1 i i

iy tua bra Ly Aape
~4 ~1pH - tgH ~ 02 xh ~1005
3 v
Cg _l_ Cun Cea Cu ove Lte
40150 -1 ~10 ~5 0500
;’[ PF /I [ »E I F 1820 #F o
Figure 4

MULTIPLE LC NETWORK EQUIVALENT FOR PERSONNEL
DISCHARGE, IGNORING BODY RESISTANCES,

18M.1

s Inductance of hand holding a key or other metal abject (L),
the parts of the arm (L, L.4) and body (L,).

® Resistance of the arc (R..).

Solving the Single RLC Equivalent Circuit

i the simple RC circuit is expanded to be an RLC circut, it can
effectively be used to model the first part of the ESD waveform.
This is because for the first few nsec the inductance, L.,, effec-
tively isolates the circuit to the left from the victim,

Solving this simplified model equation for a range of C, L and R
vatues helps explain the initial spike. For spike duration t, to lie
below about 4 nsec, it turns out that L, must be quite small —
less, in fact, than 0.7 to 0.2 uH. From Table 1, this exciudes all
but the hand and possibly part of the forearm.

Table 2
TIME OF PEAK 1, DURATION tg, AND PEAK CURRENT i
FOR VARIQUS CAPACITANCES

C{pF By L{aH) o {nsec) |t (nsec) | iplor B RV (A)
1 200 A 4 B 10.4
2 200 A B 1.0 129
5 200 1 8 1.6 16.1
75 200 1 9 2.0 17.5
10 200 1 1.0 3.0 18.4
80 5] 10.060 T B 417 5
100 (5} 5600 7 5.2 40 3.0
100 {8.9] 1500 7 27 167 3.3
150 {4] 150 7 39 27 25.0
300 {10] 5.000 7 1.3 1042 1.0

Table 2 gives results of computer solution for C values of 1, 2, 5,
7.5 and 10 pf, for L equal to 0.7 pH, and for R of 200 ohms. Note
how hopeless itis to use a 100 MHz scope, with its 3.5 nsec rise
time, to examine these short, steep waves. Also listed in Table 2
are computer solutions for the RC values used in typical ESD
equivalent circuit models. C ranges from 60 pf to 300 pF; R from
150 chms to 10 K. L is taken as 0.7 pH, a typical totai human
body inductance.

Apparently the only way to get an initial current spike is with
low inductance, and only the capacitance to free space of the
hand and possibly the forearm can supply a fow enough induc-
tance. With 10 pf and an inductance even as low as 0.1 uH, i, is
already limited to approximately 18 A, using 200 {1 for the total
resistance of the hand plus arc; the figure is approximately 27 A
for 100 €.

In summary,

¢ The initial spike is generated primarily by hand and some fore-
arm capacitance; perhaps 10 pF, accessible to the arc via a
total of 0.05 to 0.2 uH.

e Net capacitance in the equivalent circuit is, therefore, the 10
pF from above, in series with the victim equipment’s typical
16 to 20 pt, for a total of perhaps 6 to 8 pF.






o Use of 7.5 pF, with 200 @ for hand-plus-arc resistance, and 0.1
uH as a reasonable compromise for hand {plus some victim
eguipment} inductance, gives, from Table 2, a peak current of
approximately 18 A for a 5 kV initial charge voltage. Time to
peak 1s about 1 nsec, and duration is about 2 nsec. When the
hand-spike amplitude adds to the early amplitude of the main
body discharge, the total peak can easily reach 20 to 25 A.

ESD Circuit Model
L.

Rg 8 DISCHARGE
1501500 5-2 Tip
OHMS pH /

—— Y. STV 0
0532
uH LH
R 20200
—— 60-300 OHMS 2 Ry
PF
3-10
¢
“FREE-SPACE"_ || H
GROUND RETURN

/?7/

Figure 5
THE DUAL RLC MODEL FOR £30 FROM A HAND-HELD KEY,
INCLUDING SIMULATION OF THE INITIAL SPIKE,

A Practical Model

Fig. 5 shows the dual RLC circuit model that resuits from the
above analysis. It is far more realistic than the simple RC for sim-
ulating reasonable worst-case ESD: discharge from a hand-held

Figure 6
ACTUAL DISCHARGE CURRENT FROM AN ESD SIMULATOR
USING THE BUAL-RLC™ MODEL OF FiG. 5. IT REPLICATES
THE INITIAL SPIKE FROM A HUMAN HAND WITH
INTERVENING METAL OBJECT

(STEEP £DGES BRIGHTENED FOR READABILITY)

5 KV INITIAL CHARGE VOLTAGE
5 A/HALF CM. 2 na/HALF CM

key. It includes two series RLC paths, each with its own realistic
inductance. One path, C;-Ry-Lg, simulates the body. The
second, C,R, L., simulates the hand and the sharp initiai spike
it generates.

Finally, Fig. 6 shows an actual discharge from a Dual-RLC™ ESD
simulator designed to duplicate a human discharge’s initial
spike. The wave of Fig. 6, too, looks remarkably like the actual
discharges of Figs. 1(a) and 1{b}. The simulator rise time is just as
fast on the 0.9 nsec oscilloscope, and it uses a standard EC two-
meter ground return, not the shortest possible, 10 to 20 cm cali-
bration ground return. The dual RLC simulator that generates
this discharge shouid provide greatly improved realisen in £SD
testing.
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ESD Testing: The Interface Between
Simulator and Equipment Under Test*

P. Richman and A. Tasker

Crucial issues regarding the interface between the ESD simula-
tor and the Equipment Under Test (EUT) include discharge
current peaks that are vastly different from simpiy-calculated
values, and failures of the EUT at both fow and high, but not
intermediate voltage levels. These phenomena can be ex-
plained and rmathematically modeled in terms of circuit in-
ductance and free-space capacitance. The more inclusive cir-
cuit mode! that results, gives significantly improved agree-
ment between calculated and experimental electrostatic—
discharge current waves.

The effect of oscilloscope bandwidths must also be taken ful-
ly into account. 100 MHz is far too low, for example: it can
give figures for actual human-body peak discharge current
that are in error by a factor of two or more.

INTRODUCTION

The peak current that flows during an electrostatic discharge
(ESD} from an ESD simulator can be vastly different from the
value intuition might lead one to expect. It can be at least as
low as one-tenth, or at least as high as ten times the value
computed by dividing stored — or test — voltage by the
simulator's nominal internal resistance. In addition, the
discharge current waveform in both simulator and actual
human-body discharges often bears little relation to the sim-
ple, single R-C equivalent circuit in widespread use (1-5).

The two factors most responsible for these often huge dis-

crepancies are circuit inductance and capacitance to free
space.

The conventional model far personnel electrostatic discharge
is given in Fig. 1. It consists of a simple capacitor C, charged t«c
voltage V, and discharging into the victim equipment — the
EUT or Equipment Under Test — through resistor R. The “low
end of C is most often connected to a ground plane or to
point on the EUT, or both. A discharge tip, connected to thi
resistor R, is advanced toward the EUT until an arc occurs
simulating the spark that leaps from a finger or from a hanc
held metal object like a tool, key, bracelet or ring.

Values called for by various Standards and used by individue
organizations range from 60 to 300 pfd for C, and from 10 t
10,000 ohms for R {1-5).

R ESD
AN
N Q
7
DISCHARGE
TIP
y ==C EUT
1 RETURN
\l\
GROUND PLANE
Figure 1.

CONVENTIONAL. SINGLE 8-C MODEL FOR
PEARSONNEL ELECTROSTATIC DISCHARGE

* © 1985, Proceedings of the 6th EMC Symposium, Zurich 1985: “EMC 1985”, Reprinted with permission of the editor; with additions and changes.






Fig. 2 shows discharge current due to a typicai human-body
discharge from a hand-held metal object. Instrumentation for
converting the discharge current into a voltage suitable for
osciiloscope monitoring was built as per reference (1);
oscilloscope handwidth was 400 MHz. Even though the cir-
cuit model of Fig. 1 is in common use, there is simply no way
in which it can begin to account for the real-worid Fig. 2
waveform, specifically for the sharp, high-amplitude initial
spike. {Others have also reported initial spikes (6).)

Figure 2.
TYPICAL £50 CURRENT DISCHARGE WAVE FROM A HAND-HELD
METAL OBJECT.{(STEEP-RISE £EDGES BRIGHTENED
FOR READABILITY}

SkV INITAL CHARGE LEVEL, SA/HALF CM, 2ns/HALF CM.

This single R-C model of Fig. 1 is inadequate in that it ignores:

1. The human body and/or ESD simulator circuit induc-
tance, which ranges from 0.5 to 2 pH.

2. The 3 to 10 pfd, almost inductance-free capacitance to
free space of the human hand.

3. The typicaily 5 to 20 pfd, almost inductance-free
capacitance to free space of the victim EUT itself,

The sections that follow deal with these parameters, all of
which are ignored by the simple R-C circuit. The purpose is to
madify the circuit model so that it can maore reasonably ac-
count for characteristics of the current wave in a typical

human-body-generated, electrostatic discharge. The resulting
modet then suggests better ways to simulate ESD phenomena
for test purposes.

CIRCUIT INDUCTANCE

Reference (1), an IEC draft ESD standard for Process Control,
specifies a two-meter long ground return of 20 mm width.
However, for calibration purposes, the same draft standard
calls for a discharge circuit, including the ground connection,
that is “as short as possible”. Calculations, confirmed by tests,
give total circuit inductance including internal simulator cir-
cuitry as well as the ground return itself, of about 1.7 uH for
the two-meter ground return.. Similarly, a figure of 0.7 uH
results for a typical R-C network with a calibration-length
ground, with a length on the order of 30 to 40 cm.

Fig. 3 shows the addition of total circuit inductance L to the
simpler circuit of Fig. 1.

] L ESD )
AN Y e o N\ %
0 7 or 1.7 uH -
{SEE TEXT)
v c DISCHARGE EUT
Tip
RETURN\A
[ b=
GROUND PLANE
Figure 3.

ESD MODEL MODIFIED TO INCLUDE
TOTAL CIRCUIT INDUCTANCE, L

Table 1 shows the large effect that L can have on network “ef-
fiency” n, defined as the ratio of peak current Ip during

Tabie 1

R AND C VALUES FOR THE R-L-C EQUIVALENT CIRCUIT OF FIG. 3, WiTH
EFFICIENCY 5 GIVEN FOR REALISTIC GROUND RETURN INDUCTANCE, 1.7 pH

Ip IS PEAK CURRENT FOR A STORED VYOLTAGE OF 5kV; tp 1S TIME OF QCCURRENCE CF {p

= 100 lp 1a for
Organization Standard or c R 7 ViR BkV tp
{1-5) Draft Standard {ptd) {ohms) (96} (A} {ng)
1. IEC (1) 65 (Secr) 150 150 64 21 18
- 80 (Draft)
2. MIL (2} 8838 100 1,500 a7 32 5.8
NEMA (3) Part DC33 100 1,500 97 3.2 5.6
(Drait)
4A EiA (4) PN-1361 100 500 87 g 10
{Draft)
48. EIA (4) PN-1361 60 10,000 100 5 1.4
(Draft)
5 SAE (5) J1211 300 5,000 160 1.0 29
Cart Simulation 60 10 8 28 16






discharge, to the “intuitive” peak of V/R; multiplied by 100 to
obtain per cent. {Efficiency without L must be 100%.) Calcu-
lated values of I were computer-derived from appropriate
solutions to the series R-L-C cireuit of Fig. 3, and were spot-
checked via expernment. |, was calculated for a stored
voltage of 5kV, but for different voltages the values of I, can
he scaled proportionately; ignoring pre-icnization and other
effects {see Appendix).

R and C values come from representative £SD test Standards,
as listed in Table 1. inductance L was taken as 1.7 uH,
representative of a typical simuiator including a 20 mm wide
ground return of about two meters, the length recommended
by the 1EC draft standard.

The largest effects of inductance naturally occur for lower
values of R, including the IEC's 150 ohms and the 10 to 20
ohm value being used by some organizations for simuiating
discharges from wheeled carts and/or cabinets.

Note the vast differences, particuarly for the IEC 150 pt/150€
netwaork, between V/R (33A for 5kV) and the calculated
value, 21A, for peak current Iy for 1.7 gh circuit inductance.
For the “calibration” circuit inductance of 0.7 gH, the same
150 pfi 1509 EC network gives a caiculated peak current of
25A. Typicaily, arc and corona effects reduce this still further,
by as much as 20 to 30%. Thus a 5kV stored voltage with a
150 ohm resistor will typically result in a peak current of only
16 to 18A, “Calibration” in test laboratories may report defec-
tive simulators, with only one-half required output! {The IEC
specifies a peak current of 50% to 90% of stored voltage
divided by resistance, thereby covering the situation guite
compietely. Unfortunately many calibration laboratories
simply calculate VIR, and either ignore the IEC specification
or neglect to calculate the effects of even the 0.7 uH “calibra-
tion” inductance).

Table 1 also includes a column giving computer solutions for
the time tp, in nanoseconds, at which the peak Ip occurs.
Again ignoring effects such as pre-ionization due to partial
discharge, tp is independent of stored voltage,

Neither peak current | nor peak time tp respond to network
differences in a simply proportional way. The effect of chang-
ing from 150 pfd/150 chms to 60 pfd/ 10 ohms, for example,
is rather small: current peak increases from 21 to 28A, time to
peak decreases from 18 to 16 ns. Yet the nominal
“efficiences” of the two networks differ by over an order of
magnitude. The explanation is that inductance is the control-
ling factor. Until the simulation circuit resistance gets large =
500 to 1500 ohms ~ or more accurately until network effi-
ciency exceeds 90 or 95%, circuit inductance dominates per-
formance.

The control that inductance exercises over discharge current
is demonstrated by the fact that rate of rise of current, di/dt, is
wholly independent of both R and C for t = 0. This holds true
whether the cdircuit is overdamped, critically damped or
osciliatory. That is, as the current wave makes its initial rise,
difdt is equal to stored voltage divided by inductance, or
(V/L). R and C simply don’t matter at this point. They do, of
course, as the wave progresses, but maximum rate of rise oc-
curs at t = 0, and it is entirely circuit-inductance limited. Thus
for 5kV and 1.7 uH, the fastest di/dt for the circuit of Fig. 3 will
be 5000/(1.7 x 10°), or just under 3 amperes per nanosec-
ond. Even with the shortest ground return, with its —0.7 uH

for total circuit inductance, maximum di/dt for 5kV will be
5000/ (.7 x 10°8), or about 7 amperes per nanosecond.

CAPACITANCE TO FREE SPACE;
INTERACTION WITH INDUCTANCE

Every object has capacitance to free space - or to the walls,
floor and ceiling of the room in which it is located. For a
spherical object of diameter d, and a room (also taken as
spherical, for simplicity} of diameter d,, the capacitance is
given by reference (7} as:

C=0.556 x Kd,d,/(d,~d,) (1

in which d, and d, are in ¢cm. and K ~ 1 for air.

For a human hand or arm in a room of typical dimensions, the
term d,/(d, — d,) approaches unity, so that

C ~ 0.556d, (2)

for a hand of approximately 9 ¢m “diameter”, capacitance is
thus on the order of 5 pfd. Note that this capacitance is
almost inductance-free. The inductance of a finger, hand
and/or forearm may be calculated from reference (7} as:

£ =0.002£12.3 log.,(48/d)-11xH (3)

in which £ and d are length and diameter, respectively, of the
finger, hand or forearm; again in cm. Table 2 gives results,
along with approximate values of capacitance to free space,
for all body segments involved. Use of a hand with key has
been assumed, as this is rapidly becoming a de-facto standard
for worst-case ESD simulation. it represents an ESD event in-
volving a hand-held metal object such as a tool, ring, bracelet,
or indeed an actual key,

Table 2

APPROXIMATE DIMENSIONS, ESTIMATED CAPACITANCE AND
ESTIMATED INDUCTANCE FOR VARIOUS SECTIONS OF THE
HUMAN BODY

(d =DIAMETER. ¢ = LENGTH)

d ¢ ¢ L
{cm) {em) {pf) {uH)

Fingers hoiding key 2 8 2 02
Entire hand holding key 75 12.5 5 02
{to wrist)

Forearm (wrist to elbow) 9 o 10 A
Full arm (wrist 9 60 20 27
to shoulder)

Torso {shoulder 30 &0 20 13
10 waist)

Whole body (torso plus 30 120 40 43
lower body)






Table 3

COMPUTED VALUES OF PEAK CURRENT [, AND PEAK TIME 15
te COMPUTED FOR 5kv: SIMPLY SCALE FOR OTHER VOLTAGES

(FOR VIRTUALLY ALL PARAMETER COMBINATIONS EXCEPT R = 10K,
RISETIME. T, LIES BETWEEN 25% AND 65% OF PEAK TIME 1)

Ip (amperes) for bandwidth = tp (ns) for bandwidth =
c R L 400 100 60 400 100 60
{ptd) {ohms) {zH) Infinite MUz MHz MHz infinite MHz MHz MHz
5 50 A 10 6 2.4 1.5 4 6 7 T
2 50 i 19 15 7.4 5.1 7 1.0 1.2 13
5 200 3 16 14 83 8.1 8 12 18 2.0
7.5 200 1 18 6 10 76 .0 1.4 2.1 2.4
10 200 A 18 17 11 88 1.1 1.5 2.4 2.8
50 10,000 7 & 5 5 5 B 3.1 9.5 15
1.7 5 5 5 § 1.4 32 886 15
100 500 7 9 9 9 9 52 57 B 10
1.7 9 g g B 10.1 108 12 14
100 1,500 7 33 33 32 3.1 27 35 79 11
1.7 az 32 3.2 3.1 56 6.1 8.1 12
180 150 7 25 25 25 24 10 10 i2 13
17 21 21 21 21 18 18 20 21
300 5,000 7 1.0 10 1.0 1.0 1.3 35 i 17
1.7 1.0 1.0 1.6 1.0 29 4.0 1" 17

Computer solutions are given in Table 3 for peak current ip
ang peak time tp, from the differential equations that describe
performance of the circuit of Fig. 3 (see Appendix). Solutions
are given for values representative of appropriate combina-
tions of the hand and arm from Tabie 2, using a compromise
inductance value of 0.1 gH. Solutions are also given in Table 3
for the R-C values specified in various standards as set forth in
Table 1, for both “calibration” (0.7 xH) and normal 2-meter
{1.7 uH) inductances. A resistance of 200 ohms is used for the
small capacitance values that simulate the hand and arm, but
is not a major determinant in lp of tp, over a wide range of
resistance values.

It is assumed that the victim EUT has significant capacitance to
free space in the surface area immediately adcent to the
point of ESD appiication; i.e., it is another, larger, and also vir-
tually inductance-free capacitance. From reference (7), for ex-
ample, the capacitance of a 30 to 40 cm diameter disc to free
space can be calculated as 12 to 15 pfd. This might represent
that portion of a victim EUT panel or keyboard at whose
center the ESD was applied. Without such a “ground plane,”
free-space capacitance effects due to finger, hand and arm
will be very much lower, due to the lower total circuit
capacitance that will result. (EUT “ground plane” capacitance
is effectively in series with hand capacitance).

in this connection, it is worth noting that the IEC-designed

coaxial “target” (1) performs far better in making current-spik.
measurements when it is mounted to a ground plane on the
order of 40 x 40 cm.

In addition to the “infinite bandwidth” theoretical vaiues given
in Table 3 for lp and ty, computer solutions are also included
in the table for the same waveforms viewed with
oscilloscopes of finite bandwidths: specifically 400 MHz, 100
MHz and 60 MHz,

Data in Table 3 go a long way towards explaining differences
between measurements made by different investigators.
Simulations with 60 pfd and 10K, for examiple, will be vastly
different depending on the simulation capacitor’s physical
size, and on whether the simulation resistor is 12 c¢m long -
hence not simulating a finger/hand combination — or short,
and contained within a metal enclosure to which it might
have, for example, .5 pfd stray capacitance. For 60 pfd/10K,
Ip is .5A at 5kV. But if stray capacitance — or capacitance of
the simuiating 60 pfd to free space — is considered and a 400
MHz scope used, then from Table 3, I will be 6A for an arc
resistance of 50%; and 10A with infinite oscilloscope band-
width. Yet the value shown with 60 to 100 MHz instrumenta-
tion will range from only 1.5 to 2.4 A. And after ali, the 0.5 pfd
stray is only 10% of the 5 pfd representative of the human
hand — which at 400 MHz gives 14A for 2000, as shown in the
table.






Thus alt of the simulation circuits in references (1) through {5)
miss the point: the hand/forearm combination has a 5 to 15
pfd capacitance to free space, and it is coupled to the
discharge arc with only 0.05 to 0.1 . The resuit is a super-
fast edged, short-duration (1 to 4 ns} spike of 15 to 30A, for a
stored voltage of only 3kV. Experience shows this spike can
be cruciaf in causing EUT malfunction, but itis neglected by all
existing standards. And if it is accidentally viewed on an
oscilloscope, its ampiitude is typically underestimated by a
factor between 2 and 4 by the 60 to 100 MHz instrumentation
i common use.

Any saving grace that a simple R-C ESD simulator may have is
that the simutation network can itself have a capacitance to
free space! This accounts for the sharp wave-start so frequent-
ly seen in simulator current waves. Fig. 4 shows a typical case,
for the £iA values of 100 pfd and 500 ohms (4). But this is a far
cry from the sharp, 1 to 4 ns spike of 25 to 50A peak (for a
stored voltage of 5kV) that is generated by a hand-held key,
as shown in Fig. 2.

In the typical £SD simulator's discharge current output, the
amplitude of the sharp initial edge generated by the simutator
retwork’s own capacitance to free space, is usually less than
peak current due to the simulator’s basic R-C. For this reason
it has been seen as merely an unpleasant anomaly in the
wave, due to “parasitics.” In point of fact, it provides whatever
inadequate sharp-risetime “punch” such simulator waves do
have.

Figure 4.

TYPICAL ESD CURRENT WAVE FROM A SINGLE R-C £ESD
SIMULATOR (100 pid, 500Q) {4}. SHARP WAVE-START IS DUE TO
THE SIMULATOR NETWORK'S OWN CAPACITANCE TO FREE SPACE.

Sk INITIAL CHARGE VOLTAGE, 5A7/HALF CM; 2NS/HALF CM

THE NEW, DUAL RLC CIRCUIT MODEL

Fig, 5 shows the new, Dual RLC Circuit Moduie that seems to
best replicate the effects of circuit inductance, plus hand
capacitance, in an electrostatic discharge.

Two paraliel R-L-C paths are provided; one for the body {Cg,
Rs, L), the other for the hand (Cy, RH, LK) Since the im-
pedance from Discharge Tip to ground during the discharge is
generally low — due to the victim EUT’s own capacitance to
free space — the two R-L-C paths functions as almost indepen-
dent current sources. Thus the waves they generate are
superimposed. CH/RH/LH generates either the steep-rise in-
itial spike, or for higher voitages at which corona effects cause
pre-ionization, a large inital step. Cg/Ra/lg then generates
the longer wave that follows, carrying the often less-
damaging energy stored on whole-body capacitance.

Corona effects at higher voltages — above 3 to 6 kV, depen-
ding on discharge tip geometry ~ reduce the sharpness of the
injtial spike or step. This effect most likely accounts for the
fact that many equipments that can pass ESD tests at 10 kV,
say, at which level corona has seriously reduced risetime, will
fail at only 5 kV, due to the steep initial rise of the spike o1
step. At voltages of 15 to 20 kV, faiiures may start again, as
the sheer magnitude of the di/dt, even with heavy corona,
once again becomes high enough to cause equipmen
maifunctons.

R Lg
B DISCHARGE
150 -1500 5-2 P
GHMS pH /
A AR o
05.2
uH Ly
Cg 20-200
= §0-300 OHMS 2 Ry
PF
3-10
P C
“EREE-SPACE”_ || H
GROUND RETURN
/

7

Figure 5.

THE DUAL RLC CIRCUIT MODULE FOR £30D: INCORPORATING
SEPARATE PARALLEL PATHS FOR BODY AND HAND DISCHARGE.

Fig. 6 shows computer-generated current discharge waves fc
the Duat RLC circuit of Fig. 5, both without {6a) and with (6t
simulated arc oscillations. Hand-simulation vaiues are 7.5 p
20080 and 0.1 uH. Body-simuiation values are 100 pfd, 500
and 0.7 uH. Fig. 6b corresponds well with the human-di
charge current of Fig. 2; i.e., the Dual RLC model works.

A A
30 | 30}
20 - 20-
10— 10~
I R I TR T N T
0 4 8 12 ns 0 4 8 12 ns
(&) (b)

Figure 6.

COMPUTER SOLUTION FOR DISCHARGE CURRENT FROM THE DUA
ALC CIRCUIT OF FIG. 5; {a) WITHOUT AND (b) WITH SUPERIMPOSEL
SIMULATED ARC OSCILLATIONS (400 MHz BANDWIDTH).
Ci=75pikd Ru=2000 La=01pH
Ca=100pfd Fs=5002 Lg=17pH
Skv INITIAL CHARGE, VOLTAGE, 5A/DIVISION, 4ns/ DIVISION






Fig. 7 shows a typical current-discharge wave from a practical
ESD simuiator that was designed to reproduce the Dual RLC
model of Fig. 3. It agrees well with both Figs. 2 and 6b,

Figure 7.

ACTUAL DISCHARGE CURRENT FROM A PRACTICAL ESD SIMULATCR
EMBODYING THE DUAL RLC CIRCUIT OF FIG. 5 (STEEP-RISE EDGES
BRIGHTENED FOR READABILITY).

5KV INITIAL CHARGE VOLTAGE, 5A/HALF CM, 2ns/HALF CM.

COMCLUSIONS

1. Any ESD circuit model that doesn't include inductance
can't simulate reality well enough for test purposes.

2. Capacitance of the hand to free space causes a spike at
voltages to 5 kV, and an initial fast edge at higher voltages.
Both are grossly under-estimated by 60 to 100 MHz in-
strumentation, while measured adequately with instru-
rentation of 400 MHz and above.

3. The inevitable 0.25 to 2 pfd capacitance to free space of
the smulator's own network — including ground return — is
the only tie to fast-edge reality that many simulators have;
and it is too small by a factor of perhaps ten. Nevertheless
it probably still causes a large proportion of ESD-simulation
faitures.

Thus any limited effectivity enjoyed by many ESD simula-
tors may be provided by sharp spikes due to the unplanned,
essentially inductance-free capacitance nherent in the
physical dimensions of the model, including its ground
return. {Some energy representing voltage stored on the
whole body capacitance is assuredly necessary. However,
disagreements among standards for R and C values are
possibly as unimportant as they appear; i.e., most stan-
dards seem to work some of the time))
Doubts about the matter can be resoived by testing first
with, and then without, the connection to ground of the
simulator’s ground return. (But leave the ground return
connected at the simulator end! Its capacitance to free
space adds to the waveform.} EUT failures ~ or the fack
thereof — will sometimes be identical for the two cases.
Opening the ground return de-emphasizes the Ca-Ra-la,
body-simulating path in Fig. 5. In the typical simulator, the
Cri-Ru-Ln hand-simulating path will remain, via parasitics;
although the strays that make up Cn are still far too small
to propetly stmulate the human hand and forearm.

4. A parallel RLC/RLC circuit modet {the “Dual RLC" model)
gives excellent general agreement with initial edge and in-
itial spike experimental data.

5. It is quite practical to simulate the Dual RLC model with
physical components, while nevertheless retaining the
convenient two-meter ground return. Data from such
simulators agree welt with both calculations and data from
actual personnel electrostatic discharge. The Dual RLC
modet represents the situation well: Cq  discharges
through a low inductance to give the initial spike
simulating the human hand; Cg discharges through a
higher inductance. to simulate the fonger wave that con-
veys energy stored on the entire body.

6. Simulators not incorporating the CH-Rp-ly hand-spike

simulation path may well not be able to induce faitures at
3to 6 kV in the same way that actual personnel discharges
can do. Thus ESD-testing with such instrumentation may
not represent the reality the equipment under test wiil
face when placed in service.
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APPENDIX

Solution for Parameters of the
Series R-L-C Circuit of Fig. 3

The differential equation that describes Fig. 3 for a short-
circuit load is:

Ri(t)»ﬂ_dé(t)/didrg:—s () dt = V )
For critical damping,

L<R2C/4 (2)
and 1) = (V/L)te-AU2L @)

For overdamping,

L=R2C/4 (4)
and HE) = (V/2LA)te~RI2L (eAT_ - Al) {5)
in which

A = 1/2-/(RIL¥ - 4/1C (6)
~or underdamping

L>RC/4 (N
and ity = (V/LBye~Rt/2Lgin Bt 8
in which o

B = 1/2 v4/LC ~ (R/L)? (9)

Far the critically damped case of equation (3), time of oc-
curence tp of peax current lp, as well as |l itself, may be
found as:

tp = RC/2 = 2L/R (3a)

and ip = (2/e) (V/R) {(3b)
For the same case, di/dt from eguation (3) is

difdt = (V/LYeRU2L (1 — Rj2L) {3c)
which fort = O reduces to;

di = ViL (3d)

dtl _g

Similar solutions for the overdamped case of eguation
(5) yieid:

(R/2L) + A
o= (1/2A)In 2l T
o = (1/24) (RI2L) ~ A (5a)
lp = (VIZLA)e ~Rp/2L (eAlp — g~ Al (5b)
ditdt = (V/2LKye-RU2L (A —~ R/2L)eAl +
(A + R/2L)e~AY (5¢)
Again, di/dt = G reduces to:
di = VL (5d)
dtht=0

Finally, anaiogous solutions for the underdamped case of
gquation (8) give:

to = {1/B)Ytan"t (2LB/R} (Ba)
with Ip =(V/LB)e~Rtr/2L gin Bt (8

difdt = (V/LB)e~-R2L 18 cos Bt ~ (R/2L)sin Bt] (8c)
in which, for the third time, di/dt att =0 is:

di = V/iL (8c)
L
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Comparing Computer Models
to Measured ESD Events®

P. Richman

ABSTRACT .

A new, Dual R-4-C circuit model has been identified to explain
the electrostatic discharge (ESD) waves from a hurnan body with
an intervening metal object.[1] This new circuit madel has been
proposed as a far more realistic replacement for the single R-C
in common use. The new model accounts for the chserved ini-
tial spike, risetime, peak and duration characteristics of the cur-
rent discharge wave. The super-ast initial spike may well be a
major cause of ESD-induced equipment failures. For this reason,
modeling and then simulating the Dual R-L-C circuit can be of
significant help in reducing the incidence of such faifures.

Computer sclutions were derived for discharge current waves
based on the new Dual R-L-C circuit configuration. A library of
such solutions was generated, for a wide range of Circuit param-
eters. They were generally based on reasonable calculations for
the physical parameters involved ~ hand and arm capacitance.
inductance and so on.[1] This library was compared with current
waves measured during actual human-body discharges, and re-
suits matched (o obtain best estimates for alf six circuit-mode/
parameters.

Output waves are examined for an £SD simulator whose design
is based on the Dual R-4-C model. They compare favorably
both with actual human discharges and with the computer
simulations.

INTRODUCTION

It is often difficult to associate a specific equivalent circuit or Cir-
cuit mode! with waves resulting from actual ESD events. For one
thing, neither circuit inductance nor capacitance to free space
are famitiar parameters; and both are crucial in determining the
nature of ESD. in addition, ESD is highly statistical in character.
Discharges under nominally identical circumstances can be
vastly different, since arc characteristics change as a function of
many variables. All of these factors must be taken into account
when modeling specific circuits.

The new, Dual R-L-C model involves six components whose val-
ues must be determined. Computer simulation was therefore
used to develop a library of possible current discharge waves.
Matching these with waves from a given set of actual human-
body discharges yields good estimates for all six circuit values.
The results are in reasonable agreement with the physical quan-
tities involved, namely the electrical parameters both of various
sections of the body, and of potential victim eguipments.

The use of a library of time-domain responses is preferable to
progressively introducing parameter changes to improve a sin-
gle computer response. This is so because even fairly large
changes in network parameters can yield retatively small
changes in the discharge wave, a situation typical of work in the
time domain. As a resuit, it has been found that visually scan-
ning a range of waves with varying parameters is the best way to
select an optimum set of equivalent-circuit component values.

* © 1985, Hectrical Overstress Exposition {EOE); reprinted from the Proceedings of the EOE, Apr. 3-11, 1985, Boston, MA.
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THE DUAL R-L-C MODEL

Fig. 1 shows the new, Dual R-L-C ESD Circuit model[1] The Ca,
Lg, Re path departs from the commonly used singie R-C human
body model in that Ls, a series body inductance, has been
added. This inductance facilitates modeling observed risetime,
peak current, time of peak, and puise current duration from
actual discharges. In addition, the Ci, L, Ri path models the
capacitance, Cn, of the human hand to free space; along with its
associated inductance Lis and resistance Ru.[1] The body (B and
hand (H) paths function as separate current sources.

Fa B DISCHARGE
150 1500 5-2 Tip
OHMS i /
i A s 45 0 2V o)
05-2
wh ¢ by
s 20-200
= 80-3o0 OHMS 2 Ry
PE
310
P c
TFREE-SPACE”__ F H
GROUND —~ RETUAN
7
P
Figure 1.

NEW, DUAL R-L-C ESD
EQUIVALENT CIRCUIT MODEL

Figs. 2 {a}, (bj and (c) show three typical current-discharge waves
from a human body including a hand-held key. The key is repre-
sentative of many possibte hand-asscciated metal obiects in-
cluding a tool, bracelet, ring, or indeed an actual key. (Dis-
charges without metal objects often have the same character,
specifically the initial spike; they are just lower in amplitude )
The initial voltage tevel was 3kV. The oscilioscope bandwidth
was 400 MHz, with a corresponding risetime of 0.9 ns. All three
waves were obtained under ostensibly identical circumstances.
All have spikes with risetmes from <9 ns to ~ 1.5 ns, and
durations of 2 to 4 ns. No simple R-C model can account for
such pertormance, but the Dual R-L-C model can readily do so.

COMPUTER RESULTS
Fig. 3 gives a computer-generated plot for the Ca-lg-Rg body
path in Fig. 1, again for a 5kV initiation fevel. Results are “viewed!
via computer simutation. with a 400 MHz bandwidth. Lg was 0.7

{b)
Figure 2.

TYPICAL £3D DISCHARGES FROM
HUMAN BODY WITH HAND-HELD KEY

{STEEP EDGES BRIGHTENED FOR READABILITY)

SkV INITIAL CHARGE VOLTAGE
2.5A/HALF CM, 2ns/HALF CM

pH.1] Ce and Ra values of 100 pfd and 500 chms were taken
from an EIA dratt Srandard.[2] and also seem to best represent
the bady portion of the typical human ESD event,

30
20

10

Figure 3.
COMPUTER SIMULATION FOR THE
Ca-l.g~Rp PATH OF FIGURE 1

Ca=100 PFD. Ra =500 OHMS (EIA). La=0 7xH

Sk INITIAL CHARGE VOLTAGE
SAFULL DIVISION. 4ns/FULL DIVISION

Figs. 4 (a) through {i) show computer-generated curves for the
Cr-li-Rp hand path in Fig, 1 for a 5kV initation feve! and 400
MHz “observation” bandwidth. Cx ranges from 5 to 10 pf, Ly
from .05 to .2 gH and Ry frem 50 to 400 ohms.

it may not be immediately apparent from fig, 4 that any one of
the hand/forearm discharge waves will combine with the body
discharge wave of Fig. 3 to give results comparable with the
actual discharges of Fg. 2. Each of the hand/forearm waves of
Fig. 4 must first be combined with the body wave of Fig. 3
before reasonable comparisons can be made. It is also helpful
to go even one step further, and simulate superimposed arc
oscillations. Doing s¢ permits still closer comparisons between
computer-generated and actual waves. it also demonstrates
that the phasing of arc oscillations can be a mayor factor in
determining the character of the discharge current waveform,

Figs. 5 {a) through {i), therefore. show the combination of the
body wave of Fig. 3 with each of the hand/forearm waves of
Figs. 4 (a) through (i}, respectively. Several of the resulting combi-
nation waves resemble the real ones ot Fig, 2 closely enough to
confirm that the general approach is valid.




=




Ce=10. Lr=.05. Ra=50

Cu=10 Lw=.1, Ru=200

Figure 4.

COMPUTER-GENERATED CURVES FOR VARIQUS
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COMPUTER-GENERATED CURVES FOR VARIGUS
VALUES OF oo (PFD). L ui) ana R (OFMS)
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Fig. 6 shows the computer simulation incorporating optimized
values for all six circuit components in the Dual R-L-C modei of
Fig. 1. It is simpiy a repetition of the combination wave of Fig. 5
(), with its optimum 7.5 pfdf0.1 xH/200 ohm values.

A
30+
20 -
10
Figure 6,
COMPUTER SIMULATION
FOR COMBINED BODY AND HAND
Cu =100 PFD Ch=75PFD
Ca=07 uH Lm0t g
Re =500 OHMS Ry = 200 OHMS

5kV INITIAL CHARGE VOLTAGE
SAFULL DIVISION, dns/FULL DIVISION

Figs. 7 (a) and (b) show the same computer run as Fig. 5, but with
computersimulated arc oscillations superimposed. The two
waves differ onlv in regard to phasing of the arc oscillations ver-
sus the start of the electrostatic discharge. The wave of Fig. 7 (a)
corresponds reasonably well with the actual discharge wave of
Fig. 2 (a). The wave of Fig. 7 {b) corresponds with the actual dis-
charge waves of Figs. 2 (b) and 2 (c). Evidently arc osciliation
phasing can be a major determinant in perceived wave char-
acter, Different phasings can resuit in a double peak as in Figs. 2
(@ and 7 (a), or a spike as in Figs. 2 (&), 2 (c) and 7 {b).

A A
3G 30+
ZQ: 29:..
10:' 10:..
] L herrd i 1 I S | | ]

0 4 8 12 ns
(a) (b)

Figure 7.
COMPUTER SIMULATION OF FIGURE 8
WITH SUPERIMPOSED ARC OSCHLATIONS
AT DIFFERENT PHASINGS

5kV INITIAL CHARGE VOLTAGE
BAIFULL CM, 4ns/FULL CM

A SIMULATOR USING THE DUAL R{-C MODEL
Figs. 8 {a) and (b} show typical outputs from a Dual R-L-C, ESD
simulator incorporating the same parameters used in the com-
puter-generated wave of Fig. 6. They also correspond, within
the rather wide range of ESD statistical variation, with the
human discharges of Figs. 2 (a), (b} and (c); far better than any
previous £50 simulation waves.

{b)

Figure 8.
TYPICAL QUTPUTS FROM AN ESD
SIMULATOR INCORPORATING THE BODY
AND HAND PARAMETERS OF FIGURE 6

Ca=100 PFD Cu=75PFD
La=0.7 uH L=01 uH
Ra=500 OHMS R =200 OHMS

(STEEP EDGES BRIGHTENED FOR READABILITY)

5kV INITIAL CHARGE VOLTAGE
2.5A/HALF CM, 2ns/HALF CM

CGN]“I LISIOINS

el b T W E

The new Dual R-L-C circuit model for human £5D gives com-
puted results that account for an important, previously unex-
plained phenomenon: the super-fast initial current discharge
spike. This spike is apparently due to capacitance of the hand
and forearm to free space. An ESD simulator was built using the
new circuit, with optimized circuit vaiues. It gives current dis-
charge waves that agree well with hoth human discharge, and
with the computer solutions designed to model it.
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1985; “EMC 19857
{2] E1A (Electronic Industries Association) “Standards Project

PN-1361, Environmental and Safety Considerations for Voice
Telephone Terminais! Draft 5, Nov. 24, 1981.
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ESD Discharge Waveform Measurement,
the First Step in
Human ESD Simulation®

A. Tasker

ABSTRACT
Until uncertainties concerning acceptable measurement tech-
niques are resclved, there can't be real agreement on what con-
stitutes the discharge current waveform of an actual hurman E5D
event. The results of examining two different, commercially-
available current-viewing resistor assemblies, along with two
different commercialiy-avaiiable current transformer assem-
blies, verify their applicability in £5D waveform measurement.

INTRODUCTION

Recent papers[1,2] have reported striking facts about the
human ESD current discharge waveform: less than one nanosec-
ond rise times combined with large {on the order of 100 to
400%) overshoots. This brings to light questions about the mea-
surements, i.e. can some of these phenomena be attributable
to the measurement equipment and/or technigues used?[3] in
order to resolve this issue, various time domain tests were con-
ducted on the measurement instruments involved. The results
of these tests foliow.

THE OSCILOSCOPE

The osciiloscope used was the Tektronix 7834 with EM] option,
and a 7A19 vertical plug-in. The 7A19 has a 50 ohm input imped-
ance. The combination vields an advertised bandwidth of 400
MHz {900 ps rise time). Figure 1 shows the oscilloscope re-
sponse to a one nanosecond rise time pulse from a Tektronix
£(502, 50 ohm pulse generator, implicitly terminated by the
oscilloscope. it depicts a smooth transition with no tendencies
toward underdamped responses (i.e., overshoots).

CURRENT VIEWING ASSEMBLIES
Two different, commercially-available current viewing resistor
(CVR) assemblies along with two different commercially-avail-
able current transformer {CT) assemblies were examined for
time domain response. One CVR was a two-ohm, [EC-specified

Figure 1.
PULSE GENERATOR QUTPUT
0.8 V/IHALF CM, 1 ns/HALF CM

coaxial target designed specifically for £SD measurements. (4]
The second CVR was a 100 milliohm unit, Model 5BNC-5-1,
available from T & M Research, Its advertised bandwidth is 1200
MHz, with a risetime of 300 ps, and it is constructed very differ-
ently from the IEC coaxial target. The current transformers
examined were the modeis CT-1 and CT-2, both manufactured
by Tektronix. Advertised bandwidths and risetimes are 1 GHz
and 350 ps respectively for the CT-1, and 200 MHz and 500 ps
respectively for the CT-2.

The first series of tests used each CVR & CT assembly in turn, to
measure the current in the terminating resistor of a coaxial line

* © 1985, [EEE: reprinted from the Proceedings of the IEEE Intl. Symposium on EMC, Wakefield, MA, August 20-22, 1985.

KeyTeK INSTRUMENT CORP. 280 Fordham Road, Wilmington, MA‘\]gJ}S'iS? » TEL: (508)658-0880 « FAX: (508} B57-4803

A Subsidiarv of Tharmo Yoltek. a Therme Electron Cempany






connected to the PG 302 pulse generator, The CVRs were con-
~ected as shown in Fig. 2, which specifically depicts use of the
~oax targel.

DISTRIBUTED
_ 2¢! RESISTOM
el PULSE TO GROUND
GENERATOR
TERMINATION A
#JLSE A f ' /COAX HALUN
GENERATOR g - o
UNTERNALLY ~—<:! — 1
HACK—LL {\ / i coax Ll SLURE
FERMINATED? L{ !
l !
/
5012 BACK- ™ Grounp
TERMINATION SLANE
i TARGETY
Figure 2.
CONNECTIONS FOR CHECKING THE CURRENT:
VIEWING RESISTORS USING THE PULSE GENERATOR

(COAXIAL TARGET AS EXAMPLE)

The CTs were connected as shown in Fig. 3. The resuits of these
‘tests are shown in Figs. 4 {a). (b, (¢} and (d).

HALUN

™ seops

SGik PULSE
GENERATOR
TERMINATION

-

\7/‘ |

CT-1 oA cf..2
CURRENT
TRANSFORAMER

PULSE
GENERATOR
(INTERNALLY

BACK -
TEAMINATED

Figure 3.
CONNECTIONS FOR CHECKING THE CURRENT
TRANSEQRMERS USING THE PULSE GENERATOR

It can be seen that the response of these devices to a sharp rise
| time pulse is smooth, and that there is a minimum of overshoot
present. Displayed rise time is about as fast as the oscilloscope
can show, i.e. about 1 ns. There are some anomalies along the

{a) E£C COAXIAL TARGET
10 mAIHALF CM,
1 ns/HALF CM

{b} T & M CVR
100 mA/HALF CM,
1 ns/HALF CM

tops of the waveforms, presumably due to line reflections, but
they are quite smail.

Based on the above data it would appear that all four current
transformers are suitabie for applications with risetimes at jeast
as fast as a nanosecond.

ACTUAL ESD EVENTS
The next series of tests involved the measurement of the dis-
charge current of actuai human ESD events, using these same
CVRs and CTs. A diagram of the test setup using a CVR is shown
in Fig. 5, while that for a CT is shown in Fig. o.

GiSTRIBUTED
2t RESISTOR
TO GROUND

BALL COAX

“TARGET" BALUN
; / (OPTIONAL)
65D FROM ™. i —
HUMAN OR N __.._{i{r - i)
SIMULATOR TOAR SCOPE

506 BACK -~
TERMINATION
IN TARGET

N
T~ GROUND
PLANME

Figure 5.
ESD CUBRENT MEASUREMENT USING A CVR
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SIMULATOR 9=

/

CT -3 OR £7.2
CURRENTY
TRANSFURMER

- GROUND

PLANE

Figure 6.
£50 CUBARENT MEASUREMENT USING A CT

All discharges were at the 5 kV stored voltage level, used the
oscilloscope referenced above, and involved use of a hand-held

(c) CT-1 CURRENT
TRANSFORMER
10 mA/HALF CM.
1 ns/HALF CM

{dj CT-2 CURRENT
TRANSFORMER
10 mA/HALF CM,
1 ns/HALF CM

Figure 4.
PULSE RESPONSES OF THE
FOUR CURRENT TRANSDUCERS
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key representing any hand-associated metal object such as 4
ring, bracelet, tool, or an actual key. Fig. 7 shows typical ESD cur-
rent waveforms for each of the four current transducers under
examination.

Fach of these waveforms shows a very fast rise time, in the
neighborhood of one nsec. Probably the actual rise time is even
faster, but the 0.9 ns oscilloscope rise time is the limiting factor
here. Additionally, each shows a current overshoot, or initial
spike, in the neighborhood of 20 to 30 A. The spike falls quickly
to the 8-10 A level, where apparently exponential decay takes
GVEE.

SIMULTANEOUS MEASUREMENTS
Human ESD
in order to further show that a coaxial target and a CT-Z current
transformer can correlate, a series target arrangement with dual
oscilloscope setup was implemented. In this way, resuits are
obtained which show how each responded to the wdentical
human discharge. A diagram of the test setup is shown in Fig. 8.
Discharges were at the 5 kV stored voltage level, used the oscil-
loscope referenced above. and involved the use of a hand-
hedd key,
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J : J COAN 2
/ A AN
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CUARENT 501 BACK -
TRANSFOAMER TERMINATION
N TARGET " GROUND
PLANE
Figure 8.

MEASUREMENTS SIMULTANECUS E8D
LUSING A COAXIAL TARGET AND ACT

Results are shown in Figs. 9 (a) and (b} for the target and the CT-2
respectively. They show that the two measurement devices cor-
relate remarkably well.

(a) IEC COAXIAL TARGET {by T & M CVR {CURRENT

VIEWING RESISTOR)

{a) 1EC COAXIAL TARGET (h) TEKTRONIX CT-2

CURRENT TRANSFORMER

Figure 9.
SIMULTANEOUS HUMAN ESD CURRENT WAVEFORMS
EROM THE {EC COAXIAL TARGET AND THE TEXKTRONIX CT-2

(STEEP EDGES BRIGHTENED FOR READABILITY)

5 Ly INITIAL CHARGE VOLTAGE
5 AfMALF CM, 2 ns/HALF CM

Simulator ESD

In order to further verify correspondence between these two
measurement techniques, the coaxial target and the CT-2, an
ESD simulator of new design was employed in a similar experi-
ment using identical measuring equipment.

This simulator is based on the Dual-RLC™ circuit described else-
where.[2] Results are shown in Figs. 10 {a) and 10 (b), again for
coax target and CT-2 respectively, They also agree.

{a) 1EC COAXIAL TARGET {b) TEXTRONIX CT-2

CURRENT TRANSFORMER

Figure 10.

SIMULTANECQUS TRUE-ESD™ SIMULATOR CURRENT WAVEFORMS
FROM THE IEC COAXIAL TARGET AND THE TEKTRONIX CT-2
(STEEP EDGES BRIGHTENED FOR READABILITY)

5 kY INITIAL CHARGE VOLTAGE
5 AIMALF CM. 2 ns/MALF CM

(c) TEKTRONIX CT-3
CURRENT TRANSFORMER

{d) TEKTRONIX CT-2
CURRENT TRANSFORMER

Figure 7.
CURRENT TRANSDUGER QUTPUTS FOR HUMAN ESD
(STEEP EDGES BRIGHTENED FOR READABILITY)

5 kV INITIAL CHARGE VOLTAGE
5 A/HALF CM, 2 ns/HALF CM
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PRECAUTIONS

Several precautions must be taken with any measurement
involving fast rise times. First, use of a ground plane is manda-
tory. Second, impedances must be kept low. Finally, open ieads
must be kept as short as possible. Fig. 11 {a) shows, for refer-
ence purposes, a normat ESD current waveform as viewed on
the IEC coaxial target. (it is the same as Fig. 7 (a)) Fig. 11 (b)
shows the resuits of adding just a 15 cm (67} piece of open wire
in series with the ESD current discharge path. It can be seen that
the small inductance represented by this relatively short wire is
enough to vastly change the viewed waveform, and indeed to
effectively chliterate the initial spike.

(a) LOW INDUCTANCE.
BASIC IEC SESIGN

(b} MEDIUM INDUCTANCE:
15 CM OR 67 ADBITIONAL
WIRE LENGTH

Figure 11,
COAXIAL TARGET CURRENT WAVEFORMS
FOR HUMAN ESD, WITH (a) LOW
AND (D) MEDIUM INDUCTANCE IN
THE DISCHARGE PATH
(STEEP EDGES BRIGHTENED FOR READABILITY)
5 kV INITIAL CHARGE VOLTAGE
35 AMHALF CM, 2 nsiHALF CM

CONCLUSIONS
it has been verified that properly constructed CVR {current
viewing resistor) and/or CT {current transformer) assemblies can
be used for ESD measurements, in connection with which rise
rimes at least as fast as a nanosecond can be expected.

it can also be concluded that the initial £SD current “spike” or
avershaot is very real. it is part of the human ESD current wave-
form involving a metal object intervening in the discharge path,
and properly-designed £SD simulaters can replicate it.
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SUMMARY

It has recently been recognized that capacitance of the hand
and forearm to free space can cause a potentiaily damaging,
1 to 4 ns initial spike, with < T ns risetime, in ESD current dis-
charge waveforms. £SD simulators can now replicate the spike.
Oscilfoscopes in general use can often barely recognize this
wave characteristic however, due to bandwidth limitations. It is
the purpose of this paper quantitatively to predict what will be
displayed as a result of this £SD spike input, on oscilloscopes
with bandwidths ranging from 60 MHz to 1000 MHz. Also pre-
sented are computer printouts including arc oscillations at dif-
ferent phase angles, showing the large influence both the
oscilflations and their relative phasing have on the character of
the ES[> wave.

INTRODUCTION
Sharp initial spikes in ESD current waves have been reported for
several years.[1,2,3] A recent paper [4] and a related article{5]
have introduced the idea that capacitance of the hand and
forearm to free space — in effect to the walls of the room — is
responsibie for the sharp initial spike preceding the principal

body-capacitance discharge in an ESD event. The spike’s worst-
case manifestation occurs for discharges from a hand with
metal object such as a ool, ring, bracelet or key. For this so-
calted “hand/metal” situation, peak initial spike current for a
5 kV initial charge voltage ranges from 0 to 30A. (The initial
spike also occurs for a hand by itself, without a metal object,
except at lower current levels.)

Concerns regarding the ability of oscitloscopes in common use
to accurately display this initial spike in ESD waves are far from
academic. ESD testing of computers and other complex elec
tronic equipment can often give resuits that are counter-intui
tive. For this reason, successful tests with ESD simulators may
not insure that equipment will survive a real, personnei dis
charge. The initial spike may help explain these problems. /
credible theory has been presented to account for the
spike, {4,5] but the possible limitations of many existing oscilio
scopes must be explored if other investigators are to be able t
duplicate the reported results. {(Measurement techniques fo
capturing the discharge current waves must also be suited t
the purpose.|6])
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HUMAN ESD WITH INTERVENING METAL OBJECTS

Figs. 1 (a) and 1 (b) show two typicai discharges from a hand-
held key, representative of a metal object such as a ring, brace-
jet, tool or indeed a key. The two discharge waves appear 1o
have rather different chazacteristics, although they were made
under essentially the same experimental conditions. Both were
viewed on an oscilloscope of 400 MHz bandwidth, or 0.9 nsec
rise time.

il
e

Filgure 1.
TWO TYPICAL DISCHARGES FROM A
HAND WITH METAL OBJECT

(STEEP EDGES BRIGHTENED FOR READABILITY)

5 kv INITIAL CHARGE VOLTAGE
2.5 AIHALF CM, 2 nsrHALF CM

Fig. 2 shows the new, Dual-RLC™ humarvbody ESD equivalent
circuit. It has been shown, in Refs. [4], 5] and {7} to be capable
of accounting for the initial spike observed in Fig. 1, The spike is
superimposed on the far slower, so-called “double-exponen-
tial” due to total body capacitance, in an electrostatic discharge
current. Cg, Rp and Lg are “whole-body” parameters. Ch, RH
and Ly are parameters due to the hand and forearm. The fact
that hand inductance s very low accounts for the fast risetime
of the initial spike. while the low value of C accounts for the
spike’s short duration.

Differential equations for the circuit of Fig. 2 were solved by
numeric integration on an HP-B5 computer, whose printer pro-
vided the waveform piots that follow. The actual solutions are

smooth curves: granularity in the plots is due to plotter resolu-
tion limitations.
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Figure 2.
NEW, DUAL-RLC™
EQUIVALENT CIRCUIT FOR HUMAN ESD

values for the simulation parameters in Fig. 3 were optimized
for correspondence with actual discharges.{7] They are:

Cp=100 PFD CH=7.5 PFD
Lpg=.7 uH Ly=.17 uH
RE=500 OHMS Ry=200 OHMS

Figs. 3 {a) and 3 {b) show computer solutions for the circuit of
Fig. 2, including simulation of a single-pole, 400 MHz oscillo
scope with 0.9 us rise time, used to view the response.

Superimposed on the same solutions are simulated arc oscilla-
tions, whose principal oscillation frequency is about 1 GHz.
The arc oscillations in Fig. 3 {b) differ from those in Fig. 3 (a)
only in that they are phase shifted by ~144° relative to those in
Fig. 3 (). Thus a relative phase shiftin arc oscillations can signifi-
cantly alter the perceived character of two otherwise identical
ESD waves; Fig. 3 (a) is “rectangular) Fig. 3 {b) is a “spike! The
waves of Figs. 3 (a) and 3 (b) correspond quite well with those
of Figs. 1 (a) and 1 (b), respectively. It consequently appears that
some apparent unrepeatability in the air discharge is due sim-
ply to phasing of arc discharge oscillations, which themseives
only exist on occasion. Their influence on the oscilloscope
display is also a function of the scope’s EMI sensitivity, and its
physical focation versus the ESD arc.
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Figure 3 (a).
COMPUTER SOLUTION FOR THE
DUAL-RLC™ EQUIVALENT
CIRCUIT OF FIGURE 2. INCLUDING
SIMULATED ARC OSCILLATIONS
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Figure 3 (b).

THE SAME COMPUTER SCLUTION AS
ZIGURE 3 (a). EXCEPT WITH SIMULATED ARC
OSCILLATIONS PHASE-SHIFTED
~-144 DEGREES
5 kv INITIAL CHARGE VOLTAGE
5 A/DIVISION; 4 ns/DIVISION






MODELING OSCILLOSCOPE BANDWIDTH

As indicated, the circuit of Fig. 2 was solved on an HP-85 com-
puter using numeric integration. It is assumed that the resulting
current wave from the Discharge Tip flows into a zerodmped-
ance return to ground. (The capacitance to free space of the
discharge point on the victim equipment has been incorpo-
rated into the capacitance, C, representing capacitance of the
hand and forearm.[4,5]) Oscilloscope bandwidth was then
modeled by solving, again by numeric integration, for the re-
sult of passing a voitage proportional to this discharge current
through a low-pass filter with bandwidth equal to that of the
scope being modeled.

Figs. 4 {a} through 4 ) show computer solutions without arg
oscillations for the circuit of Fig. 2. Simuiation has been carried
out for single-pole osciiloscope bandwidths of 4 GHz, 1 GHz,
400 Mz, 100 MHz, 75 MHz and 60 MHz respectively. The
hypothetical 4 GHz represents essentially infinite bandwidth —
its equivalent rise time of (.09 ns is far faster than the discharge
current nise time with a vaiue of 0.1 gH for L. itis thus used to
represent an “ideal” oscilloscope. 1 GHz corresponds with a
Tektronix 7134 with 7A29 vertical amplifier. Rise tme s 0.35 ns.
400 MHz represents the fastest storage scope available: its rise
time is 0.9 ns {Tektronix 7834 with 7A19 or 7A29 ampiifier).
100 MHz and 75 MHz are typical of the “fast” scopes that are
widely avallable, with rise imes of 3.5 and 4.7 ns respectively.

Finally, 60 MHz is not unusual for the high end of modest-
priced instrumentation; rise time is 5.8 ns.

Even the 400 MHz scope has lost about 10% in peak amplitude.
A 100 MHz scope has lost almost 40%, and its display, like those
obtained using scopes with 75 and 60 MHz bandwidths, bears
little relation to the onginal. It is no wonger that the initial cur-
rent spike due to human ESD has received scant attention.

SINGLE VERSUS MULTI-POLE OSCILLOSCOPES

A single-pole representation for oscilloscope bandwidth is nec-
essarily an approximation. It represents the use of a super
wide-band vertical ampiifier in a modest bandwidth, single-
pote mainframe, for example. Thus a vertical ampiifier like the
Tektronix 600 MHz 7A19 or the 1000 MHz 7A29, used with the
100 MHz 7633 mainframe, will give a good approximation to a
single-pole network at 100 MHz, if the 7633 is itself a good
approximation to a single-pole network. Using the 1 GHz 7A29
vertical amplifier with the 400 MHz 7834 mainframe will do not
quite as good a job of simulating a single-pole situation, since
the amplifierto-mainframe bandwidth ratio is only 2.5:T in-
stead of 6:1 with the 7A19/7633 combination: again assuming
that both the 7633 and 7834 mainframes themselves have sin-
gle-pole, norrpeaking responses.

Computer simulations indicate that the results of using ideal-
ized, non-peaking two-pole rolloffs are not significantly differ-
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Figure 4.

COMPUTER SOLUTIONS FOR THE DUAL-RLC™
ESD EQUIVALENT CIBCUIT, WITHOUT ARC OSCILLATIONS, USING
DIFFERENT SINGLE-POLE SIMULATED OSCILLOSCOPE BANDWIDTHS
5 kY INITIAL CHARGE VOLTAGE
5 AIVERTICAL DIVISION; 2 ns/HORIZONTAL DIVISION
NOTE THAT WAVE RISETIME T, IS FASTER THAN THE OSCILLOSCOPE'S OWN,
FOR QSCILLOSCOPES OF DEFICIENT BANDWIOTH
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ent from those obtained with single-pole networks, in peak
measurements of ESD waves. in particular, less than 10% peak
differences occur for typical ESD waves between idealized sin-
gle-poie networks on the one hand, and either of the two fol-
lowing alternatives:

1. Tworpole networks with one pole identical in location to
that of the single-pole reference netwark, with the second
at a point at least 1.5 times higher in frequency; and

2. Two-pole networks with identical pole locations, when the
combination ~3db frequency point equals that of the single-
pole reference network.

DISPLAYED RISE TIME CAN BE FAR FASTER THAN

THAT OF THE OSCILLOSCOPE
The rise time of a pulse as it is displayed on an oscilloscope can
be significantly faster — by a factor of 2 to 5 — than the oscillo-
scope’s own rise time. A 100 MHz scope with a corresponding
rise time from 10 to 90% of 3.5 nsec for example. can easity
show a pulse rise time of less than a nanosecond. This effect
can be used as a diagnostic. It indicates not that the oscillo-
scope is outperforming its specifications, but that it is too slow
to accurately represent fast-rise pulses with the short durations
involved.

Computer simulations were used to obtain responses to mea-
suring short, perfect, rectangular pulses on oscilloscopes of dif-
ferent bandwidths., Bandwidths for which solutions were
obtained are given in Table 1. For reference, corresponding rise
times in nanoseconds are also listed.

Tabie 1

OSCILLOSCOPES USED FOR THE
HECTANGULAR PULSE INVESTIGATION

Figs. 5 (a} through {) show computed responses for three of the
bandwidths in Table 1: the hypothetical 4 CHz “reference”
bandwidth, as well as the very real 400 MHz and 100 MHz
examgles. All three bandwidths are assumed to have single-
pole frequency rolloffs. Results are given for rectangular pulse
durations of 1, 2, 4 and 8 nsec.

The 10-90% rise time Tr associated with each current is given in
Fig. 5 as well. One of the more interesting examples is the
response of a 100 MHz (3.5 nsec) oscilloscope with 2 ns dura-
tion rectangular input pulse, shown in Fig. 5 {f). The displayed
rise time will be only about 1.5 nsec. it would most probably
give the user the mistaken impression that the oscilloscope is
“hot! i.e. has far greater than its specified 100 MHz bandwidth
{or correspondingly, much less than its specified 3.5 ns rise
time). Of course, the wave's significant departure from a rec-
tangular shape shouid be a tipoff; but only if the input is known
a priori to be rectangular! For other input waves, not already
known to be rectangular, displayed shapes would provide no
such hint, as shown in the next section.

Table 2 summarizes rise time data from Fig. 5. It includes data
for osciloscopes with bandwidths of 1000, 75 and 60 MHz as
well as resuits for the 4 GHz, 400 MHz and 100 MHz oscillo-
scopes already simulated in Fig. 5. Information is included in
Tabie 2 for rectangular input pulse widths from 1 to 10 nsec in
1 nsec increments. It shows that as osciloscope bandwidth is
reduced, observed rise time increases asymptotically 1o a fig-
ure equal to about 0.8 times the rectangular puise duration. For
measured rise times to reasonably approximate that of the
oscificscope. input pulse duration must be 1.5 to 2 times nomi-
nal oscilfoscope rise time. (This rule of thumb applies not to
displayed pulse duration. but to input pulse duration. They are
typically not very different, however, for the examples of Fig. 5.)

Bandwidth Nominal Rise Time
{MHz) (nsec) DISPLAYED VERSUS ACTUAL WAVEFORMS FOR REAL
4000 09 HUMAN DISCHARGE AND TRUE-ESD™
1000 35 y o _ :
100 5 As previously indicated, the current spike from the capacitance
100 35 of the hand and forearm to free space can be modeled by
75 4.7 assuming a 7.5 pfd capacitance, discharging through an induc-
60 58
Table 2
APPARENT RISE TIMES, ON QOSCILLOSCOPES COF DIFFERENT BANDWIDTHS,
AS A FUNCTION OF RECTANGULAR PULSE WIDTH
Width of Calcuiated 10-90% Rise Time in ns for Bandwidth of:
Rectangular 4000 MHz 1000 MHz 400 MMz 100 MHz 75 MHz 60 Mtz
Pulse {nsec) (T, = .08 ns) (Ty = .35 ns) (T = .9 ns) (T, = 3.5 ns) (T, = 4.7 ns) (T, = 5.8 ns)
1 .08 34 66 78 78 .8G
2 08 34 83 1.5 16 1.6
3 08 34 .85 2.2 23 2.3
4 G8 34 .86 2.6 29 3.0
5 .08 34 .B6 3.0 34 3.8
& .08 34 .86 3.2 3.8 4.1
7 08 34 .86 33 4.1 45
B 08 34 .86 3.4 43 4.9
g .08 .34 8% 35 4.4 51
10 08 34 .86 3.5 4.5 53
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tance of 0.7 uH and a resistance of 200 ohms. The spike gener-
ated in this way, aiong with the main body discharge wave, was
shown in Figs. 4 (a) through {f) for oscilloscopes of different
bandwidths. Calculated risetimes for these waves, shown in the
curves in Fig. 4, are summarized in Table 3.

As shown in Figs. 4 (a) through (f), the super-fast rise times as
summarized in Table 3 will be the anly clues to deficient band-
widths. Unlike the rectangular waves of Fig. 5, the real FSD
waves of Fig. 4 don't automatically reveai the character of their
source. Put another way, the wave of Fig. 4 (d), for exampie,
could be the actual observed ESD wave,  its rise time weren't
less than half that of the oscilloscope on which it is being
observed!

Table 3

RISE TIMES OF THE COMPUTED E3D WAVES OF FIGURES 4 (a)
THROUGH 4 (), SHOWING THE £FFECT OF DEFICIENT
OSCILLOSCOPE BANDWIDTHS

Scope Rise Time of
Bandwidth Rise Time  Displayed Wave
Fig. 4 {MHz) {nsec) {nsec)
(a) 4000 09 N
(D} 1000 35 7
() 400 8 9
{d} 100 35 1.5
(e) 75 4.7 1.7
(0 60 58 19

SIMULTANEOUS DISPLAYS OF THE SAME ESD
EVENT ON TWO OSCHILOSCOPES
Comparisons were made between ESD current waves ob-
served on pairs of oscilloscopes of different bandwidths. These
comparisons were carried out both for human ESD and for ESD
events from a simulator of new design, termed a TRUE-ESD™
simulator.

To simultaneously view the wave from the same discharge on
two oscilloscopes, the technique used was the same as that de-
scribed by Tasker in reference [6]. It employs a slightly modified
IEC coaxial target [8] with the discharge to a ball separated
from the target plate by the thickness required to interpose a
500 ps rise time Tektronix CT-2 current transformer — about
6 mm or .25 inch. In addition, the target was mounted on an
extended ground piane. This test setup is shown in Fig. 6.

Comparisons were made first for some typical discharges from
human hands with associated metal objects. These are termed
“hand/metal” situations, representing the discharge from a
human hand via a ring, bracelet, tool or key. Comparisons were
then afso made for some typical discharges from so-called
TRUE-ESD™ simuiators, designed in accordance with the Dual-
RLC™ equivalent circuit of Fig. 2. {(These discharges quite accu-
rately replicate human hand/metal ESD events.)

All of the work was done at about 40% relative humidity, and
with medium approach speeds. Different waves can of course
result from successive air discharges made under what are
seemingly the same conditions. Waves selected for presenta-
tion in Fig. 7 do. however, represent the majority of those
observed. To allow comparison and to stay below the corona-
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TEST SETUP FOR MEASURING THE
SAME ESD EVENT SIMULTANEQUSLY ON
TWO OSCILLOSCOPES (SEE REFERENGE 6)

inception voltage above which rise times become slower, ali
data were taken for an initial charge voltage of 5 kV, and identi-
cal noise-control techniques were used for ali experiments,
independent of oscilloscope bandwidth.

Differences are displayed for two different oscilloscopes, in
two of the three cases with different bandwidths, in the left-
hand pairs of waveforms in Fig. 7 for human (hand/metal} dis-
charges (Figs. 7 {a) and (b}, {e) and {f), (i} and (j} ). Differences are
displayed for two different oscilloscopes, again in two of the
three cases with different bandwidths, in the right-hand pairs of
waveforms in Fig. 7 for discharges from the new, so-called
TRUE-ESD™ simulator {Figs. 7 (¢} and {d), {g) and (h), (k) and {1} }.
The TRUE-ESD™ simulator design was based on references 4, 5
and 7.

Figs. 7 (a) and (b} show results of IEC coax target and Tektronix
(T-2 outputs for the same ESD event, viewed on oscilloscopes
of nominally identical 400 MHz bandwidths, for reference pur-
poses. Both oscitloscopes were Tektronix 7834's with EMi
options and 7A1% vertical amptifiers. Data were for the same
human {(hand/metal) discharge. Figs. 7 (¢} and (d) show a similar
comparison pair, using the same two oscilloscopes for a dis-
charge from a TRUE-ESD™ simuiator. Again, data in Figs. 7 {c)
and (d) were for the same discharge.

No significant differences were apparent between the two 400
MHz oscilloscopes in extensive interchange testing. These
photographs. as well as all others in Fig. 7, were taken at
5Aismall division and 5 nsec/smail division.

Fg. 7 {e} and {f} show the difference between displays of the
same hand/metal discharge, again viewed simuitaneously on
two different oscilloscopes, Bandwidths for this pair, however,
were 400 MHz and 100 MHz for Fig. 7 (e) and Fig. 7 {f) respec-
tively, (The 400 MHz osciloscope was a Tektronix 7834 with
EMI option and 7A19 vertical amplifier. The 100 MHz oscillo-
scope was a Tektronix 7633 with EM! option and 7A19 vertical
amplifier) Figs. 7 (g} and (h} show an analogous comparison for
another ESD event, for a TRUE-ESD™ simulator discharge; 7 {g)
is the 400 MHz display and 7 (h) is the 100 MHz oscilloscope
display.
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Figs. 7 (i) and (j} show a 400 MHz — 75 MHz compariscn; the
same hand/metal discharge is viewed on the two instruments,
The 400 MHz osciiloscope is the same as for previous figures;
the 75 MHz oscilloscope is a Tektronix 7633 with EMI option
and 7A18N vertical amplifier. Finally, fig. 7 (k} and 7 () show a
second 400 MHz -75 MHz comparison; the same TRUE-ESD™

simulator discharge is viewed on the two instruments.

Results for the various oscilloscopes agree quite well with the
computer simulations of fig. 4 (¢), {d) and (e). Evidentiy both
100 MHz and 75 MHz osciiloscopes are untrustworthy for
critical ESD work.
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CONCLUSIONS

When the rise time of an oscilloscope’s vertical amplifier is on
the same order as — or longer than — the duration of a pulse to
be observed, then the pulse’s observed amplitude will be sig-
nificantly lower than its actual peak value, This effect may well
have been responsible for the fact that the sharp initial spike in
an ESD discharge has been largely overlooked.[8-12] The cur-
rent spike’s duration is 1 to 4 nsec: the 75 to 100 MHz oscillo-
scopes in widespread use have rise times of 4.7 to 3.5 nsec.
Consequently they only show 50 to 60% of the current spike's
actual peak. Data presented elsewhere indicate that the initial
£SD current spike can in fact have a rise time at least as fast as
350 ps,[1] and quite possibly faster,

Perhaps even more startling is the fact that the observed rise-
time of a pulse whose duration is comparable with or shorter
than the oscilloscope rise time, can be significantly - 2 to 5
times — faster than the osciloscope’'s own rise time, This
counter-intuttive result may be used as a diagnostic. When it
occurs, it usually implies not that the oscilloscope out-performs
its specifications, but that the displayed rise time is sull far
fower than the actual one, and that the displayed peak current
is probably far lower than the actual value. A faster oscillo-
scope is, consequently, clearly needed,

In the fast analysis, one of the most damaging features of a real
ESD event, or the output from a TRUE-ESD™ simulator that rep-
licates it, is probably the rise time, in amperes per nanosecond,
of the initial spike. This rise time and the number of amperes
for which it lasts can be accurately measured only with instru-
mentation of 400 MHz and higher bandwidth.
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ABSTRACT
With the ever-increasing sensitivity of modern electronic
equipment, ESD has become a major concern for every man-
ufacturer of electronic equipment. in order to market an elec-
tronic product successfully, a manufacturer must be able to
quantify his product’s ESD sensitivity, and if necessary take
steps to reduce it.

In order to test circuits and equipment for the effects of FSD,
itisfirst necessary to establish standard test waves which accu-
rately duplicate the human ESD event. Next, test methods
must be developed to determine whether the circuit or equip-
ment is adequately protected and, if not, to provide the test
engineer with diagnostic information to assist hirm in decreas-
ing its £50 susceptibility.

Although some standards do exist for equipment ESD testing,
they appear to be quite different from one ancther in terms of
test criteria. Significant uncertainty and confusion resuit from
the fact that no established ESD test methods exist on an
industry-wide basis.

INTRODUCTION
Recent work has resuited in the development of methods for
accurately characterizing and measuring the human ESD
event.[1,2] Consequently it has become apparent that ESD
test methods commonily used in industry today must be
re-evaluated in light of the new data. New circuits to accu-
rately model the human ESD event are described, and corre-
sponding test methods are discussed. These include use of
improved simulations for the human body in an ESD dis-
charge, eiectric and magnetic field tests, and ground planes.
Emphasis is placed on practical application of the new work
to help obtain better correspondence between test results and

real-worid ESD exposure. The object is to provide the means
for obtaining meaningful and consistent ESD susceptibility
tests, leading to more reliable electronic products in the
marketplace.

TEST CIRCUITS AND STANDARDS

Measurements

in light of the very fast {less than one nanosecond) risetimes
reportedly associated with human ESD, [1,2] and the fact that
these are singie-shot events, it has proven difficuit to establishk
generally acceptable measurement technigues for ESD from
both humans and simutators. However, the Tektronix CT-1 anc
CT-2 current transformers, as well as a commercial current
viewing resistor and a coaxial resistor target specified by the
IEC,[3] were recently evaluated and found to be suitable fo
observing the current pulse generated by an ESD event.[4]

Typical ESD Standards

A number of industry standards exist that specify simple R-C
networks to simulate ESD from a human body. A summan
appears in Table 1. Capacitance values range from 60 to 30(
pf, and resistances from 150 ohms to 10K,

In addition, many individual manufacturers have establishec
in-house specifications, calling for simple R-C networks tc
simulate human ESD. Network values again differ widely from
one another: capacitance values range from about 100 pf tc
several hundred pf, and resistances typically from 150 to 150(
ohms.

It is important to note here that circuit inductance L, surpris
ingly ignored by all these standards, is the dominant facto
which limits discharge current rise time, and therefore the
high frequency content of the impulse.[1]. At time t=0, the

* © 1986, Electrical Overstress Expusition (EOE); reprinted from the Proceedings of the EOE, Jan. 21-23, 1986, Anaheim, CA.
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Table 1

STANDARDS THAT SPECIFY SIMPLE R-C NETWORKS
TO SIMULATE ESD FROM A MUMAN BODY

Standard Intended
Organization* Number Application Ciph R{ohms)
[ECH] 801-2 Process Control 150 150
was 65 (Secr} 8¢
NEMAISI Part DC33 Residential Flectromic 100 1500
{Draft) Controls
MILISI 3T 883C Microelectronic 100 1500
Devices
EiAl7) PN 1381 Voice Telephone 80 10000
(Draft) Terminais 100 500
SAEl8 J1211 Vehicle Electronics 300 5000
yLel 1023 Househoid Burglar 250 1500
Alarms
ECMADY TR/23 Computers 150 1000

di/dt is equal to V/L** and is therefore the same, with given
load conditions, for ali the simple R-C networks described so
far. if the inductance can be reduced, a faster current rise
time, more in line with observed human ESD, wiil resuit,

The current wave produced by a typical simulator using a so
called single R-C netwaork as described above is shown in Fig.
1. The discharge was done from a 5 kV initial charge voltage.
It is clear that the wave produced is more complex than the

expected double exponential, and that further study is
required.

HUMAN ESD
ESD from a hand with an associated metal object, represent-
ing a ring, braceiet, tool or indeed a key, has become a de-
facto standard. Three typical ESD current waves from a
human holding a key are shown in Fig. 2. The initial charge

Figure 2,

THREE ESD WAVES FROM A HAND-HELD KEY.
ALL WERE AT 5kv AND UNDER
“IDENTICAL" CONDITIONS
STEEP EDGES BRIGHTENED FOR READABILITY
5 KV INITIAL CHARGE VOUTAGE
25 A/MALF CM, 2 ns/HALF CM

voltage was again 5 kV to facilitate comparison with the waves

___i 14_ 20 s _}‘ i*‘; ns of Fig. 1. It should also be noted that discharges in the 3 to
6 kV range, at relative humidities from about 10 to 35%, typi-

Figure 1. cally have the sharp initial spikes. At higher voltages corona

DISCHARGE FROM A TYPICAL often eliminates them. Thisisthe reason that low to intermedi-

(EC) ESD SIMULATOR ate voltage ESD can often cause failures when higher voitage

5 w%g’g&ﬁ:gé‘é%ﬁ@mﬁ ESD may not. In addition, ESD events are inherently statisti-

RATE OF RISE ~5A/ns, WITH A VERTICAL cal. Consequently, steep initial spikes have occasionally been
TRAVERSE OF ABOUT 10A AT THAT RATE observed at higher voltages, and discharges between 3 and

* IEC = International Electrotechnical Commission, NEMA = National Electrical Manufacturers Association, MIL = Military Standard,
EIA = Electronic Industries Association, SAE = Society of Automotive Engineers, UL = Underwriters Lahoratories,
ECMA = furopean Computer Manufacturers Association
** dildt is rate of change of discharge current with respect to time.
Vis initial or stored voltage; L is total circuit inductance.
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6 kV have been observed without the inital spike; however
typical 3 to 6 kV discharges are as described above.

The photographs in Fig. 2 are the result of charging a person
standing on a rubber mat and then observing the current
discharge using an IEC-defined coaxial resistive target.{3,4} It
is apparentthat the very narrow current spike at the beginning
of the wave cannot be attributed to the conventional, singie
R-C model commoniy specified to simuiate human ESD (Table
1). Instead, the more complex Dual-RLC™ circuit of Fig. 3
was found to accurately simulate human ESD discharge
currents.[1,11]

The Dual-RLC™ circuit is based on the discovery that the
real-world discharges of Fig. 2 result from two separate R-L-C
circuits. One represents the body (Rp, Lg, Csin Fig. 3; Lg, Cg
in Fig. 4). The other represents the far lower inductance hand
and forearm capacitance to free space (Ru, Lrt, Cre in Fig. 3;
Lr, CHin Fig. 4). ltis the hand/forearm R-L-C path that gener-
ates the sharp initial spike that seems to cause such upset and
damage due to ESD.

Fig. 5 shows a series of computer simulations of the current
wave delivered by the circuit shown in Fig. 3. Comparison of
the computer-generated waveforms with the actual human
ESD current waves in Fig. 2 show good correlation for body

L
Pa 2 DISCHARGE
561500 5-2 TP
OHMS #H /
A IYYTY O
05-2
uH Ly
) 20-200
= §0-300 OHMS 2 Ry
PF
3-10
c
“FREE-SPACE"_ "' H
GROUND RETURN
pd
Figure 3.

THE DUAL-RLC™ MODEL FOR ESD
FROPERLY SIMULATES THE INITIAL SPIKE

Ly = INDUCTANCE TO REACH
Ly HAND / FOREARM
CAPACITANCE Cy
[P e L
Mo~ T uM
iy }j’c" Cy 75 TO 15 pf
Cqy
Lg = INDUCTANCE TO REAGCH
BODY CAPACITANCE Cg
La ~ T ﬁ.H
T777 77777777777 Cp 50 TO 150pf
Figure 4.
REALWORLD HUMAN-BCDY ESC MCDEL
WITH RESISTANCES OMITTED
FOR SIMPLICITY

values of 500 ohms, .7 yH and 100 pf, and hand/forear
values of 200 chms, .1 uH and 7.5 pf {i.e., the center wave
Fig. 5) [11].

Fig. 6 shows the output of a new, so called True-ESD
simulator designed using these optimum parameters in tl
circuit of Fig. 3.[4] Good correiation exists between the actu
human ESD event, for which waves are shown in Fig, 2, ar
the True-ESD™ simulator waves of Fig. 6. In Fig. 6 the san
discharge was viewed simultaneously on two, 400 MHz osc
loscopes, using the output from an {EC coaxial target to on
and the output from a Tektronix CT-2 current transformer
the other. Correspondence between the two measuring tec
niques was also thereby demonstrated.

!
C=5 || i
| — EE—— M~
[ — S —
]
C=75 =\ f
i I‘l',‘ g\‘g“__ﬂ F\\A
1! i | D —
C=10 ;& i
H!\“"‘“‘“ A N
, f = ] e i A
L=05 R=50 L=.1 R=200C L=.2 R=400
Figure 5.
COMPUTER SIMULATIONS FOR THE DUAL-BLC™
EQUIVALENT ESD CIRCUIT

BODY PARAMETERS: 500 OHMS, .7 uM, 100 PF

HAND/FOREARM PARAMETERS: SHOWN IN FIGURE;
UNITS IN PF, pH, OHMS

Note that oscilloscope bandwidth isa crucial factorin obse
ing the initial discharge spike, and it has often been ow
looked in previous work. When using a 100 MHz scope, t
measured ESD peak current value is reduced by alme

(a) 400 MHz SCOPE

{b) 400 MHz SCOPE
IEC COAXIAL TARGET

TEKTRONIX CT2

Figure 8,

SIMULTANEOUS TRUE-ESD™ SIMULATOR CURRENT -
WAVEFORMS FROM THE IEC COAXIAL TARGET
AND THE TEKTRONIX CT2 CURRENT TRANSFORMER
STEEP EDGES BRIGHTENED FOR READABILITY
5 kv INITIAL CHARGE VOLTAGE
5 A/JHALF CM, 2 ns/HALF CM
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50%.[12] Fig. 7 shows this effect, for a 400 MHz versus a 100
MHz oscilioscope.

Itis important to note the difference between actual human
ESD current and that generated by a typical R-C network
(whose implicit, often significant circuit inductance makes it,
in effect, an R-L-C circuit). First of all, the initial peak current
spike, due to the hand/forearm capacitance to free space, can
be more than twice the peak current produced by ignoring
the hand/forearm capacitance. Second, the rise time of the
initia current spike is typically a nanosecond or less, produc-
ingenergy into the 1GHz region; as opposed to the typical R-C
network simulator’s risetime of five to ten nanoseconds
which results from the inevitable series inductance in any
practical 5D discharge circuit.

TEST METHODS
in the process of performing ESD testing, the question of dis-
charge path, determined by both the pointof discharge on the
EUT and the ground return lead from the simulator, is often an
issue,

Actual Human ESD Discharge Path

When a human being is charged by the triboelectric (friction}
effect, the charge on his/her body is with respect to the sur-
rounding masses — typically the walls, floor and ceiling of the
room (Fig. 8). This charge cannot be equalized unless the
return path is back to this ““free space,” or in effect to the aver-
age potential of the room {Fig. 9).

{8) 400 MHz SCOPE
IEC COAXIAL TARGET

{b} 100 MHz SCCPE
TEKTRONIX CT-2

Figure 7.

CUARENT WAVES DUE TO £SD, VIEWED
SIMULTANEOUSLY ON TWO DIFFERENT
OSCILLOSCOPES FOR HUMAN
("HAND/METAL") DISCHARGE

STEEP EDGES BRIGHTENED FOR READABILITY

5 KV INITIAL CHARGE VOLTAGE
5 AIHALF CM, 5 ns/HALF CM

In the case of a person discharging to a tefephone, computer
ot other eiectronic equipment, the primary high-frequency
discharge return path is undoubtedly via capacitance
between the person and the surrounding masses, in series
with capacitance between the discharge object and the same
surrounding masses.

ESD Discharge Path
When using an ESD simulator, the current return path must be
back to the low, or ground, side of the simulatar. To accom-

plish this, several recommendations have been proposed:

1. Connect the simulator return to the third wire (green
ground) on the ac power cord of the EUT (Equipment
Under Test).

2. Connect the simulator return to any convenient metal on
the EUT.

3. Connect the simulator return to a ground plane {either
insulated from or connected to the EUT) below the EUT,

It is clear that none of these actually duplicate the path that
exists from actual human ESD. It is also apparent that resuits
obtained using the above methods can differ significantly.

For example, if the simulator return is wired to the third wire
ground on the ac power line (alternative 1), the resuit may be
a slow ESD current rise time since the return path has signifi-
cant inductance. On the other hand, connecting the simula-
tor return to chassis metal {alternative 2} or to a ground plane
(alternative 3}, can resuitin a farfaster and higher ESD current.
This is due to the inherently low inductance of both chassis
metal and the ground plane; but it will happen if (and only if)
the simulator return can be quite short.

A True-ESD™ simulator, however, does indeed work on the.
same basis as real human discharge: the hand/forearm por-
tion of the simulator actually returns it's part of the discharge

Figure 8,
THE CHARGE ON A HUMAN IS WiTH RESPECT
TO THE SURROUNDING MASSES

Figure 9,

70 EQUALIZE CHARGE, THE RETURN PATH MUST
BE 7O THE SURROUNDING MASSES
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to free space, producing the high initial current spike pre-
viously described.

One thing is certain: correlation with the actual ESD threat is
uniikely unless standards for simulation specify realistic test
methods that do in fact duplicate reai human ESD.

Fields

inadditionto the current impulse generated by an ESD event,
itis important to consider the effects that fieids present both
before and during a discharge.

After a person is charged 1o a significant voltage, a static elec-
tricfield exists near that person — he orshe is at a static voltage
different from that of the surrounding masses, including the
victim equipment, the wails, etc. Asthe person moves, so does
the field. If the field lines happen to move through a metal
object or an electronic circuit, a current can be induced in
that object or circuit. In the case of a high-impedance elec-
tronic circuit, typical of modern logic forms like CMOS, upset
of circuit operation can occur.

in addition, when a discharge occurs from a charged person,
two things happen:
1. The electric field collapses rapidly and is radiated (Fig. 10).

2. A magnetic field is produced and is radiated as a result of
the current flow {Fig. 11).

Figure 10.

ESD CAUSES THE E-FIELD SURROUNDING THE
BODY TO COLLAPSE RAPIDLY, RADIATING RF

Figure 11.

CURRENT FLOW DURING AN ESD GENERATES
A CORRESPONDING MAGNETIC FIELD

The radiated eiectric and magnetic fields may be sufficient t
cause upset in electronic circuits severai meters from th
point of discharge, even within a metal box if it has siots o
apertures. There is evidence that these fields contain signif
cantenergy to wellabove 1 GHz.[13] Also, since the discharg
current may flow unevenly in a crack or other micro defect i
the case or cabinet that houses the victim EUT, fields can b
radiated (by such defects) inside a seemingly-shielded metz
box.

RECOMMENDATIONS

The simple R-C networks used for ESD simuiation by mant
facturers today, have been successful in identifying many ESI
susceptibility problems. However, major discrepancies be
tween test waves and real-world ESD waves make it only log
cal that the next step be taken, which is to more accurate}
simulate the initial current spike typicaily seen during rez
human ESD. This implies deveiopment of both test circuit
and test methods, to duplicate the very low-inductanc
ground return paths associated with the capacitances of hotl
person and victim equipment to free space.

In addition, specific tests and technigues must be develope
and specified to simulate the electric and magnetic field
resulting from ESD — particularly those with the wide band
widths implied by the same Jow-inductance discharge path
that cause the steep-rise current waves,
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