T 7

= FiEamDFERNEICXNT S
/A RXTMHEREREZICB ITAMERRE

T DFFEREMT

Discharge Phenomena and Their Characteristic Aaslys
Electromagnetic Noise Immunity Testing for Elecimn
Equipment by Electrostatic Discharges

AH KE

T
e, X\ 1

BE RFERFEHLE W L2 9e
T+ (T5) O 5w 3L

20164 3 H






= Elardy

== A

ABODPFEIREICH TS

JAXTHERBREICBITAMERRE

T DFFEREMT

Discharge Phenomena and Their Characteristic Aaslys
Electromagnetic Noise Immunity Testing for Elecimn
Equipment by Electrostatic Discharges

EirmXEEZER

FE B BE B

Z8 BR %8 #E

Z8 A fx7

8 BERE & #HE

FE8 AL B HEIR—Tv—







EEHERT A&
AH RE
20164 3 A






Discharge Phenomena and Their Characteristic Aaslys
Electromagnetic Noise Immunity Testing for Elecimn
Equipment by Electrostatic Discharges

Takeshi Ishida

ABSTRACT

The electrostatic discharge (ESD) test from a charged human for electronic
equipment is specified in International Electrotechnical Committee TEC) IEC
61000-4-2 standard. This standard assumes the ESD phenomenon for table
top or floor standing equipment from a charged human through a hand-held
metal object. An actual ESD phenomenon from a charged human accompanies
a spark in an air gap (air discharge), however, it is well known that the air
discharge is an unstable phenomenon affected by temperature-humidity
conditions, the approach speed of the metal object or electrode, the shape of
the electrode and the surface condition. Therefore the international standard
specified a contact discharge method using an internal relay switch in an ESD
generator to connect the electrode and equipment. The contact discharge
method has reasonable advantages and good test repeatability as well,
however, this method differs from an actual ESD phenomenon.

This paper deals with ESD phenomena for an electronics device from a
charged human, and its purpose is to clarify the differences in the phenomena
between a contact discharge of the standard and an actual air discharge by
experiment. The goal is to find an issue of ESD immunity testing.

First, the electromagnetic (EM) noises radiated from an ESD generator are
analyzed in conjunction with their generation timing and noise amplitudes in
air discharge and contact discharge mods, and an EM-noise generating model
is developed. As a result, the ESD test method of the standard has possibly
provided more severe or relaxant test results than actual ESD phenomena
from a charged human. This is because the air discharge current from a
charged human increases with charged voltages, however the air discharge
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current 1s suppressed by an spark resistance at higher charge voltages. This
phenomenon is different from that of the contact discharge with its
characteristics proportionate to charge voltages. In addition, a new control
sequence is proposed for reducing the EM noises from an ESD generator, and

it ensures the effectiveness by measurement.

Second, a peculiar phenomenon occurs when conducting the contact discharge
test method of the standard under the presence of a small gap caused by miss
contacts or equipment conditions. It enhances the peak current twofold and
also makes the rise time five times faster in comparison with normal contact
discharge currents. This phenomenon is investigated with two parameters of
applied voltages from 2 kV to 8 kV and small gap distances from 30 pm to 1
000 pm. Results clarify the phenomena consisting of complex structures.
Furthermore, a circuit model is proposed to explain these phenomena, and
then to analyze the enhanced discharge current structures based on a spark

resistance formula.

Finally, since the international standard assumed the ESD phenomenon
through only a hand-held metal object from a charged human, it cannot cover
the ESD phenomenon for wearable electronic devices. From the point of view,
measurements of the discharge currents from the metal electrode attached to
head, arm, waist and hand instead of a wearable device are conducted.
Results show that the peak discharge currents are a few times higher and the
waveform energy is five times larger in comparison with the standard contact
discharge current. Note that the decay time constants of discharge currents
from the head, the arm and the waist are one-fourth of those from the hand
and the standard discharge currents. This finding suggests that the
international standard energy storage capacitance of 150 pF and discharge
resistance of 330 Q cannot be applicable to wearable devices. The storage
capacitance and discharge resistance are investigated from the waveform
energy and its time constant, to reveal that the largest storage capacitance is
around the waist, and discharge resistance from the head, arm and waist are
one-third of those from the hand and the standard discharge current. In
addition, these values are validated from human impedance measurement by
the reflection coefficient or S11 of scattering-parameters.
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The following results are obtained from the study:

- EM noises with unnecessary and different characteristics are generated in
the standard ESD testing, therefore, electronic equipment is exposed to
EM noises different from actual air discharge EM noises.

- The contact discharge method of the standard causes an overstress ESD
phenomenon by miss operation or equipment conditions, which consists of
complex structures.

- ESD testing for wearable devices is not covered with the current standard
ESD testing.

This study suggests that an ESD testing phenomenon of the international

standard is different or deficient from an actual ESD phenomenon. These
issues will be proposed for ESD immunity testing of an electronic device.
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F2E
B~ D ESD IR & ESD M 14EE&

2.1 ILBHIC

AT, Rim CIZBE 3 5 2y 22 E /i 24 (EMC: Electromagnetic
compatibility) | Fﬁ#é*ﬁizu, —) 7 ESDHLG L CREIBERLES T ESDRARIZ D
WTOBRENFIZOWTIHT 5,

2.2 EFIHERL ENC

EMC i%, Electromagnetic Compatibilityoli% T Compatibility D= rEIx, T3/E L
N &y, THSiPE), TEGE) THY, %zfﬁﬁm_ﬁﬁif$wfﬁbk
FAmNE] LAY, BAETIHE, A< ERN - BRI A XE2W 5 R, B
By skeE LTEDN, TREEHE LY HEINRTWD[1)[2, 22T
[FEMGEREE) &1L, TR OFET 22/ O 2 & T, DEIZZOMELHN T
ol

BAMCER IR NAIUE, F ORI L, BN HIVLZERMIC
NAETL D, [RIREZ, BEEICHER STV A EIRBROEL - Bt ’BT@J%E#Z T
%ﬁ%~9(&mé&(hﬁm AT HREEIL) 25252005,
WRMEEICFHE S, 2o IciErs 525, £, BRBROEL - &t
OEENIEIRENEIC R L 52 D AlREENH 5, I 51, R K7 ORTI
fibiviz & Xz e U v L BFFERS, £ OKER mméma EEA R AN E M/
A X ThDH, FrBAETHZEMICIE, HEREDO X > ARG ERE T 58
R, B~k 572 ESDIZ & %@ﬁ&UAI/xTAb%$¢5AI$Mﬁ
DAFAET B, O XD BRI T H2EM %2 [BHEERE] LA TNS[2],
7%, |ECTIE, THEMIEREL) # Th 222G d 2BHMHHGEOT T LEE
LTWA[2l, 22T, [H2%Ar ik, WeEsOGAET 2HErT, (E%F, ML,
T8, b, B, EEEREOXLIRBIHOZ ETHD,

P ED Loz, ¥ XTOER - & T, %@W%f%%%%&ofméu
L.ﬁ¢@%_%%m,alﬁé(ﬁﬁ@h%,m%ﬁ)Elbﬁm(%“

1 &9 B PERE - BEAE & IXBIMR O 7 W AR /e 2 FLF —Z T 5) J%b%ﬁz
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Wi BB A XN L Tns

PLElZa Rz 2 b, [HEEEREEIC iéﬁiﬁj i, fHx DOANT AT A
P EZ 52 DBV F— (B A X) 2T 52670, Rk
\CREMERIE N ODEMEELZ T 52 b7, AREOKS - VAT LOHE
THOWREEZ T ICRETELZ E, Thbb (8 A Xz, [Eg/
A XD 2T W) Zo0FEE M SERITUTR6720nE 2 A
DHAEENTEREER] OZ Lxn->T5 (Fig. 2-12H),

723, EMI (Electromagnetic Interferencefifis 1) 1%, g/ A X & H3MlO
ST, HATERK JIS: Japanese industrial standardsi® EMI % [ & RER# % |
EFRL, IEC ERIUL TEMIFFEIZL > Tl Xz s a3, BEF v 3L
XV AT AOMREINT) [2] & EFRSALTVDN, ERIZIBWTIE, EMI Z 8B
J A RXERBTHY, EMI XK E1X, EBEE A AOBEMTZNEMZ D2 LT
B, EMIIE &1L, BRSOV AT LANLOEH ) A XA eWETHZ L& LTH
52l —F, EE S A XAOEELZ T\, bbb, B/ A XITRT B
A 2=7 4 (Immunity), ERE/ A 2R3 285 (Z0043) 2087
7 4 B U J ¢ (EMS: Electromagnetic Susceptibility& I¥ Abe\Zo

FEBWE ) A X BT 5, B EOBELE®O X OIZ, AT 2
2 4 X (Conductive Emission/ Noigel 7=l - nfk 3 2 mafg 2 22 9 U/
1 X (Radiated Emission/ Noise?¥ & %,
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F25F EFHEB[ADESD IRFEE ESD it

SUER

( EMC (FlectroMagnetic Compatibility) >

EMI
(Electro Magnetic
Interference)

EMS
(ElectroMagnetic
Susceptibility)

A balance between
EMI and EMS
of electronic devices.

Cad
ad

Electromagnetic interfering waves Receiving radio waves
Electromagnetic transmission waves disturbance
Electromagnetic spurious Malfunction

Fig. 2-1 Schematic diagram of EMC concept
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/\/‘ ESD &
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o s S SIS s s s s s S
Fig. 2-2 Propagation of electromagnetic noiseddoctenic equipment.

[HHHEL - (LR ARE, (CHE—, Sk —, &okEE, bEBEE, F—»ot, "7
& Va0 EMC”, SERE 144F 11 H 25 H, —RE]
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2.3 B/ M1 XADEELEFHRB~ADAARVES

Fig. 2-2 (2@ O HEROMAE 2 Z 1 D E RO T T L TOE AR ~D
W) A ARV FEarnd, Bt - r—7 7 EOEERIC I (B S REM
DbHDE, WO X D 7250 5D 2D UMD 2 D155,
REMEDOER ) A ADA v H—T z2—A L LTIE, BFRA—F, 7T—XKR—F
LMEHTR— IR HBH[3], o OER FIZHHE S Lzl Oas 0 b OfEMED
EEW ) A ZAMrbo TGE &, EFICOHET A MOERD & O R E R 0
FELTEDLILEERH D, W2 OE T HaNBIC AT HER A XD O
BRIZ L VAR 255 b5 5, EBRA— MO LD 2 2FFEnLL B
DOERBIZHXTT BB A AT H bx /) —~v/LE— RN/ A XHELLIE
TAT7 LoV LE— R/ AXEND, —F, T—X, IF50 0 Ral#ELL
T, A ZXPHERT HEEBERICHEET D%, aEEB— R/ A XD
Do T—AR— I LOREIE, EANZZOaE® L E— R/ A XERD,
WEIZLDER ) A XDBBRIOBENRIHEEL, BT —T Lo TENOE
TR, SRR A VAT BT, / —< /T — REA LT T — FiES
DWW BT D,

22t b DANRTERL ) A X%, EEREFIFERR, E5E 0T —ABRITHES
L, 28— RER-THEIERIEEL 5 X D, ESD b E IO ERIZHK
BT A, EENEBEEOA L E—T 2— R RHERR— OB A X
2%, ERR— OB A XX, BRI - RN A XERD,

2.4 ESD BiR & ESD HAER

TR & > T o ESDBIRIL, #rE Lz AMEDE S 71 ERZEIC LY BT
BeaslZfiiio A 5 & 32 L XTHMENBAET D Z L2 ME L T\5, ESDIit R
RO Z TFEL LT 5,

2.4 1 HFEAKICKSESD R

Fig. 2-3\12H#7E L7 AMRIZ L 2B THR~D ESDELG 2 ”k T, H—v h E%&
BT T 5 EOEFEIZ LY AMERN KL (R) 12k L THET 5, ABROKHIZT
T HEEARRIL, 100 pFREE L SN TR V4], b Th oM g
HTOERBEN -HBFREL, ZTOMICHEREREREDFAEFENNH SR
5, B, WELTOWRWEHRETEIET 5720, FORZEST L& EITH
BT U BB COMGIEN A L, ENSBAET S, HENBAET S
BB, BrESREEEOMICEMNENHDZETHD, HEICE D HEBRN
FBAEL, MRICERLEEMEZRD SEAROEEEENME T 5, HEEBRD
FRESIE, 3 L B HREIC 2R > TR0, R O IR S O R I DO B &
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o> T, RHEEH) HROBIKEIZE U AMKIZRE 2V — BN ERICIESE 207
WY, R ISR ORI N N A0, I A Eolttigm E o L/’Cm(
ESNTOTY, BEEREAET LS, BRNRREENHER ST T,

s LWL, FLIREDOMIZTE D2 FARELRET HMEERIDITILD,

2.4.2 ESD 43R & 5 ESD HER

Fig. 2-4/Z IEC 61000-4-2Z1~ /= ESDXSEARIZ L 5 ESDERER O fF 27, &
BB & B E R LIS ED S AN G, RICEES S0 RRTH D4
WEHE, B EEEOAR-ILE, w08 mZEEL, B EMETEL 4
EMA@W$%EELKKI#AW@ REEHE LTS, ZOKEREEHRIZIE
WM 2 T A = OO MHIC 470 KQ P2 L=t r — 7V, Ko
%E77?/Fﬁk0ﬁb01mé

ESD¥A %L, ANMAO#HERES 150 pF @B OELZF-> CRETHZ & %
FE L7330 Q PR AMAIRPLE LRI TEHEZ LD, ZoREORKTELZ 2 m
DTFT I R =2l —T ) TARP R T IE TS T v Rl & i
T 5, HWEAMEOS O ESDIHGIE, ZEXF vy v 72N LEAFHETHY, WE
R EDERBEICEVEET LRV, 2D ESDIRBRTIL, THOEFEIROLET
(TR R P X IREE T, ESDRAESNODIEY L—% A4l T 52 & T,
m$$m%gﬂﬁéﬁﬁm$%£m¢é m$$mwﬁ%i FEARM)Z Fig. 2-3
ERICTHLHD, KEREEBLOERET T T Rl i =OFN: o)
ﬁéﬁmﬁiiﬁML i@m$$mbmm%ﬁ<ﬁé @kmﬁ#®ﬁ#7~
T IZiE, ESDIZ PR EIRILIE E A ETRIL 6],
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Fig. 2-3 ESD phenomenon of electronics equipment by changeahn.
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Fig. 2-4 Example of ESD testing for electronics equipmenERD generator.

16



Eom FTFHEEA~DESD IR L ESD fitfstEs

2. 4.3 ESD SR BRI & ESD FERDHHR

IEC 61000-4-2T}%, ESD¥AasDittk, ESDRBRICEIT HBRIE L ERE v K
7w, REBROIETT, R OFH K OGRS EOGENELEOBRENEE S
T2,

2.4.4 ESD REFOHEIE

ESDHEAMEL, AMEROFEAEEZRET 5 150 pFO =L FXF —Ff=2 7
WCEMEE L, NPT L7 330Q OERPIEZ N L TEOERINI-E
i R AA » F A N5 2 & THRENMGT 2 (Fig. 2-52M), mELEE
PRI, B THET 2 15 kV UL hoEREETEZRAE SE, BERIR Z#&Mm L
AL VT ScMWA N7 D E T NF—Ef 2T Y CGERET D,
WEERFIZIE, ScaA—7 I L TRERBEZYVEEL, EAA /7’“ SaMA T
0BT LT CsODBEMMEH SNHEERRE 72> TRiLd, i, @EEXJLEDOA
TEMET A (SR %) Z s, B L0 MiEESE r%m&)f_m$r) L=
Ao, mﬁfmrﬁﬁﬁm$ﬁ%% DiEEIE Y L — Okl o @A g
TOmMEIZBEIT 28512 LY L —NTRENRIENBET D, F
e 2D i, ﬁ&$a§ﬁﬁf@mqﬂf@ﬁ&$ IR THRIRI 2D, T HEEm
BNZAELE U7 uE7e 5720,

EUTéﬁﬁHffﬁs«¢%Tﬁ BAIE, BeESEMmY EUT 2B L TR0 R
T, S§xA I , EEMEZ CoORBHEEIIMR>ToFEE, EUT IZEDTT
iﬂ%@(ﬁ@:%&_ﬁ Lf%%qﬂ@f@f%&i&'@ zk foﬁ&aﬁﬁ“é EEEiRT s, ok
W, HEEEMIL, HEEM ZEEIC RS2 B TEN LD EEIR O K CE
WA WS, —F, EMER, @REROBRER 22 E D eItz B
W& LT, Semndeo e RO cEEm L V2% (Fig. 2-628), 770
VRUE = =T L, EE2mOBEND Y, KHES T T NI T 5,

S. R.=350-100MQ R;=330Q

54 Eloctrod
cCclrode
o 19 [} {0
Charge switch U

Discharge switch
High voltage
power supply T &= 150pF
® O
Discharge return
connection

Fig. 2-5 Simplified diagram of ESD generator.
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Fig. 2-6 Electrode of ESD generator for air and contacthdisges.
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2.4.5 ESD #REFROMEBEERBRBRE
ESD RO M IR EIL, Fig. 2-7 23R IC IS 2 iE BRI
KLOED/RT A—% (Table 2-1 PBEIN TS, WENLR W, BTEE
E@%%%ﬁﬂi@%ﬁbﬁmﬁmﬂaﬁﬁm%’iémﬁﬁ%ﬁﬁi HEL
RN EPBRICRERH STV AL, HESAIT4EHEELY, F-E—2HoE—
TN & FDOEY— 7 B O 10 %75>% 90 %¢. if@ﬁ#ﬁﬁqﬁﬁﬂﬁﬁ@igiﬁ) 0 KR
t 72808 NnsTHDHZ LR, F B — 7o 30 ns TR 60 nsh a5 T o ik #E w& it fill
(s, leo) PHREZ B> TWD, ZOMEEBIIEIL, Fig. 2-8I28T 7 7 7
T =V OHIEO 1.2 mx1.2 mD 7 F Ty RROFRAIZIRY T 7=E Ry —7
W CHIM L= ORI CTH 5, BitY —7 v M, $12Q OFER
PLCr I 0y FIZERSNTEY, N &0 BAET D EERE T 2 50 Q %O i
M TAY R A= T 5 2 & C, lEERNE BT 2 2 LN TE 5,
AR 2 Q1%, 51 Q OF v FHPL 25 K& WH 2> HEHRIC 7Y o b IR
BliE L, BHARREZCL, AL X7 X AR5 U CE R 2 HEFE L
TWb, WY —7 > FOBEKIZIE, BEEA o E—F 0 REE%Z2HI- 20 dB
DT v FF—FEEm LT, Ay RAa—F|Cmlr—7 T 5, Z0E
W=7y Minb AT a R a—7F TOLERDBMEEFHEIL, DC~1 GHzE T
+0.5dB 1 GHz~4 GHz % T+1.2 dBO M Z > TWA[5],
Ty o5 —r—=OHMNE, EROA T T R a—T D ) A XDOROGAFIZ
K BMERE ORI EBGIET 27200 OT, HIEKRE~OTHNERD 70
ZIXPHVVIATO LB T R, CEERIL, 200V —2 BROWIE Lo T

%S, ESDREAZRIZHE L TV 5 150 pFD =2 > 5 TN 330Q 12 K AL
BT HOBRERKR L, B —271%, ESDRABRDOEAA v F L0 PNl
DOEERIRE 7 7 557 = =07 Z 7 Nk OFEREITERE SN EB MmN
EAA v F GOA ALV ERE L TRET D, - T, ZOF - —27 OJNE
WL, 770 R EZ = =T ERklB LTy, #F . E—71%, ESDX
ELORK 2 WHDO T T RY X =2 =T N ERBT 528280 h B3
WIENHA[6], 2D 2 20O — 27 R ORCERERIEEIL, RERIZHE L7 AMEIZ
L BRANE T RO MM S A [7],
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0% Ip Ve=4kV
\/\30\
5

Time [ns]

Current [A]
=

Fig. 2-7 Contact discharge current waveform of ESD generator

Table 2-1 Specification of contact discharge current wavefofre@SD generator.

Tes Indicatec Fast pea Rise time Curren Curren
Level voltage Currentlp tr at30 nd3 at 60 ndgo
+15 % +25 % +30 % +30 %
kv A ns A A
1 2 7.E 0.t 4 2
2 4 15 0.€ 8 4
3 6 22.F 0.€ 12 6
4 8 30 0.€ 16 8
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/
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Fig. 2-8 Measurement setup of discharge current waveform.
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2.4.6 EMBEE SPHE

e L7 AMED BB s~ ESDERIIKTETH 523, KHPcEE, i\
B2, BEOBRE, HEMNRA~DOT 7 a—F RO &R o FRE IR
KOG REEORTRIBIZ LV, HeERRE, FCEERRORE S OB E L, ST
H ERYHENKE (LT 5[8], [9]. & D= EEHIES D 19844 D il ERETIX
ﬁf&iiﬁéﬁhﬁoE&J%é%%ﬁV%&ﬂ%&:ﬁrf@ﬁ%%ﬁmwa\
723, bRRBEEEIC Y 19894F X v BEfil i A e B U ﬁﬁbt(ﬁgll
ZM), 1C-> THITO ESDRERTIX, TOREEMEZ EUT O R IIcEAh S,
HEBAA v FIZE D EERZ AT DGR ZELMICB 2729, EUT 234
NREMRDOGZE DA, MIFEEROBIEIL, ERDORE L OERIEAR A » FEHOR
WS s, WO v —3 20137 ) o MEWICHET S 2 & 28 LR i
WA EZhd 5 (Fig. 2-92H),

[P HERBR OL AT, BE AR B O ESDHAIZITL, EIC X A lEF 0%
&5&0m$$m@Em'ﬁwé*&?® EIEEN~D T L O 20658
T2 2WERP DD, —J, EfEERR TR, SETEY L—IC X3RS
AN EEBET D88 TOMNE v » TR X 0 EER S EUT IZitiL b,
ZOBGNE, BELTHWDERN, [ hiE T@m$ﬁ%kim%%mmk%é ST
B RN REE L O 2 RS OF A 50N 870 5, BLGR TIiER e 5 E
%i%mﬁ%%imbfméﬁ,:anxDﬁ%ﬁ%%ﬂﬁbfzoiuL@%,
T Has O ESDIZxET D MED M) B LR X 2RI A LTy 2 &g, B
T&5%, LML ESDRBRIIAKLTH, 74—/ RIZBWT ESD WA & HEE
TEDL N T TANRFEAELTNDZ & HME I TWAIL0],

2.5 £&3Y

ZDOETE, EMC Offf& e ESDEIG AT L7z ESDEBRIZOW TR L7,
THHEER I D EMC I RRBRIC W T, ESDaBRIE, ESDHS DM Xz
BRI 2 L, EEORFEANRNS O ESDIIGR & 1372 % kTR S
TWb, ZOZ LD, ESDRBOT 5 E 72> T 5,
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Approaching

Dielectric enclosure Radiation ESD generator
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< e ] | s t
HArg® c 1 C,=150 pj_ —
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p ) Fall of electrostatic
- field
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a) Air discharge model
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< Electrode w +
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b) Contact discharge model

Fig. 2-9 Explanation diagram of air discharge aontact discharge.
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3.1 [IXEHIC

TR R R 27 MTxbd % ESDRlRIE, IEC 61000-4-2[1]2 T ESDF A%
DOALER, FREREBREE, ARG E & O IBRRE R OFEM 72 £ 2 BLE LT\ 5, Hikg T
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DO ESDREBENEGI E/->TH, TOH EITRRIMENRBET D LY, EEEER
9%, ESDRBRHIY, BELIIRRLITFE LIEERESDLIZERHDHN, £
DFAERIEIRIE, B FZRES T,

ARETH, FEto X 5 RBROBLEN G, ESDRAERS O ESDRERIZEIT 5
ECRT, B & ORRBRREOER ) A XOERET NV E, SLICBEFRT HMIAENR
e L= v FOHI T —r o A eEt Lz, BAERDOET L ERGEET L7 6H
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ESD generqtgg ______________ ’\\1@ _______________________
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d

R S :
i 1 I o
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power supply | ! ;
| C 150pF /‘

__________________________________________ o]

Ground return connection
(a) Contact discharge

Charge Discharge
g N
c ( ; > d c( ; > d
ESD generator ’\Ié _______________________ B
P Relay switch Approach
| Rc —
I | @
— c d ‘ EUT
DC 3 Discharge ele¢trode U
high voltage | ! R.~=330Q 3
power supply | ! |

iy L C=150pF OJ

__________________________________________

Ground return connection
(b) Air discharge

Fig. 3-1 Simplified structure of ESD generator adivalent circuit in the low

frequency range for (a) contact discharge andiflischarge.
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Discharging

Vps: Power supply voltage

: N
Ve: Capacitor voltage Spark
ILip: Discharge current c d

ESDgenerator /. -
R Ly
% — —>
DC % Ig)ischarge el%:ctrode EUT
high Voltagle v, mnCoa
POWET SUpPY %  Stray capqcitanceoJ
_____________________________________ Ground return connection
(a) Spark just before ESD testing
Charging
i
Spark
c d
ESD generator N\ |
. R ‘
= >
g -
| . | EUT
DC 1 Discharge electrode
high voltage | o 3
power supply | ! Vs / ;
Stray capacitance OJ

__________________________________________

Ground return connection
(b) Spark just before charging after ESD test

Fig. 3-2 Source model of EM noises due to spargisiénrelay switch (a) just before and
at ESD testing and (b) just before charging afteDEest for contact discharge.
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Discharging

Vps: Power supply voltage

Ve: Capacitor voltage
Iiip: Discharge current c d

ESD generator ~~~~/
‘ Relay switch 1

R,
IPE N
gy — >
oC 3 ¢ #d Discharge EUT
| + ‘
high voltage | ||y R, iy Slogtrode
power supply | 1| ¥ Y ¥
! + Stray capagitance
i Vc T_ Cs 7 OJ
_____________________________________ Ground return connection
(a) Spark just before ESD testing
c { ; > d
ESDgenerator /7 |
| Apptroach
e T Spark
i | "’_> A In‘p
i ; Discharge EU
. DC ! e electrode
high voltage | || 32 Csa !
power supply | 1| * N 1
3 Stray capagitance
e mam— — o
Ground return connection
(b) Spark just at ESD testing
Charging
ok
AN Lo/ d
ESDgenerator N\ |
R ‘
= D
g —
DC i Discharge elegtrode EUT
high voltage | o 3
power supply | | Vs / ;
Stray capacitance OJ

__________________________________________

Ground return connection
(c) Spark just before charging after ESD test

Fig. 3-3 Source model of EM noises due to sparkfuéa before ESD testing , (b) Just at
ESD testing and (c) just before charging after E&D for air discharge.
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@ At ESD testing O Before ESD testing ~ { After ESD testing

Trigger

o 1 I
o)
d AN N/ N
¢ 1s 15 ms
ov
ov = =
D © ©
0A A
(a) Contact discharge testing
on ~
off | Approach action [
d @ A f’\\\
c |
ov
ov IS

(b) Air discharge testing

Fig. 3-4 Functional sequences and generation timit§M noises for (a) contact

discharge and (b) air discharge during ESD testing.
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Faraday cage

Current
target
Discharge

0.6 m

" Magnetic

0-6m field probe

Ground ]
return cable

Fig. 3-5 Measurement setup for magnetic near freloh ESD generator.

50 Q coaxial cable

, Ground connection
point

50 Qcoaxial | Port 1 Port 2| Network analyzer
cable —© [Cam

10 mm

/ v 0.85 mm }_,%\/Iagnetic field probe

\|/ orientation  50-Q microstrip line
Z N

+/ terminator
450 mm =23

'0.3 mm
(a) Measurement setup

40 W——‘ﬂ-@nﬁ&

1S27] [dB]

_80 L L L L il L L L i il L L L L
0 1000 2000 3000

Frequency [MHz]
(b) Scattering parameter | S5;|

Fig. 3-6 (a) Measurement setup for output respohseagnetic field probe to sinusoidal
current flowing on microstrip line and (B}, frequency characteristics.
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(a) Just before and at ESD testing (b) Just before charging after ESD test
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Fig. 3-7 Measured waveforms of induced noise veltdgring 4 kV contact discharge
testing using magnetic field probe.
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Fig. 3-8 Measured waveforms of induced noise veltdgring 4 kV air discharge testing
using magnetic field probe.
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@ At ESD testing O Before ESD testing

~ on
Trigger o ] [

s N N N
¢ Is 15ms
Ve *

ov

Ve oV el
@) © @

Lip 0A
(a) Contact discharge testing
Trigger on -
off Approach action [
AN
S d |
c
Vs ov >~ {
Ve Y N

Itz’p 0A A @

(b) Air discharge testing

Fig. 3-11 New sequences for suppressing EM noisstsbefore charging after ESD tests
during (a) contact discharge and (b) air dischéegéng.
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a) Contact discharge testing

N

Test level range

WV

6 > Original sequence
- New sequence

H

Induced noise peak voltage [V]
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0 @ . o ——@ —0 . — 9 . —@

0 2 4 6 8 10 12 14 16
Charge voltage [kV]

b) Air discharge testing

Fig. 3-12 Comparison of new sequence suppressingh&bks generated after ESD test
in (a) contact discharge and (b) air discharge mode

40



F3E ESD ARERICH T EMRELSTHNENOEFEE(CEESNDIEHR /41X

34 £V

ESDA X = =7 ¢ 3D ESD I A a0 H DR / 4 XX, DC &L {ﬁﬂl@\)
L—AA v F ORI — 7 o XA EBE L TWD Z &b, i K
[P HER AT T VN LT, 2V 7 e — 7 % T ESDEER T ESD
AN O DFER ) A REWE L, FORE, BflE kR EO 5T
L—AA v FEHEIC L5 ESDRBROERITERZIC, B/ A ARFBAELTNWDHZ &
RS Lo, MR TIE, BRIV A X =27 R L, ESDiER K
wﬁ%@/4f8 JINEHEOZNLY, MXICKEL, [P EETIE, £

> THIRT 2 2 Eide <, KEBEEN LKV D 3KVEHIRKE RS,
itﬁ$$r4mmwﬂwvuifi ESDRERIGED / 4 A — 27 Lo 2o
DA A= BnREL D,

ESDiBR D% O BERTO®ER: /) A X 2B S L0, Vb —AA v F O
IRRAERI S — o o AR L, TOE S A APEND, BEV—F U ADH
MR T D ENTET,

iz e LT, [P HEORBRIFOERK ) 4 AOKRE IL, [B&MTH
ZHURIE - FRHEE I L2 E BN D5 0ENTORE R EZHITEL B2 5
fEHMN LT L 725,

S5 XM

[1] IEC (International Electrotechnical Commissiond 61000: Electromagnetic
compatibility (EMC) - Part 4-2: Testing and measueat techniques - Electrostatic
discharge immunity test", Edition 2.0, December&00

[2] J. Koo, Q. Cai, K. Wang, J. Maas, T. Takahashiartwick and D. Pommerenke:
"Correlation between EUT failure levels and ESDegator parameters”, IEEE Trans.
EMC, Vol.50, No.4, pp.794-801 November 2008.

[3] J. Koo, Qing Cai, G. Muchaindy Martwick, K. Wangdah. Pommerenke:
"Frequency-domain measurement method for the araly&SD generators and
coupling”, IEEE. Trans. EMC,\V0l.49, No.3, pp.504t5August 2007.

[4] WATEE—, MHH AR, Sased, SFREL - TR OBHRBER & PRk O MR
EIMARY MO, 1§55, Vol. J70-C, No.4, pp.569-571, 1987.

K. Uchimura, T. Aida, H. Takakura and K. Teradaolt@parison of Noise Current

Spectra on Silver Contact Break with those of Cantdosure”.

[5] K.Uchimura:"Electromagnetic Interference from Diaader Phenomenona of
Electric Contacts," IEEE Trans. EMC, Vol.32, Nopp,86-88,1990.

[6] T.Ishida, Y. Tozawa, M. Takahashi, O. Fupiwara and S. Nitta, “A
Measurement on Electromagnetic Noises from ESD f@émejust Before and After

41



ESD Testing”, Proceedings of 2014 International gsium on Electromagnetic
Compatibility Tokyo (EMC’14/Tokyo), 16A2-B2, pp.73740, 2014.

[7] %61, RS . DEBREEO L HHERE IR < ESDIZXT 5 IEC A
Ra=7 s lroE: L XFEHm ), BEm A, 1308 5 75, pp.457-461, 2010.
"Severity Evaluation of the IEC Immunity Test agai&SD based on Wideband
Measurement of Discharge Current Waveforms".

[8] O.Fujiwara: "An analytical approach to model indireffect caused by
electromagnetic discharge", IEICE Trans. Commuol,B79-B, No.4, pp.483-489,

1996-04.
[9] P.F.Wilson and M.T.Ma: "Field radiated by electatst discharges”, IEEE Trans.

EMC, EMC-33,1, pp.10-18, 1991-02.

42



AT ESD fif 1A ERICHE 1T M NF vy TEASMEER DA E LR REFH

Yooy =r
4

BaR

ESD Mt tEERERICH 1T AMU/N vy T HESNE
BRDAE CIRREEH

41 [ILHIC

M LT ARG OB e l2xt 35 ESD IZxF ¥ A0t tEalikiL, IEC
61000-4-2[1]2 L » THE SN TWD, HARFRTHAT L AR50 ESDHGIL,
R LT (B TEMMSSCNE S L3257 e —FEfElcnWT, o
HEIZE LT & XTI K A 23— 27 (KHHE) DR L TS~ HEE
WANPEAL D DY, IEC TIE, [P HMEORBRFHBMEOEING, H 6L ESDRE
SR D R FENR % s B U 7= IRTE CHCEB R A AT 5 [HfilE) %
HIE L TWa, ZoRERGIER, B0 R ERIZ ESDR MO EEMm %
i x4, BAEBNOERIETAE AT L—AA v FICLARE LT-HEIZL D
BIMEAZRBZ 722 TH Y, HRFTIHAET 2K HE &R RE2)], [3]
X, RESHRRDN, EMkEE, ESDRBRZZE L IRETHEM: X < FHfiT
XD ENEBERE EOFS LR TN D,

—J7, ESD AR DOE T Han ~OEAHEEABRIZ BN T, BREIME L 2D - 725
BRFEIE CRUCRREMEDN AT 28RN HRE SN D500 5 5, it ORIz
BWTIE, BN % e~ L 7B N PR 2B BN T & D & e A
B35 Z ERRBIIZHEN BN TWD, =& 20E, RBRIEES O TR CIiE
Eh AR ERE OBXRVEMNAAR S TH 720, HIWEHEEE I N4
JRERTIE, BRI, BEHALE HE S CaRBICEM ST, 2o
BN ThRpo A7 Sk, RBREmRHC RN AT D, £, EE
e EBERE DBRNEMPN BRI TH-o7-E LT, HEaEROR L Ok
TRARF 0 ThD E, fERE U THEMBERICERN A EENTLE >R N H Y
(Fig. 4-1) Z D X 972 Z &% bl L72fREED A TIZAR W EHEE I TV 5,
LALRR G, HEERZ R S 2EREIIIAHOMS R £, Z0Z L%,

ESDIA s x5 & U TIHRET LIeBTER OMDIRY 720, 7ok, Bieiof
T 2ax0 O THERE TOA > 77 20 R LM DT 08
L, TN BEREHE S OB RO T 248 < & o EHi[4], [5]idLd %25, ESD
FEA RO RE M & B & OO B0 DU 2B (LIRIEF v v 7
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ENES) OIFENHEBRIZ ED X 9 B % X3 OWmEHIL, EHEOMD
FRO 4725720,

A TIE, BIHO ESDIA LR OEALHFEMPERRER W T, BRI 72
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Discharge
electrode
Gap
Pai
Metal plate / / aint
)] S (
;"’
Plasti =
astic = Spark

Screw

(a) Screw through paint coating metal plate

Discharge
electrode

Spark

Void Paint
-/

ctal plate

(b) Paint coating metal plate with void
Fig. 4-1 Example of actual phenomena of contacthdirgge with small gap.
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WEmEN LA Ra—7 (50Q AJ) IZHH L THWDDT, VoidAdvr X
a2 —7 T 2%ig x0.1x0.5% /10 & L THIE b (Fig. 4-52H),

RPBF =7y FOBGUE r X, &R EECE TH CEGUEZ RIET S O T
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R,: Charge resistor Charge Discharge
R;: Discharge resistor g N
Cp: Storage capacitor | —¢ d c |
ESD generator ’\Ié _______________________ B
‘ Relay switch Contact

R :
N | o
o c d /3
DO i Discharge electrode EUT
high voltage | ! R=330Q %
power supply | ! N |

-

__________________________________________

Ground return connection

(a) Contact discharge

Charge Discharge
Vg N
c < ; > d c( ; > d
ESD generator Xlé A B
| R Relay st1}ch Approach
[} o )
! c d : EUT
DC 3 Discharge ele¢trode u
high voltage | | R=3304 %
power supply | | ;

-

__________________________________________

Ground return connection
(b) Air discharge
Fig. 4-2 Simplified structure of ESD generator and equivatmuit in the low

frequency range.
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15

Test level 2

Current [A]
U =

l .
40 50 60 70 80 90 100
Time [ns]

Charge Firstpcak  Risetime Current  Current

Level voltage Current /, [ at30ns I;pat 60ns Iy
+15% +25% +30% +30%
kv A ns A A
1 2 7.5 0.8 4 2
2 4 15 0.8 8 4
3 6 22.5 0.8 12 6
4 8 30 0.8 16 8

Fig. 4-3 Contact discharge current waveform angpecification using current target of

ESD generator.
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Faraday cage
0.6,
: 0.
Ground plane 6m
i Oscﬂlosco De
3 '
) -Cul rent target <
= ESD !) . 5(/Qlcoaxial cable
v generator ” f
o
B
e}
/ ! -

Ground return cable/ ‘ 50 Q attenuator )

1 Ground connection point

Fig. 4-4 Setup for discharge current calibratiofe8D generator.

N
S

Electrostatic generator ~ 6 mm diameter Current target

ball electrode 9 %

97
2.04 Q combined resistor 1 20 dB attenuator
Discharge electrode -

ia—1—P

Small gap i 50 Q coaxial
AV cable through
/ / 6 dB attenuator

7 / to oscilloscope
97
PCB‘?‘ Ground plane

Fig. 4-5 Setup for contact discharge current thhosigall gap measurement of ESD
generator.
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— o —50 pm
< +2
= 46
(0]
g A
= (o]
o
b
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s . ~— Contact
g | N~ ane
A 2

-1 0 l 2 3 4 b

- Time [ns]

(a) 2kV contact discharges with gaps of 30 um to 50 um

oL
IJ

30 pm
20 50 um
i 100 pm
z a5 200 pm
= 5a
O U
=)
=]
o LJ
(0]
£ o /"
< 10
§ / Contact
"Q" )
g 0 . 2 3 4 3
" Time [ns]
(b) 4kV contact discharges with gaps of 30 pm to 200 um
%8 350 um
=100 um
0 ~200 pm
— i 30 um
<
— a0 500 um
E oU
(0]
g
= 28
[&] z0
&h
s o I ontact
'Q 11U
2
2
-1 0 1 2 3 4 5
L 6 1 1 ] 1 ] ]
Time [ns]

(c) 6kV contact discharges with gaps of 30 um to 500 pm

Fig. 4-6 Measured waveforms of discharge curremt2fkV to 6 kV contact discharges
with small gaps.
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— 50 um
- /5100 4m
30 um

Discharge current [A]

Time [ns]
(a) Contact discharges with gaps of 30 um to 100 um

200 um

_ o 500 pm
= 50
g 40
§ IVJ Contact
o U
2 1 000 um
2 . " ”
S = .\
A 16

A 0 2 % 4 5

L P | l

Time [ns]
(b) Contact discharges with gaps of 200 um to 1000 um

Fig. 4-7 Measured waveforms of discharge curreats8kV contact discharges with
small gaps.
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Discharge current [A]

=
D

] f f f f f =
(|) ll() 2|O 3|() 4|() 50 6|O 7|O 8|O
]

Time [ns]

Fig. 4-8 Measured whole waveforms of dischargeenus for 8 kV contact discharges
with gaps of 30 pm to 1000 pum.

53



70

60
50
<
f“j 40
&
=
o 30
5 -
100 um

X

0 I i I
4
2 Test voltage [kV] 6 8
Fig. 4-9 Dependence of current peaks on test wedtag
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Fig. 4-10 Dependence of current peaks on gap length
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Discharge electrode ___.---=--" [ }--eve-
ESD generator Pt [ Current target
rT T T T I L et {
I L S
| Relay switch Lo < -1t
fi K - -
|| R=330 Q@ / =i T
: i Inductor  /“r, " eell m
| C=130PF pnguctances .. // |2 04 Q509
| : ‘;”""'a‘"
TRy Sy capacitances A Groung
1
Ground return cable P ate

Fig. 4-11 Circuit structure for contact dischargeE&D generator through small gap to

current target shown in Fig. 4-5.

ESD generator Sy

-
|

| L 7

| o—vn— 41h

|

| R,=330 Q |y | 04O
| — L.

| Cp=150 pF | -|— C; ) -l- C;

| Do

| | C,

| ' 1

| : L

| T ——_———— T ’LU A

|
[
1
[
|
|
: =G C 2.04 Q
e ] <«
[ C
: I <
| A
| L
(b) Equivalent circuit for second current peak after spark
(g Storage capacitor r : Current target resistor
R, Discharge resistor C; : Electrode stray capacitor

Sq: Relay switch
L : Electrode inductance
L, Internal inductance

C,: Internal stray capacitor
C;: Ground stray capacitor

L, : Ground cable inductance

Fig. 4-12 Equivalent circuit to qualitatively explacurrent rising behavior for contact

discharges with small gaps.
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(&) Whole waveforms of discharge currents for aontlischarges with gaps of 0, 200

and 500um

© 200 pm|ga

o :"%z// um/gap
z ol 2 ! Ew 500 pm| gap
- I %
Sl o RN
&;:: G0 Py &%f .,%
B . %,,0" 0 um gap (contact
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en
E’ . % ;1000 pm
A
-1E 1E+09 2E109 3E109 4E+09 5E+09

Time [s]

(b) Frontal currents for contact discharges withggaf 0, 200, 500 and 10(&n

Fig. 4-13 Measured waveforms of discharge currfamt8 kV contact discharges with
different gaps.
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1 @ r=2.04 Q
_|_ 2 Iz _l_
Cs -
——
¢ iy
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Cp: Storage capacitance r,(f) . Spark resistance
R;: Discharge resistance 7 Current target input resistance
S4 : Relay switch C; : Electrode stray capacitance
L : Electrode inductance C, : Internal stray capacitance
L; : Internal inductance C; : Ground stray capacitance

: Ground cable inductance

Fig. 4-14 Simplified equivalent circuit to explaamhancement phenomena of discharge

current due to spark of small gap.
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Table 4-1 Circuit parameters and their numericdlesmshown in Fig.4-14
V.= 8 kv This calculatio. Reference14] Referencq 7]

Re[Q] 33C 33C 33C
Ce [PF] 15C 15C 15C
Lo [uH] 2 63¢ 2.1
r[Qj 2.0¢ 50 2.0°
Li [nH] 10C 42€ 10C
L [nH] 54.¢ 54.¢ -
Ci[pF 0.5 0.5 -
G [pF] 2.2¢ 2.2¢ -
C. [pF] 10 3.1% 12

w
(V2]

20
—_ - - - - Calculated from (1)
< Calculated from (3)
=
S
G
o / Measured
bD 10
— EAvy
<
=
Q I
2 s
Q fal
-1E-08 | 1Et08  3Et08  5Et08  7Ef08  9Ef08  1.1E-07 13E-07 1.5E-07
Time [s]

(@) Whole waveforms of discharge currents for aontlischarges

w
V]

30
- 3
< 25 N
= \ 3 /Measured
5 20
: flN X
= .
o 15 N
[&]
2 / N N
% \_/
4 5 S
=)
o
-1E-09 ) 1E109 2E109 3E+09 4E+09 5E1+09

Time [s]
(b) Frontal currents for contact discharges
Fig. 4-15 Calculated and measured waveforms ohdige currents for 8 kV contact

discharges.
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70 I I I I
L - - — - Calculated from (1)
Calculated from (3)

50

_— Calculated for rgy = 102 Q

a0

BO

Discharge current [A]

| Measured for; 200 pm

4 S S W~
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(&) Whole waveforms of discharge currents for aontlischarges with a gap length of
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§ 60 3 &
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E P _ 3

é" B f . % /Callculated for 7,9 =10 Q
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>0 l ] N T

4. AR\

10 } ~; ‘%f ot ﬁ

—1.E-09 O.E‘*-OO 1.E-09 2.Er-09 3.E-09 4. Er-09 5 E-09

Time [s]
(b) Frontal currents for contact discharge withep gength of 20@um
Fig. 4-16 Calculated and measured waveforms ohdig®e currents for 8 kV contact

discharges with a gap length of 20@.
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- — =~ Calculated from (1)
Calculated from (3)

D
D

Calculated for rzy = 10 Q

§ ) /Calculated for rg = 10°Q

8 a0

: VA

O { j Measured for 500 pm

& 20 ] 2T
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ﬁ i R

2 _ 1)
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ey

Time [s]

(a) Frontal currents for contact discharges wigap length of 50Qm

Q
0]
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= e 0
= o f‘/ Calculated for 149 =107 O
: RS
5 30 4
go 20 \/5(\\ _ﬁ_-»’;’h" T
a Measured for 1 000 pm
—1.E-09 g.E+OO 1.E--09 2.E-09 3.E-09 4.E+-09 5.E+-09
Time [s]

(b) Frontal currents for contact discharges witap length of 1 00Qm
Fig. 4-17 Calculated and measured waveforms ohdig®e currents for 8 kV contact

discharges with different gap lengths.
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Fig. 4-18 Dependence of discharge current pealapriangth for 8 kV contact

discharges with gaps.
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Head mounting ESD
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mounting Q
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Metal Waist :\\
object mounting :i
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Hand held AN
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object
(a) ESD phenomenon of (b) ESD phenomenon of
device on a table. wearable devices

Fig. 5-1 Human ESD phenomena of electronics equipme

ﬁﬂ ﬂ ’@

/

Fig. 5-2 Four scenarios of ESD phenomena for wéauddyices.
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D50 lat
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Human s SO\ Approaching /) z// / ccc?r;anxei:ior to

body \ %5,)5 I %lilloscope
\ - TR :>
§ %% \ 2.04Q
§ 4 // cf?igtﬁd
\ 027 mm semi-sphere ’4 / 4
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& PCE{ Ground plane
=1 mm N

(a) Body-mounted semi-sphere metal and current target.

Hand
@8 mm semi-sphere
@12 mm cylinde

, Approaching

N —)
P,

50 mm

(b) Handled metal bar.

Fig. 5-3 Measurement method of discharge currémtaigh metal object from charged
human.
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Current target- -

Fig. 5-5 Measurement discharge electrode setup of human body
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(a) Discharge current waveform from -10 ns to 90 ns.
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(b) Discharge current waveform from -2 ns to 15 ns.

Fig. 5-6 Measured waveform of discharge currentsuth handheld metal bar and
body-mounted semi-sphere metal.
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Table 5-1 Waveform parameters to characterize digehcurrent through ESD generator,
hand-held metal bar and body-mounted metal withgehaoltage oV = 1000 V.

Contact  Hand Arm Head Waist

Waveform energy £ [n]] 181 244 467 362 1223
Discharge resistance Rp [Q] 320 236 113 134 67

Charge storage capacitance C,,[pF] 116 115 106 97 163
Zp [ns] 37 27 12 13 11

Discharge time constant
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