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ABSTRACT

AN RS

Since late 19¢9, a Lechnique based on time domein roeflccecuctiiy, vIDno
10 measure the fast switchlivgz and shunting capability of EMF protective
devices has been uded. This technique allows the devices to be characterized
in their actual working condition--inser.ed in the cable line--withoui tue
perturbing iafluence of voltage and curreat proves.

This report starts with the basic line theory and develops an under-
standing of the eftfect of shunt devices and the measurement of suck effects
uelng UDR.  ‘thils section 1s falrly lengthy: however, a good background i3
essential fov the understanding of measuremernts made with this teechinique.

Tn addditi .n to the mecasurement teclhnique itself, a special pulse
generator was Jdevelonad to provide the necessary pulee inteo 500 1linea. This
pulse source 1u described ajorg with the tasic measurement procedurz.
Specific weanniagues ond Quta are shown for a variety oi shunt protecilive
devices.
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Zince late 199, a technique baned oa time domain reflectowmetry (TDR) to messure
the rast svitching snd sbuntiag capebiiity of FNP proteciive devices has been used.
hin techoique allows tic devices to be characterized in their actual woraing comditi

ipserted In the cable line-~-without the perturbing influence of voltage sad curremt
Br bes.

iis repert starts with the basic lipe theory and develops an understanding of
eftect of shumi devices aLl tue s=gsurewent o: Auch effectz ualug TOH. This sectiom 1
fairly lecgliy: hovever, a good bacrkirouna is eussential for ihe understsnding of
measurements nade with this techoigue.

In wddition to the measurement teenpigque itoel?, a specisml DUlse gepnerator was
developed o provide tne necessary pulse luto %0 o lines. This puise source is
described along with the bagic peasurement procoedur=.  Specific techniquas

and dnta
hntqu and t
are phown 197 i veriely of shunt pmtective devices.
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CRARACTERICATICN OF EML OWYIECTION DEVICAS
1. INIRODUCTION

Nuclear weapon detonationg can pronesnte clectrie and nemetndc palae
(EMP) rields capable of disabling miiitary electronic equipasnta.  Milstary
coarmunication-electronic systems are particularly vuluerable to pulse energy
coupled into antennas and tnput cables.  The protecilon o ihest gystems
agalnst the EMP may be accomplished vy use o: devices which shunt thls pulee
energy avay from the gensltiv> parts of Lthe Jystem.

%
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b
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t

Because ot the high voltage and il:e fast rise Lime nature of ihe mwloes
being deelt with, the standurd dala provided vy manutrsalurers give  1ionic
indicstion ol just how well a device will shunt the pulse eperyy. Coutribe-
uting to the actual device reoponse i the sdded impecar.ce of the package
and leads, all very important &t Lhese puise lfequentlec. o0 0 2a%e 1amo,
a technique based on time damudn refloctemetry (TDR; to meacure tr= Iast
awitching ana shunting capublility o a varze:x o potepiial protecuive
devices has leen used. Samples o6 spars «ang, four-layer dlodes, sfillicoen
controiled rectifiers {5CR). neon bulls, and ~enor dicdes were measured ard
the resulting data analyzed.

AT g,

The characteristics of Lhe higlh voliw: il Jast rice time nulse we)se
such tbat there was no glacrator availavle for bench ton tesiing. 1his
requi.iment led to the development of a pulse penerator to provide the
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In order 1o Iully uuderstand ti:is measuremeant technique aod the regulting
data, a little background in line theory and pulse respouse ie included in
this report slong with sample regults shoving its applicution.

2. THEORY

In this section and in the several appendices to the report, the buck-
ground theory of UDR *echuiques as applied to pulse measurements is developed.
Specisl cases are examined as they epply to overall understanding. Table I
is a glossary of the symhols used througheut ihe report and is provided
because the selection or gubscripts ie not standardized in the current
literature.

¥or the case under consideration, that of shunt type devices, line theory
gives the relation betwecn the voltage transmitied, Fp. and the voltaue
reflected, ER’ in terms of the line characteristics for a given fnput
voltage, EmN. ILdne charucterisiics include characterictic impednnce, o,
and terminatiovn.
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PAKLY T.  DEFINITION OF SYMBOLS

BYMROL, _DEFINITION

E'IN Voltuge Iu

oldtage Reflecte

}‘I\ Volt Rel ted

B, Voliage ‘Transmdtted —

El Voltage Across Losd

PIN ower 1n on Line

PI{ Power Retlected -

I‘L JPower to Load

vy Fower 10 ikviee 3
3

IT ower Prunsndtied Down Line 4
E|

:;0 Juwrucierisiic Topedance -

ZD Inpedance of Shuat Device %

Z Impedance of lotal load i

Y5 Charncteristic Admittance Er

Y, Acmittunce of Load é
i

YT Admittance oi Network to be Protected =

‘1'D Admittance oi Device %

ols) Reflection Coerficient 3

M(s, Tranomisslon Coefricient 3

(8) Fourier trensform (frequency domain)




F.T(s) w {1+ ‘8) Em(a) = M{5) Em(s)
aund

Z(s) = ¢ (8) Bry(s)

wiere
z (8) - 4
;‘(3) - .2 "—"'-0‘
41?(?3) + <L
and

M(g) =1 +. ‘8)

The impedances arc complex, apd the voltages are transformed intc the

s~domain.
The :rrresponding Fower relationships are rlso shown &8 follows:
- <
> E
bp, =g ¥ Iy = "EB" T
“0 ‘L o)
[ ¥ W 2 2
v B , G ) Ey
Zo a,
o timo BB M
2 1+r Z
0 (= ] ) (o
. PR a (" Pm
= - ;{2 )
and PL (1 ) Py

The power delivered to the load, P, 1s a combination of the power
delivered to the shunt device. Pp, and the power transmitted past the
protective device, Pp.

Lo byt hp

Simtlarly, the odmittanecs ars ielated

Y = b
L Iy g
1
, v LT T
II: ,(I; L L#,; .
R e




Beyond the protective device may be found the protected circult, a %04
Jead, a long line, au oscilloscope or any combiartion of these, and Yo
renresents the total admittance of the combination. FYor the gpecial case of
e long line only beyond the pmviective device,

und

b, = Pp+Pp= BT Yy k7Y,

Also, P, = 1 -:°) PIn
ard ) oo
}‘L = (1 +.)° EIN YL *
theyvore,
2., 2, e .2
}'L = \l t ) I'am XD 1 (.4. + g ) LIN Yo
I'D = (1+ ) EINHYD

= (1 + - )“y;...'dy.‘.

(3
-~

But, Py also equals P

L minus P

gl

Py = I‘L - P’I‘

3]

; 2 , 2
(L -07) pp- (1 + 7)° Py

A
]
"

20 (L +:) 1IN

Py 18 positive, elnce from our origlosl detinition of & we cen show that

for this specilal cuse in which Yq = Y.




From thig very basic introduction, examinatiom of specific cbaracteristics
of a shunt pviective device can begin. It is assumed that such a device,
although noa-linear, has two unique states end can, thus, be represented by
twe specific impedances. The gwitching transients aseocisted with the
transfer betvesn these tvo states are connidered insignificant when compared
to the transienia intvrduced by the forcing fuaction. In gemeral, vhen such
& device is in its shun’t mode, it appears as a small reajistor and series
inductor scrouss the transmission line, 50 that

. TR YIA

Z = R i

t* e L 35

8+ O 4

=

E

RL - R |

P . RL + R g

A

If 1t 18 assumed that, while conducting, Ry << Ry, trem p ¥ -1 and ;j

2 -+

PR Y Pm wkich 7 zg

=

indicates tiai almost all of the input power is reflected back from the %
proticiive device. 5

o

In order to determias approximate vslues of the power absorbed aud that N
reflected fram the protective device, let us asmue that the line iw ] -
teminated by the device and that Pp = O. Tuen :

:;é

= = Yo 2 g
P, =By (-0 %) Py ég
=(].+p)(l-o)PD, g

=

=M(l-o)Pm ﬁ

Ry = Ro 2 R 3
M.-ll+._. = _-_I'L— g

R, + R Kp, * Rg
2
but R, >> R , und M L

T

1239

- Mm‘ Mi W‘ ) %‘MW ‘W‘ Rl ‘M‘ s : w ‘M




(1-p)=1- o o 2R
' Ry + Ry Ry * R -

a 2R _
Pp % 2 L. ) Py = n Rj. Pry -

Ro 5
Similarly, 4 R E

If no protection device were present, the preccding formulation could
repregsent the power ajrgorbed and --flected from a termination device such E
as a forward blased transistor or diode. - -

Examipation of further types of termimations will provide a better
understanding of erfects on unprotected devices and circuits- In the
following section there is no protection device, i.e., Yp = O.

a. Resistiv: Dmiinailon

i

In this case,

=

L‘,L ‘D'L and ideully the reflleciion coeificient is given by:

Ry =~ Z =
s(a) 52— =
R, *4 =
and the tramsmiseion coefficilent is given by:
4 2 R
; M(S) = -—l:"-'
E K, * %
From the equation for power delivered tc a load,
= . .? \ %
i Py = (1 -0) rpy
it can eesily be shown that for a ghortad line (R = 0), P, = O; for an open
£ line (R, = =}, Pj, = 0; and for a +rice vermina’ed iu its characteristic
i impedsnce (R, = Zg), PL = Pmie
2
cE b, Peactlive Tormdunabtiom
In this case, the irancmitted and reflected voluape.d will be displaced 3
in time from the input voitage. The best wey Lo dmacnstratc this 1s by ;
considering an inductor chunting, pot tera‘na./ng, an ideal lransmission H
line, and using an iaput siep voltage:
. t) = E t i
L, (1) Eqp v (t) 2
6 f
F

7 - oy = N S T RS L ]
= i ST e Mk tra N Y PAPRTRS SRS BT TR et AN ey 17 £ s LR IR Sas <SS e He= ———t = ==y SRS = £




and 1ts Laplace traasform 7
Ery (8) = Epy '

o) =X Yn . 2L %
LY I *Zo

o p(8) ¥ e . Y

e O T ATy T RIS 1.0 1t [, s Ao

and 2_ZINDUCTOR

If the line 1s purely resistive (Z, = R) and the inductor has no
o~ bl e ir) - L\
ative compoucmt (,.mm eL), then

PPN TR O (AT ST R T e

- L E |
ER(s) (1+gg;._ ),_E_’nj; ;

[}
N
2
-
[

and by Laplace transform: R
B (t) = <-‘2*-£> (L -¢ 25 %) Epm (t)

A

and - R ¢
Ep () =e

Em i3} (t)

This is the common method of obtaining the reflected and transuitted time
responses. Laplace transforms of various source functions are given in
Appeniix I and the tracsforus of various transmission line shunt elementis
are given in Appendix II.

ITIRRYITY S0 Ay ST W R TR ERIT] T




The experimental measurement of Epy(t), Eg (t), and Ep (t) by observing

the reflected pulse at the input point is confounded by normal line loss.
An imperfect trunsmission line will degrade both the auplitude and shape of

the pulse. Calibration of the system using known terminating conditions is
therefore a requirement.

Another point of concern is the effect of changiug the characteristic
impedance of the transmissicn line. For a device imserted i a long
transmission line,

- Y
. (8) = D
+
2 Yo YD
and
2Y
P\S) = Q
2 1'0 + ID
Therefors,
ET = -___.__.:‘!' m ™ 1 EB‘
LY Yo
2 1, 2 Zp
IFf 72.>> 2 7., then
) A
[n)
Eﬂ ° ___f__Z_D_-_._'Em
40

Therefore, a iaryer Ze reduces the cutput voltage for the same device
impedance. One problem with using higher characteristic impedance trans-
missiocn lines 1s that the device insertion losgs under d¢ conditions is
greater for the same device impedance. C(onsider the 3 dB fall-off point
for s device hehaving like a capacitor under normal signal conditions:

AT = __L_
=D A JwC
at 3 dB tall-ofr, | "o | %] z;p | = |

If ¢ 45 fixed, luon




1wl

and 1t can be seen that, as the characteristic impedance 1g increased to
increase the reflection coefficieni for a large pulse, the adventage may be
offset by the lower frequency drop-ofi under nomal signal conditions.

Suppose that we have a transmission line with a shuanting device which
appears as 8 resisvor and an inductor in serics, and we want to know the
equivalent R and L values. Again,

o (s) = 2L ?O vhereZL=R+sL

2, + 17
L o]

and R

B+ T

M(s) =2 (—L) where { = _L
s +31 R+ R,
T

Ilet us assume a source voltage of amplitude A and wave shape skown below.

ol

T t

The transform of this source function is given by:

-8T7
Ep(s) = () (L-e )(—t,‘,_)

The voltage peasaiang the shunt is given by:

Fp (8) = M(8) Epy(s)
8 + R -

2 (=) () 6D - )

T -8T 8 + B
=2 (E—) ( -e ) -—2-———1'r
L (s +'1' )

-sT T + -
Bp(s) = (£) 2 (1~¢ ) Er o, A k-t
s 8 g8 +1 =

1
|




and its inverse traustom:

A - t
Lp(t) = 2 (3 {E% 1)+ R e r‘(%-%)e"]um

t-T
- E‘-g ,2) (1”77 )+ T(t-'r)] u (t - T}

If we let 8+ O, and take the limit of aET(a), ve find that

R
B |yq e 242
t +

i

' ] .
.‘MMMMEWM Sl A kot bl

o

L
and., siuce 1 = g—;ﬁg and En‘lt w- A

R = 2B (—B._—
T ‘t+m IN (R + Ro)
Sclvias for R,
R, By

€ EIN- F’I‘

lhus, a measursment of Ep at long times ellwa calculation of R.

Ha

Knowing the value of R, the value of L can be obtained by further cal-
culation as follows, since the maxZimum value of ET ocours vhen t = T,

——

Er(ua) ~ 2 (&) | (x- Bo2) o B, a2

| S—

R
55

T
)Ewn(x-%r)(ufr )]

- I
=2 a {(B_) [l*’i'gn(l-e 1
R+ R T R

Hbtnming wat Keo Ho, and that T>> 1t

-3

::2(

i

- I2  m Ay Lo
LF(W)Q A o 2 (T ) P‘o

anl 'AT“ is the slope of tue input voltage function.

10




N R, o0

Solving for L: -

h‘T(m.a:\c) < By

A
2 (—,i‘-)

L

This equation represents a coil shunting & transmission line

. ‘''he series L,

R combination Js a bit more difficult, but it may be obtalned from Lhe

original Er(m&x)equation.

Altermatively, L can be determined by further experimental measurements,
" e+g., by measuring the actual decay of the pulse, the time constant can be

obtained. (We define 1 , the circuit time constant, as tbe time between
the beginning of pulse decay and the 0% decay point, dilvided by 0.693.)

‘Then,

L = (R+F0)T

Or, even simpler, substilute series combinations of R and various
Trquctors until the same output u.u\l_/or retliected voltauge is obtlained.

3.  FXPERIMENTAL

a. Pulse Generator., A pulse generator Lus teen desigoed to simzlate
an FMP induced pailse as it would appear at the end of a cable. Pulse
chiaracteristics were selected based on limited erperimential evidence and

some assunptions. The reculting pulse ghould more than adequately evaluate
Figure 1 shows
the ! "1ished pulser along with 1ts circuit ddagram and typical output pulse.

the usefulness of the variovus shunt type protective devices.

b
1ag 3 Fig. 1b
r2g. Ja L-50 ns/em V-Looo v/em
High Voltage |
e . 11 MG ﬁ‘
Fower Supply o —0 0 - U
i % 104 ) =
! Adjustable . Neon RG 214/u
-1 . Spark: 1, Bulbg Coax
_7_.().111 ¥ 2
L Gap 1 Cable

Fig. lc

o

FIG. 1. Fast Pulser




The high voltage suppiy charges the O.1 uf capacitor through the 11 Ml
resistor, which determines the firing rate. ‘The voltage on the capacitor
increases until the tirst spark gap breaks doin. Then, the chain of neon
bulbs ignite and the second spark gap breaks down. The width of the fiiet
gap and the charging voltage determine the breakdown voltage and, therefore,
the output pulse ampiitude. The pulee width is determined by the delay in
firting the chain ot neon bulbs, and the second gap produces the sharp fall
time of the pulse. Pulse rise time is a function of the first gap
characteristic, circult inductance, and internal inductance of the ce¢ »acitor.

Churncteristics obtainable with this pulse include a rise time less than
15 ns and pulse duration from 20 to 1000 ns at magnitudes up to 4000 V  The
milser is capable of supplying 8000 V for 150 ns into a 50 ¢ lime. The pulse
generator can be operated in a single shot mode by swinging an insulstor ioto
the first gap after it fires, tut before it can fire a second time. The
repatition rate can be made very low by varying the charging circuit tiw~
constant and the widus or the first gap.

Jince thc ma ority of protection devices under investigation are triggered
into the shunt modce at voltages below 2000 V, the linearity of the inivial
pulse slose {009 V/no meximum) 1s sufficient to umeasure rise time effects on
most devizes,

L. Meesuremen® Technique. The basic measurement requires obse:-vation
of voth the injected pulse and the transmitted pulse. A reflected pulse will
be geen at the saue voint where the injected pulse is observed but delayed
according to the length of transmission line. A sefarate measurement or the
transmitted pulse is needed because of iis nature and magnitude. Flgure 2
shows & block ddagram or this standard set up.

[HIGH VOLTAGE PULSE

jfOWER SUPFLY SHAPER —1 ATTENUATOR L
[

INGPECTION :r
UNIT FOR .
ATTENUATCR COMPONENT ATTENUATOR
1 | UNDFR TEST
R /TN
o -
L %
TERTRONTE 519 TEKTRONIX 519
!
L] CLCILLOSCORE OSCILLOSCOPE

FlGe o fulse Measurement BElock Diagram

v




[l LR

g e

R

L TR, T

¥
£

According to the transmission line theory reviewed in the Theory Section,
it should be possible to make all of these measurements from one point in the
line by observing the injected pulse and jts reflections. Some guccess has
been achieved using only this onme circuit connection as shown in Fig. 3.

PULSER

OPERATIONAL
AMPLIFIER

—

AIRLINES [SQUARE LAW DEVICE |
FOR OBTAINING
lPOWER MEASUREMENTS |

SYSTRM TEST OPEN CIRCUIT (GR)
POINT

GR = General Radio

FIG. 3. bvingle Moint Meacurement Block Diagram

1 sl

.
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ol Bl i,
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The initial pulse and the retlected pulse, when observed at the same polint,
arc separated in time by that time period necessary for the pulse to travel
down the line and to return. By adding a second line coupled by a power -T,
open circuited tor total rerlection and the same length as that to the system
test point, a refloction of the initial pulse is developed at the power -T &t
the same time as the pulse reflected rrom the system test point. 7This com-
bined pulse is then observed as (1 + ¢ )VIN’ or Mvpy, which is the exact mulse
being transmitted pest the system termination into th. system itself., Thus,
the test circuit of Fig. 3 allows a simple measurement of' the etfectiveness
of a protective device in preventing pulse energy from reaching sensitive
components within a system without the necessity ot probing into the system.

The evaluation of a proicciive device i1s normully made using the circuit
o koo 2. The attenuators alfter the test device are to reduce amplitude
for oscilloscope recordiug. Those betweer the pulse generator and the test
device are used to vary the initial rate ot voltage rxise. Since most of
the devioes evaluated operal.ec op this iuitial slope, veriation of this
parameter is needed for full device characterization. . typical set of data
showiiy the voltage amplitude and time required to fire a spark gap across &
loaded transmission line is shown in Filg. 4. The applied pulses were, {rom
the lert side, & kv, & kV, 2 kv, and 1 kV.

Ve 1 ’KV/(:m
li: 10 ns/cm

Applied pulse amplitude
(from the left): 8 kv;
L kv: 2 »V; ond 1 kV

FIG. 4. Voltage Amplitude Vs. ¥iring Time of Spark Gap
%. RESULTS

A protective device of the shunt type mist oe able to shunt destructive
pulse enexrly before the gensitive imput devices oi the equimment are damaged;
however, it must also not degrade the ncrwal operation of the gystem at lower
signal levels. Jdeally, such a device nmst have zero insertion loss and must
switch to a dead short in zero time upon sensin; the arrival of a laxge EMP
induced pulse. Such devices are haxd to find, and uon-ideal behavior musi be
cxpected, T e sesrch for devices aporoaching Lhie requislic churacierisiics
requirecs measurement of such thinugs as turn-on time {how fast is 1t?), shunt
resistance (how good a short does it provide?), recovery itime (how soon can
the equipment resume nomal functioning?), and post-pulse characteristics
{did the julse damoge the protcctive device?).

el mhm\“mm‘mmmm

2 IMWWN\M;ML‘;\MWW il

‘M‘

Vs

el

. ‘Mw‘ m \M“w




Efforts were made to answer all of these questions for several types of
devices-~zener diodes, four-layer diodes, and siiicon control rectifiers,

apark gaps, and neon bulbs. The most thorough analysis has been made on the
2ener diode. .

a. Zezper Diodes. At small reverse bias, the zemer divde appears as a
small capacitance when it is used as a shunt device. As the reverse bias 1s
increased to the zener voltage, the equivalent capacitance decreases and the
loss component increases, so that the device looks like a short circuit with
a series resistance and inductance. The indictive componeut refults primarily
from the phyeical dimensions of the package and leads. Such a device 1s
excellent for limiting the transmittedl pulse amplitude to a low value. The
effect of the device capacitance ai normal line operating conditions \rescnts

4 major protlem; however, there are scwme applications which could nake ume of
zeper diodes as protective devices.

The frequency cutoff of a zener diocde shurting a tranesmission line was
calculated and measured for the case of the 1N753A. From the Theory Sectionm,

ple) = - —1

M(8) = 1+ o (8)

Assume a 50

line and & amall reverse hias capacitance of 120 pF tor
the 1N7S3A.

g) = L
M(s) %5
Zp

'—J
4
n

M(Jw) = 4
1+ 3 (29) (27 ) (120 X 10732) £ (Hz)
1
1+ 3 (0.018584) £ (MHz)
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For 3 4B loss, f = 5§ MHz. The expe -imental value was 4“5 MiHz.

The e¢qrivalent shunt capacitance can be reduced by using a smaller diode,
but this wiil reduce the power dissipation capability of the protective dicde.

For a glven EIN, HD is the reciprocal of the slope of the line drawn from
the origin to the operat'ng poiut on the device voltage-current characteris-
tic curve. lor the casc of a diode shunting a transmission line, Eqy (a
large voltage step) sees the device resistance, Rp, and the liae resistance,
ﬁo, in parsliel.

Ro Rp

& =

Ro *+ Rp

‘fdnce the reflection coefficient at dc is given by:

Ri, -~ Ry

plo) = —

B, 7 Ry

we can substitute for Hr axd obtain
A~

clo) = - 1

1¢2Rp

Rq

Frow measuremen. of Eyy and Ep, we can calcuiate o (o) from

EI‘ =(l+p)Em

From these calcuwlations, we can obtain current and power levels in the
device itself. ¥or the case in which I = S0 2 and relative de conditioas
prevail:

p(a) = - —Lp— o L _ 25

l+§?‘l)~) Rp + 25
and RD
Mlo) = 1+ (0) = R+ 25

Note that 1f Ry< 25, o(c) T el
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lower delivered to the zener diode 1s then
ol 2

Py = E 1-0 L

p= B )R

2 , ¥
- @ - >rm\-§il’)-->

A more thorough analysis would have to include the energy initially
stored iu the circuit compeonents.

Figure 5 shows the voltage transmitted past a zener diode, 1N3020B, with
18 V zener voltage. Yulses of 160, 80, 40, and 20 V were applicd and the
responses appear in sequence from the left with diminishing rise times. The
larger the input amplitude, the more nearly the ¥ rice time matches the
EB.‘vriSC time.

V: 9.4 V/em

H: 10 ns/cn

Applied jpulse amplitude (from the
left): 160 V; 80 V; 40 V; and 20 V.

FIG. 5. Voltage Transmitted Past Zerer Diode 1IN3026B

b. Four-layer Diodes/Silicon Controlled Rectifjers. A four-layer diode
shunting a transmission line scts like a small capacitor for small signal
levels (below device tum-on voltage) end like a small resistor-inductor
series combination at larze signal levels. Figure 6 shows a sketch of a
typical input step and the voltage developed acrouss the diode.

E
IN

’\-__E

Time

Voltage

FIG. 6. Inputl and Transmitted Signals for a Four-Leyer Diode
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1gure 7 shows a pholograph of thu Ej curve developed for a b kV input
pulse. The slower rise tlwe and lower peak amplitude are a result of the
device inductance and the ‘nput rise time. Mllowing the initial traagiernt
portion of ET. a miniuum amplitude is reached for the durati~= or the input
pulse, Eqy. This amplitude is 12lated to the equivalent LYulk r:sistance of
the device.

A silicon controlled rectificr is basically a four-layer diode with one
of the base layers having a contact which can be controlled so that the base
acts as a gr.d. Thies control allows s wider variety of applications.

Vi 500 V/ew

He 10 ns/cm

it A

FIG. 7+ Transmitted .7imu for a our-Layer Diode Shunting a b kV Step

c. Spark Gavs. Spark gaps, when properly applied, can provide excellent
protection ugainst EMP coupled pulses. Manufacturer's datu show the voltage
magritude required to brcuak down the gap (striking voltage) versus response
time and inttial rate of voltsge increasc. For cxanple, a gap rated at 230 V
s its de striking voltage way reguire as much as 1200 V to strike from &
ramp voltage applied at the rate of 2C0 V/ns. ‘Ghus, a spark gap with a
230 V dz striking voltage may not adequat 1y protect a ocircuit vhich caon
sucvive 53X V, becaus. 1 1200 V pulse may reach the circult betore the gap
fires.

Another problem with spark gaps may occur 1f a second protective device,
such a5 a wener diode, or a low impedance louwd is located physically so close
to the gap so that the firing voltage is never reached. In such a case, all
of the pulse ezergy goes to the dinde or to the load, and damage may occur.
Figurc 8 shows a line with toth a spark gup (Point A) and a lo. impedance
load (Point R) and the voltuges present at euch point for an input ramp and
dc voltage. The voltage developed at Point A 1 the sun of Epny at Point A,
plugs Ep from Roint B. Thus, the actual voltage developed at g‘)int A may not
be av large as the soriking voltage, Vg.

Io general, 11 spark gaps arc properly used on trunsmission lines, they
should provide protection agaiust large pulses. Figure 9 shows Ep for a
sparx 5ap rhunting a 500 loaded tranrmiscion liye. 'Three vilues of E
wers used: o kY, % &V, and 2 kV. The O kV pulse was repeated to deronstrate
source fluctuation., These data demonstrate the increasing value of striking
voltage as EIN increases.

The question of the equivalent resiclance ot a gap after Jt has fired
can be unswered using data from Eq photographs plus in’>rmatior on the
input pulse. In order to obtaln the dc voltage level across a gap arter
firing, a slowe:r sweep is employed, as in Fig. 10. Referring back to
the Theory Section, we have the following:

18
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Fig. 8c. Point B

Fig. 8d. Foint A

FIG. 8. Spark Gap and Nearby Low Impedance Load

V: 1kV/cm
H: 10 n3/cm
Input pulse (from the left):

8 kV (2 pulsee); 4 kV; and
2 kV

FIG. 9. Trancmitted Signmal for Spark Gap UBD S50
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V: 200 V/em

R: 20 ns/cm

Input pulse: 8 kV

F FIG. 10. Transmitted Voltege for Signalite Spark Gap . -
2 - o — — L
: ET = Em(l+ P) =
Zy - % :
L~ %
= Ey 0t 557 ) . - i
_ o}
2
= Eqy § )
v %y
Z
L

Assuming that the spark gap is across a loaded line,

2 Ty

74 - (o]
L P -
o' Zp
and [ =

2

Ep = Eny L+ o
% Zp
Z, *

Z)

: = Eqy lzo
1+

E =

:

For 2,

[}

% 8,




B L A

1,

Solring for ZD:

Zp @ 25 ! .f"l;__.-w
.
!_Lg -1
|

.

F

5T ]
_ For this example, E;. = 8 kV and from Fig. 10 Ep = 80 V. Therefore,
- -
2p= 25 L | =25 l___
% Booo _y 159 |
R
= 0.25 R

d. Spark Gap (Spccial Screw Type). A special spark gap was made by
topping a hole in a Geners] Radio insertion unit and inserting a pointed
screw which formed a narrow gap with the center conductor. Under normsl
si:nal level operation, this gap appears as a very small cepacitor and has
negligible effect on the circult. Application of a high voltage pulse
sufficlent to t'ire the gap causes it to shunt the line. TFigure 11l shows Ep
for seversl B kv Eqy pulses. This gap substantially reduces large voltage
inpu*t pulses, but it sppears somewhat incons*stent. The fall time of this
pulce is exiremely shoit and may be an important feature.

V: 500 V/em
H: 10 us/em

Input pulses: 8 kV

FIG. 11. Transmitted Signal for Special Screw Type Spark Gap.

e. Neon Bulbs. Neon bulbs are similar in operation to spark geps but
have lower dc striking voltages. However, surge striking voltages approach
gimilar values as those ot low voltage spars gaps. The advantage of the
peon bulb is its very low cost end ready availsbility. Figure 12 shows the
voltage transmitted paet n GO0 V neon bulb with input pulses of 8 xv, L xv,
and 2 kV.

V: 2 kV/em
H: 10 ns/cm

Inpul pulses (from the left): 8kv,
L kY, and 2 kV.

FIG. 172. Voltage Tranemitted Past 90 V Neoa Bulb.



5. CunCILUSIONS

a. Measurement Techiigue. The technique described allows simple m2asure-
ments to be pexformed on military equipment and systems both before and after
inclusion of protection devices. These dala cun be interpreted to detemine
-the system wulnarability to transient effects, such as EMP induced signals in
interconnecting cables. The test set-up places the protection device and

the protected circuitry in the nomal operating configuration. The applied
waveform and 1ts reflection are connected at a convenient location in the
system and minor parametric variations can be displayed using sampling
techniques and a storage oscilloscope. The test system utilizes extemal
calibrwkion standsrds, thereby eliminating the need for extemsive internal
sot-up procedures. lte speed and ease of operation make this a test
requiring minimal technical background. With the exceptiom of the high
frequency oscillogccope, all components of the test system are readily
availrbie or easily cvastructed. Ry using a reduced voltage pulse, the

rormal operation equivalent parameters of a protection device cun be
detemined in the sawe tes* sei-up.

The techiique w= have developed and polished over the past two years is
simple, easily used by anyome who can op=rate an oscilloscope, and because
all meamurements o:ve made ‘n the same pet-up which is the actual operating
configorusion, arrovy are ninimiczed and ~onfidence enhunced.

4 .z

e Pmts o vt oe Cogspeteristics.  Spark gaps and Tour-layer diodes
exhizivd 'l nro™riies ~ulh: 82 8 maximum breakdown voltage of 1400 V
with an input puine or & kV gaplitude. The transmitted pulse was approxi-
mately 3 ng wide, atter wilch the woltage acruss lue device dropped to s
low level, determin=d hy the bul¥ registance of the device for the duratisn
of the input pulse. Under wormal circull operation, these devices intro-
duced practicaily no insertion losc.

{a the other hand, zener diodes operated at a mich lower voltage pro-
tectiop level, but showed large lusertion loss under normal operating

conditions. In gome applications, thic could limit their usefulness as
proteclion devices.,

We intend to broader the fnvestigaticu 20 include otr~r types of devices
with potentisl protection capability and to ldentify new asnproaches to Fw
protection invol ing clircvits and materfals. The short range goal of this
yrogram 1s to pruvide prutection units for ©leld equipment and equimment in
engineering development. The longer range goal is to d evelop malerials,

devices, und/or ci-cuits which cen be designed into pmew equipments for the
future.
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APPEXDIX I. LIST OF SOURCES AND TRANSFURMS

Tdeal Step

ES

™~V

Remp plus 4c¢
By(s) = &8 (L) (177)

T 2

Exponential

Ey(s) = (&)
T os(s+ !T: )

Ideal Pulse
wT
Byls) = ATediy S T

W o
n

Trisngular (same slope)
E(s) = &) L[e2 o246 5
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7. Triangwlar (different slopes)

fBIl(l) - ("L) A - (-A- + -.A—) e~11|+ A e'('! 1 + 1'2) .Al St oLm e su=l oo
5 1 T e T2 -

9. Pulse with Exponential Rise and Decay

-1 !
Em(s)=-2~e2 - A t’:z_‘«.A e 2

8 +_l 4-_;
T 2

2b
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APPENDIX II. LIST OF NETWORK FUNCTION TRANSFORMS
(Special Case for Z, » 50 0 )

| 1. Pwsistor Shunting Line (long line)

RS
= -2 _
o(s) R_L—+ 5% -
~ & -
Ke) =~ F453 :
2. Inductance Shunting Line
o(s) = =23 _ s
25 + sl -
aL mﬁ
M(e) = 25 + sL
3+ Resietor and Inductor in Series Shunting Line
(8) = —22 .. (2 1
’ R+ 25+ sL L :T_%'_ TR

L R

"(.) = R+ al , 7

r———

R+ 25 + aL

k., Resistor and Inductor in Parallel

o(s) = —={B* L) T
R+3L+R;IS‘
R'L I ‘\g-ggn’."w
M(a) = 2 -
R+3L+R-;—-15‘




S« Capacitor Shwnting Line

-1 -
o (8) = —_——— N

1+(-§3)zc s+ L N

. 2 o .
N(s) = ———2-2%-—— C——
s + ‘2-'5C . :77

6. Resistor and Capacitor in Parallel Shunting the ldne
0 (8) - -G + 8C

1 A L
G+eC 5z ==
1
——— -L_ )
K(s) = 25 C ] G =
G + sC + ;—5 '

7. Resaistor and Capacitor in Series Shunting Line
; (8) = =8¢ SRR

1_ 1

sC + 25 sCR + 25

M(s) = 22° 25 &

1 1 e
aC +25 sCR + 25 7

26




APPENDIX III. Signal Transform by Linear
Approximation and Derivatives

I

Given a signal vave form

P~ B - o |

Approximete the signal by piece wise linear function.

Teake derivative of pilece wise signal

o It=

Take second derivative

Example:

ct it

e ]
/e Tt b

Hd|>
o+
| &nd
|
o ”
|
"
w
f=a
o+
1
ot 1o |

1 [
-ju (t-tl)-ul‘ ]u(t-t2)+etc.




Special example No. l. Given;
E

Firs: derivative:

|

wlhl

Al

Secomd derivative:

o

-E
T

e (t) s Eoui)-E u(t-m)-E_vww-m)+E_u(t-1y ;
T) Ty T3-Tp T3-75 3 =

2 -8T -8, E -sT

s°P(s) _ = B _ o _E 1 . E e + e 3

T\ - -
Tl Tl T3 T2 T3 '.['2

= -8T E -3'1‘2 -sT
F(s) = (2=) Lrl-esl - —E_le -e %3 ;
- \... 82 Tl L 13" Te L
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Special example No. 2, invoiving a doublet. Given:

_Mrst derivative:

Secapd derivative:

DOUBLET

. - ¢' BA s - B § (4 -pgs !
£(t) =A 6(t) + T (t) T (t-1,) BS '(t)
st(s) = As + (B-A) _BA .-UT]_- Bee Ty
T T
e A o1 (BeAy _( 1y (B-aAr 1y _ g Ty
ey G ) e e

By using the above procedure, most functlons can be quickly and simply
approximgted.




AFPPRDIX IV. Bquation Solution by Convolution

The reason for the inclusion of the coanvolution technigues is to provide
a method to solve cases vhere the pulse rise time is not a simple expression
- {such as the linear or exponentisl cases) because of cable losses and
frequency variaticns. A graphical technique 1s then more adaptabie to
machine analysis.

Bquation solutiom by convolution (for input voltages not analytically
expressable): In order to provide a better understanding of rise time effects,
the same regults can be obtained by graphic comvolution.

ﬂuo

‘,t.l [Bm(s) . o(.] = v (t) *h (t) = ,I Epg(1) b (t- 2) d »

[#

where= h (t- 1) is the time shifted impulse response of the petwork. Also,

-1 o(a8) 7
L e(s) ° —.L':J = Em(t) * /) h (¢) 4t
h(t) is the petwork impulse response.

The equations shov that the output time function can be obtalned by com-
volving the input time function with the network impalse response. In
addition, the latter equation provides the same informaticu by convolving the
derivative of the input time function with the step respouse of the network.

An example of an inductor shunting a 50.; transmission line follows:

;(a)=-(1)( 1 ) [~ ]

L
vhere T = 3%

reflected impulse response

Ey (t) -

%

1 -..l._'t
A
Ergl -l e T u(t)

*denotes canvolution




£
&

B LAV

T AR AT PENMTIR, b g

Wl

R Al

transmaitted impulse response
1
1., - =t
B(t) s By | s (t) ~(=F) e T]u (t)

reflected step responge

“Eg(t) - = Epy( A1) 1 -e %’] u (t)

transxitted step x-:elcponse
L
Bp(t)- =Ee T u(t) &

To determine Ep(t) produced by a step functiom acting on an inductor
sbunting a transaission line (¢), comvolute the step functioan (a) vith the
impulse response of the network (b)

(a) (b) (e)

To couvolve two functioms graphically, use the reflection of the function
about the vertical axis (d) and then shift the functiom by t(e)

f(- 'r) f(t- ‘l‘)

(a) (e)

and integrate the product of (e) and (b) for various values of t

'

Subscripts ¢ w2 _[  apecity input as the impulse functican or step
function, respectively.




The same result may be obtained by convolving the impulse function (time
derivative of step function) (a) with the step respomse of the petwo.x (b).

SEL .

—

4

(a) (v)

To ahow the ef'fects of the finite rise time, take the ramp fumction «» the
source (a) and convolve it with the network impulse reaponse (b) to get {¢)

(¢)

I

[ P
v

i

N

(a)

e P

or the derivative of the input (d) with the step response of the network (e)

«ﬁ»— L
(a)

(e)
Nov, expand tL* process 10 non-ideal waves, (onvolve (a) with (b) to get (c),
or comvolve (d) with (e), as above.

() (b) (c)

| * ,

|
(@) (e) '
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If the rise time of the source and detector is fast compared to the net-

‘work time comnstant, the source can be represented with a step for a pulse rise
und the om:put is

If the risetime of the pulse is slow, then using an ideal remp plus dc
-on the impulise response or a pulse on the step respomse the ocutput is

Bote that the maxiyem of the comvolutiom integral occurs wisa
t =
' 1
E,(t) = J Fr 0T a v

T= -:‘,L—S = Time constant of respopre

1 - A
O (&) )| ™ Vo (8~ l - (£ <or>f<-g-)e T s
maic max i o :
<X "1
= (._E_._) («T) e T
"2 0 2
L A i ;-
= (E )y (e e T o -
2 ~l -

. . :
= E () [1-{'1‘11‘\ :
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'Irnov! >> LY » them

:V?(t)_/— I - (1) 'I%swpz (ég— and

L = 25 ET(t)_/—l ol
m .

-

[

The above 18 generalized to the ca: - ' LA Teagmaea

E /’)’hxinn slope

) 4

-

HAXINIM SLOFPE

L=25|vap(t) ._ 'mi 1 J
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~—transmission measurements. The purpose is to summarize the procedéures aad to

) let ,Of measuremsote.

Apperdix V. Exasple of Meagurements and Calculations
Thies aypendix shows impedance calculations made from actual rellecticn aad
show limitations.

1. Figure V-1 shows the reflection messuriung circuit (a), the storage
oacilloscope display (b), and trace identification guide (c) for the first

Yor the open circuit case, except for line losses,

Ep = » Epy and e = L_~%0 ~1
Z, 2,4

go that ER’:-*J EIN . Similarly, for tha ahort circuit caase,

2 - %
P B e = W] .
5,V 7,

andER - -En.

For the resistive sbunt (case 3 1n Pige V-1), using an 111
resistor, and res’ang ER and !n at scwe point on the stable, relatively

flat portion of the curves, we obtain j

o= TR, 280wV . .67
Erg L0 av

o= B =20 =« 0.667
R + %0

and solving for R, R=» 10 . Thie 1s within 10%.

For the resistive plus inductive series shunt (case 2 of Pig. V-1),
ueing an 11 ¢ resistor and a 0.22;, H inductor, measure th: time constant
as followe:

Pick a point on the decay curve wvhere
the curve has smoothed out (A) and
measure the time increment from that
point to a point (B) which is 0% of
the amplitude atv point (A). The time
constent 1s then by "

0.69

35




From Fig. V-1, the time constant of curve 2 is approximately -26‘-%—- -

%0 that L -%:%%_x (0% +108 )= 0.34 uH.

This value is about 50% high, but the accuracy of this technique is greatest
vhen the time comstant 1s much greater tbhan the pulse rise time. In this
example, the pulgse rise time iz approximately ns vhich is close to

36
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A ATTEN

Fig. V-1 (a)

ﬁg. V'l (b)
Test Fixture
e ———————————— :llllll.llllll‘
1 Open circuit T s B
2 116G + 0.22uH e 3 °,
Series Stunt 0 < —
3 119 smt s L
4 Short circuit -—rre “
AN
pr

Flg. V-1 (c)

Fig. V-1. Reflection Measurenente on Inductive and Resistlve Saunts
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2. Figure V-2 shows the transaission measuriag circuit (a}, the storage
oscilloscope display (b), amd trace idemtification guide for this set of
_measurements.

In the opea circuit case (curve 1 1a Pig. V-2),

R, = 1+ o) Ry = 23,
= 600 mV

Therefore, for comparison purposes, Epy = 300 mv. (The attemation fact rs
vould have to be comsidered for absolute values of EI. and l.r )

a the resistive shunt case (oxrve 3 of Mg. V-2),

Fp = (1% o) Ey = (1’::::)31:

ani
)3
‘B"g = l + _R___z.‘i
™ R+ Z,
Substituting values, O w¥y . 4 4 R - 500
300 mv R+ S0¢p
Solying for R, R = 11.2 q, within 2%.
For the 0.22 yH inductor (curve 4 41n Pig. V-2), the time constanmt
is

2:Qus s 8L 3.0m 50 . 0,20 ug.
0.69 0. % "
For an 0.11 uH induactor (curve 5 4in Mg. V-2), the time constant

1.6ng @A L= 7.6, s 0.12, H.
R B % 2" "o

is

Cowbining the 0.22 ; H indmctor and 11 Q0 resistor in series shuat
(curve 2 of Pig. V-2), the time comstant is

p 3.om.andasndn
L= 0.22,H and R = 11.2 q. 0.
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0.11 uH Shunt
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3. Figure V-3 shows the transmission measuring circuit (a), the storage
oscilloscope display (b), amd trace identification gwide (c) for thie set of

measurements.

777" Im the opea circuit case (curve 1 in Mg. V-3), | s o —
Bp=2En = 600 mVv. :

For a 100 pF shunt, the time constant 18 3,6 mg amd RC = , ¢ . 7
%5 +&

.6 1 -
Therefore, C = 83; - 104 pr.

Similarly, for a 47 pF saunt, the time comstaxt ie 166 and
C"l‘éppn
Fowever, in the 10 pF case, we again bave the sitwation wvbhere the

circuit time constant is not lomg compered to the pulse rise tims. Therefore,
the czlculated value of C is greatly im ermvor.

c=~9:Bos 1 o5

Q.09 500

o sl

il

o ol mi‘wh‘um‘m PRI
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Fig. V-3. Transmiasion Measurements on Capacitive Shunts
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. Figure V-4 shors the reflectiocn measuring circuit (a), the storage
oscilloscope display (b), and trace idemtification guide (c) for this set of

aessuUremants.

Yor the 100 pF shamt (curve 3 in PFig. V-h), the time comstant is

%,mc-mhpp.

o For the 7 pP sbwnt, the time constant is 1.8 ns, and C = 52 pP.
. o.é

For the 10 pF sinmt, the time comstant is ~0.6 , and C ~ 1T pF.
0.83

Az vas iniicated in paragraph 3 abowve for the 10 pF case, the time constant

“"is not sufficiently greater than the pulse rise time to make the calculation
valid. :

i




Fig. V-i. Reflection Measurements of Capacitive Shhunts (Unloaded Line)
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5. Figure V-5 shows the reflectivn messuring circuit (a), the storage
oscillescope display (b), and trace idemtificatiom guide (c) for this set of

- aeafurements

For the 100 pF case (curve 3 4n FMg. V-5), the time counstant is

108 ns . __1_ - mh pp.
R

1.8 na -
0.5 W= 5B

2

" For the 4T pF case, the time comstant 1s 1.2 ns and C = 70 pF.
0.@

Tor the 10 pF case, the time comstant 18 ~O.4b ns and C ~ 23 pFr.
0.

The loeding of the line makes RC, the time constant, -n.uerundmw,
evan the 4T pP case 18 in error as well as the 10 pF case.

As can be seen from the previous examples, there are two basic limitatioms to
moasurements of this type. First, the pulse rise time must be significaatly
less than the {wpedance time congtant. Second, pulse distortions can make it
difficult to read valnes from the photogruphs. A particular distortion is the
minar cecillatiog introduced by tranmmitting the signals over lomg cables.
Some of thesc limiting difficulties can be avoided by using the coamponent
substitution method discussed previcusly im the text.
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