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A vertically-polarizeddipoleantennais usedas a nidebandradiator

of specialwaveformsforEMPsimulation.Theantennaconsistsof a large

right-circularconewithitsapexlocatedon theground.Specialresistive

loadingis :s:?::”:hsantennaso ::Q:thecur:e!?tinjectedinto:tat the

apexdecreaseslinearlywithheightandbecomeszeroat thetop,maintaining

a constantwaveformas ittravelsupward.Thisparticularresistiveloading

resultsin an antennaequivalentcircuitconsistingof’thetotalantennaca-

pacitancein serieswithitscharacteristicimpedance.Theradiationfields

arecalculatedfromtheantennacurrentandthetotalfieldsarethencalcu-

latedfromtheradiationfields.Theinputcurrentto theantennaisderived

fromtheequivalentcircuitof an idealpulsegenerator,includingtheoutput

switchinductanceandgeneratorshuntresistance,whichgivethepulserise

timeandlatetimedecay,respectively.Theparticularmodeldiscussedalso

incladesa ~~SiSti”/elGzdinparallelzcrosstheantennainp”u:whichcanbe
variedto changethelate-timewaveforms.

.



I. Introduction

PreviousnotesL’2describea ❑ethodof obtainingthefieldsfaraway ●
froma resistively-loadedbiconicalantenna.Thecalculationsarebasedon a

transmission-linemodelfortheantenna,andtheantennaitselfisapproxi-

matedbyan equivalentdipoleantenna.An actualantennacanthenbe con-

structedas a suspendedbiconicalstructureor as an invertedmonotoneon a

groundplane.A specialnonunif’orrnresistiveloadingwasdevelopedwhich

linearlydecreasestheamplitudeof thecurrentwithdistancealongtheTrans-
missionline,startingwiththepulseroutputcurrentat theantennaapexand

becomingidenticallyzeroat thetopof thecone. Thisamplitudedecrease

occurswithoutchangeof thewaveshapeor spectralcontentas thecurrent

propagates.Thisspecificresistiveloadingalsoresultsina simpleantenna

equivalentcircuitwhichconsistsof thetotalantennacapacitancein series

withthecharacteristicimpedanceof thetransmissionline.

An idealstepgenerator,modeledas a stepvoltagein serieswitha

generatorcapacitance(equivalenttoa chargedcapacitordischargingintothe

antennathrougha switch)wasusedtogivethecurrenton theantennaand

hencetheradiatedfields.Thissimplepulstigeneratormodelprovedadequate

togivereasonablepredic~ionsforthemeasuredfieldsf’rom’actualantennas,’ @

at leastfordistancesawayfromtheantennaapexqreaterthanitsheight.

A morer’ealistfcmodelfora pulsegeneratorhasbeenusedtogive

theinputvoltageto theresistively-loadedantenna.+ Thefieldsradiatedby

theresultantcurrentwaveformfromthismodelarenowderived.Inaddition,

theeffectof placinga shuntresistanceacrosstheantennaisshown.This

resistancecanbe usedtoreducethelate-timevoltageon theantenna(witha

resultantdecreasein thelate-timeelectricfield)toreducethepossibility

of high-voltagebreakdownacrossthepulsegenerator.

Allfiguresarecontainedat theendof thisreport.

11. Summaryof PreviousResults

TheaxiallysymmetricbiconicalantennaisshowninFigure1 withthe

sphericalcoordinatesystm used. Thecharacteristicimpedanceof thebicone

i3 givenby
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where

‘o=m= 120’ (2)

is theimpedanceof freespace.A dimensionlessgeometrict’actorfg is
definedas

‘c
fg=_=:Z. in [cot(60J2)] (3)

Theantennabehavesasan idealtransmissionlinef’orsphericalelec-

tromagneticwavesandcanbemodeledas showninFigures2 and3. Parameters

Of thetransmissionline (antennaslant height) are given in terns of the

distanceG alongitby

c’(c) = co/f
g

z’(c) = 2A(c)

A(C)isthespecialnonuniformresistiveloading’,andisgivenby

‘(c)“ &

Thisresultsina frequency-domaincurrent~(~)on theantenna

-Yoc
i(~)= i(o) [1-~]e

(4)

(5)

(6)

(7)

(8)

A tilde- overa quantityindicatestheLaplacetransformwiththevariables.

Thecurrentstartswithamplitude10 at theantennaapexanddecreaseslin-

earlywithheightto zeroat thetop,maintainingthesamewaveshapeallthe

wayup.
—
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where

Forconveniencea normalizedretardedtimeisdefinedas

‘h=

t=

et-r
T (9)

1— = free-spacepropagationvelocity (lo)
~

timeinseconds

A correspondingnormalized(dimensionless)Laplacetransformvariableis

‘h = St = s;h (11)

wher’e
h

‘h=; (12)

1sthetimerequiredfora signalto propagatefromtheapexto thetopof the

‘antenna.Thepropagationconstanton thecorrespondinglosslesstransmission

lineisthen

(13)

~(o)is thecurrentfromthegeneratorintothetransmissionlineand
is independentof g. Thevoltagealongthetransmissionlineisgivenfrom

thetransmission-lineequationas

Theinputvoltageto thelineis then

whereCa istheantennacapacitance.
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m Theantennainputimpedanceisdefinedby theratioof theinput
voltageto inputcurrentandisgivenby

—%)

z.~.a ~(Yoh+l)=Zc+-$-
1(0) a a

(16)

Thisimpedanceis thelumpedseriescombinationof thelosslessbiconical

antennacharacteristicimpedanceandthetotalantennacapacitance.

Theradiatedfieldsarecalculatedbyassumingthattheantennais

very thin,extendingfrom-h toh inFigure1 as 00goesto zero.Thisa~

proximationcanbe consideredvalidinthesensethatthesphericalfields

fOI’02 80generatedbya currenton an infinitebiconearethesameas those

generatedbythesamecurrenton an infinitelineardipole.Thefactthatthe

currentdecreasesto zeroat G = h allowsthisapproximationinthecaseof

thef’initebicone.A normalizedradiatedwaveform?romthisantennaapproxi-

mationwiththecurrentconcentratedon thez-axisiscalculatedasl
.

and

fsh YozCoseMOz’ : sinO ~V ‘tzh
f

1(2)e dz
1 oh_h

Thefar-~ield(radiated)componentsaregivenby

()Voth e-yor
Ef=— -1

211f —c
0 r

g 1

(17)

(18)

(19)

Thenear-fieldcomponentscanbecalculated=fromthefar-fieldcomponentsto

givethetotalfieldsas
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( )Eo= l+++ y21rzEf
o 0 B

Thetotal-fieldcomponentscanbe rewrittenas

(Voth
i6=—21rl?

s

Er=2 cot9
. )Voth”~-yor

w gr
-Yor
e
r [

~1++ F’1 21
whereC?andElaregivenby

2 3

Thefieldcomponentsarefound

expressionfor~’ in theLaplacedomain
1

viabheinversetransformation:

:’(t)1
= y’ [5;(s)]

6

(20]

(21 )

(22)

(23)

(24) .
●_..

(25)

(26)

(27)

in thetimedomainbyobtainingthe

andtransformingit to thetimedomain

(28)
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Q3
Theothernormalizedfieldcomponentsareobtainedby

~’(t) = g’-’[i;(s)]=~ &:(t’) dt’
2

g:(t) = $-1 [i;(.)] = ~ &;(t’) dt’

Thetotalfieldcmponentsarethen

●J.

III.

antenna,

.

—d

(29)

(30)

(31)

(32)

(33) “

PulserEquivalentCircuit

Thesimplifiedpulserequivalentcircuit,togetherwiththatof the

isshowninFigure4. Alsoincludedisa possibleshuntresistance

Ra acrosstheantennaapex.

ThegeneratorcapacitanceCg fora typicalpulseristheerected

capacitanceof theMarxgeneratorinparallelwiththepeakingcapacitance.

Thecharging,balancing,andtriggerresistorsforma finiteshuntresistance

Rg acrossthecapacitance.Thepulseroutputrise timeisusuallydetermined

by by theinductanceof theoutputswitchLs. Higherordertermsin the

sourcegeneratorareneglectedin thisanalysis.Suchtermsincludetheca-.
pacitanceacrosstheoutputswitchwhichcausestheprepulseanddeviations

fromtheidealswitchfiringanglewhichaddreactivetermsto thepulser

equivalentcircuit.

Fora sourcevoltageof V. (erectedMarxvoltage),theinputvoltage

to theantennaterminalsisgivenby

7



[RgcgRa]+s[RgcgRacazc]
V.

1 - [Ra+Rg]+S[R8C#a+RgCa[Ra+Zc]+RaCaZc+L.]

1

(34) *

(RC +RaCa+CaZc]]+s’[L~RgCgCa(Ra+Zc]1+S2[RgC#aCaZc+L~g g

WithoutRa,thisreducesto

[@+S[~&g@
v(o) = V.

+CZ ]+s2[RgcgcaZc+L9ca]+s3(L9Rgcgca]l+s[Rgcg+Rg~a a c

(35)

Thecurrentintotheantennaisgivenby

v(o) SC
i(o) = = i(o) ~+~caz

Zc++ ac
a

V. s[RgCgRaCaZe]
=—

Zc

[

[Ra+Rg]+S[Rg~gRa+RgCa[~a+ZC)+RaCaZC+L]s

+S2[Rg~gRaCaZC+Lg[~gCg+Ra~a+CaZc)]+S3[fJJgCgCa(Ra+Zc)] I
(36)

Thecoefficientsof theLaplace

as

ii(o)=

1(0) =

variable

c + SD + 92 E + 93~ = V.

SB V.
c + SD + s2 E+ s~ F=~

intheseequationscanberepresented

A+sB
F(s+a)(s+~)(g+y)

SB
F($+a)(s+ll)(s+Y) (36)
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Thecoefficientsare

A.

B=

c=

D=

E=

(39)
‘gcg

(40)‘gcgcazc

Ra+R R

R=
.l+#

a [
= 1 withoutRa1 (41)

RgcgRa+Rgca(Ra+zc)+Racazc+L~()z L
= A+RgCa1 + $ + CaZc+ $ (42)

Ra a a

[
.A+RC + CaZcwithoutRaga 1

RgCgRaCaZc+L~(RgCg+RaCaKaZc)

Ra
=~+L~

Zc
c !A+C+C
g Ra a a<

()z
F = L~RgCgCa1 + #

a

[
= B + L~CawithoutRa1

[=L~RgCgCawithoutRa1

(43)

(44)

Alsonotethattheproductof theantennacapacitancetimesitscharacteristic

impedanceisthepropagationtimeth = Caze.

Thefrequencycoefficientsa, $ andY arethethreerootsof the

equation

a3F- a2D+ ~ - C = () (45)

Thefirstroota canbe foundby successiveapproximations:startwitha first

approximationof a = O, findthenext

‘ca= D- aE + azF

approximationfrom

(46)

o andrepeatuntila isconstant.-Theothertwocoefficientsarefoundfrom

d

9



.

(47)

Notethata andY as usedherearenotthesameEermsusedinthereferences.

Figures5, 6 and7 show theresultingwaveformsintotheantennaas

givenbytheaboveequations.Thethreefiguresshowthesamewave~orrnon
differenttimescalesto emphasizedifferentpartsof thewaveform.Also

shownon thesethreefiguresisthedouble-exponentialwaveform- whichwould

occurforboththevoltageandcurrentwaveformif theantennaequivalentcir-

cuit

cone

Iv.

consistedonlyof ibscharacteristicimpedance,i.e.,an in~initelylong

withoutresistiveloading.

NormalizedFar-FieldWaveform
Thenormalizedfar-fieldwaveformcannowbedeterminedfrom

equations8 and17. ~(o)is independentof z andcanberemoved?romthe

integration:

~ofgsh -Yo~zlYozCose
~: = sine

f
7(0) ‘[l-~]e e dz

2V0 t:
-h

TheintegrationisdetailedinReference1,withtheresult

( -s (l-coSe)llof’ghsh eh
-15 7(0) -1
1 = ‘ine 2vot:

/2‘h (1-COS8)2

-Sh(l+coso
+e -1

s:(l+cose)~

Someof thetrigonometric

1

+ sh(u-cos8)

functionscanbecombinedto give

Vof’gll
Z, 17(0) 2 - 2(l+cos2i3)
1= ‘ine*VOt;

I
sinzO shsinbe

-Sh(l:cose) -Sh(l+cose)
+ “e +e 1

‘h(1-COS8)2 Sh(l+cose)
‘1

(48)

(49)
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With~(o)given by equation38, i’ becomes

m
1

th BIF

){

2sh sh(l-cOse)- 3h(l+c0se)
it = sine -2 I+cosze+ e +e
1 2 (sh+a#sh+Bh)(sh+Yh sin2e sinb9 (1-c0.9e)2 (I+cose)

21

with~= ath,f3h=SthandYh

TheinverseLaplace

(51)
= Yth.

transformto thetimedomaingives

th BiFsine{1=—
1 2 (%-Q (Bh-Yh)(Yh-~){ [( )

(~h-yh) ah + l~~~~e 2@-%’hU(rh)sin2e

e-%%U(,, ~ ,-%’:U(T;)
(l-COse)zh - (l+c0se)2 1

e)

●d

-8hTL -%hr:

( )[(‘h + l+cogze
)

~e-‘hTh e U(T;) e U(r;)
+

‘h-ah- sin2e sinbe u(Tn] - (l:C0se)2 - (l+C09e)~ 1
( )[(Y~ )

~-yh% u(~,) ~-yh% “(~,,)
● l+cogzeZe“hTh

+ %“%h — u(Th) -sin2e sin”e (l-coSe)’h- (l+co~e)zh11

(52)

whereU(?h)is theunitstepfunctionand

% = ‘h- (l-COSe),T;= Th- (l+COSe). (53)

Thisexpressioncontainsthreeterms(inthesquarebrackets)whichareiden-

tical’exceptforthecyclicpermutationof ~, @handYh. Theonlytime

dependenceiscontainedwithintheseterms,so equation52 canbe rewrittenas

e’ = K[Ga(Th)+G6(Th) +Gy(Th)] (54)
1
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where

and

e-vi~(= , ~ ,-%’;
h_ U(T;)

(1-cose)’ (I+cose)‘1

(55) o

(56)

v. NormalizedNear-FieldWaveforms

Thenormalizednear-fieldtermscannowbe derivedfromequations26

and27 in theLaplace

sine
?’-~th2

domain:

01F

{

2 _ 2(l+c092e)
(3h+~)(sh+3h)(sh+Yh)sin’e . Sh sin’e .

-ql-cow -Sh(l+cose)
+e +e
Sh{l-cosw Sh(kose)

‘1
(57)

~i * sine—t BIF

[

2 _ 2(l+cos2e)
3 2 h (sh+Q(sh+3h)(sh+Yh)shsin~e ‘i ‘ino

-Sh(l-cose) -sh(l+cose)
+e +e

2 l-co9e)2 2
‘2 I

(58)
‘h{ ‘h(

I+coge
.

Thecorrespondingtermscanbe derivedin thetimedomainfrom

equations29 and39
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m ‘h
6:-K

1
[G (Th)+ G6(Th)+ Gy(Th)]drh= K[H(Th)+ HB(Th)+ Hy(Th)] (59)ao a

‘h
~;=K

J
[Ha(Th)+ H@(Th)+ Hy(Th)]d~h= K[J(Th)+ JB(Th)+ Jy(Th)] (6o)

o a

where ‘h
Ha(Th)=

J
Ga(Th)d~h

o

and ‘h
Ja(Th)=

J
Ha(Th)d-rh,etc.

o

Thecalculationsneedonlybe doneforthe~ termandthenappliedto the
othertermsby thecyclicpermutation.

Theresultsof theintegrationsgive

(f3h-Yh)
Ha(Th)= (-~)

r,-%”

L

A[%+U,,:;’]=’qu(.h, .

(k3h-Yh)
Ja(Th) =

%

VI. NormalizedFieldComponents

;-%’h
“ ‘ahTh u(Th)

9

(61)

j-ahT: d /-’+%’;,(T,,).(I+cose) h (62)

.

Thenormalizedfieldcomponentsinthefrequencydomainaregivenby
—
d equation51, 57 and58. ThesecomponentsareshowninFigure7 fora baseline

13



sebof pulserandantennacomponentvalues.Thefirstbreakfrequencycorre-

spondsto thevalueof ~; thesecondbreak~requencyto Bh,andthethird o
to Y~* Inreference1, thelowestbreakfrequency,whichisdueto thepulser
shuntresistance,doesnot

whichisdueto theswitch

thesepulser elements from
componentscanbe obtained

exist.Neitherdoesthehighestbreakfrequency,

inductance.Figure8 showstheeffectof removing

themodel;only~; isshownsincetheotherfield

fromitsimplyby dividingby thefrequency,

A veryinterestingresultof thisfigureisthattheeffectof the

antennashuntresistor I?a is nearlyidenticalto thatwhichwouldoccurif it
werecombinedwiththepulsershuntRg,atleastforvaluesof Ra equalto or

higherthanRg. Thisisbecausetheeffectof theoutputswitchinductanceL3

occursat farhigherfrequenciesthanthatof theshuntresistancesforprac-

ticalpulsercomponentvalues,so thatit is immaterialon whichsideof the

switchthepulsershuntislocated.Forvalues.of Ra muchsmallerthanRg,

thehighfrequenciesare decreasedinadditionto the10Ufrequencies,as Zeen

inFigure9. This isanundesirableeffect(increaseinrisetime)so such

lowvaluesof an antennashuntshouldnotbe considered.Of course,ifRa is

locatedon thepulserside,thenit cannotbe distinguishedfroma changein
valueof Rg’andhenceit isnota distinctcircuitparameter.Theantenna
shuntisthusnotan interestingcircuitparameterandwillbe disregardedin

.
allsubsequentdiscussions.

Thetimedomainwaveformsof thenormalizedfieldcmponencsare

showninFigure10for8 = r/2(fieldson thegroundplane).Figure11shows

thefieldcomponentsat a pointabovethegroundplane.Thesecomparefavor-

ablywiththegeneralnatureof thewaveformsof Reference1, exce~tthatthe

finiterisetimedueto theoutputswitchinductanceisnowincluded,and

that~’willnoweventuallyreturntozeroatverylatetimesdueto the

pulser3shuntresistance.

VIII. NormalizedRadiatedFields

Thecurrentwaveformintotheantenna,equation36,canbe rewritten

innormalizedformas

v bsh”
i(o)=QZc ~ + Sh[l+ b(~+a)]+ s#b + d] + s~[bd~ (63)

.
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wherenormalized,dimensionlessvariablesaredefinedas:

Ca -
a. — = ratioofantennacapacitancetogeneratorcapacitance.c

g

t RC
b=~=~= ratioof pulsertimeconstanttoantenna

‘h ca .propagationtime.

t; LsCa
d= p= (zcca)~ = squareof theratioof outputswitchtime

h constanttoantennapropagationtime.

Allantennaandpulsercomponentsarethusredefinedintermsof thepropaga-

tiontimeup theantennaandthecapacitanceratio.

Equation38 remainsthesame,withthecoefficientsredefined

accordingto equation63:

B=b”

c-l

D= l+b(l+a)

E . b+d

F = d.b

Therestof theequationswhichdeterminetheradiatedfieldsremainintheir

originalform. Thetotalnormalizedradiatedfieldsinthefrequencydomain
aregivenby equations23,24 and25 withthenormalizedfieldcomponents

givenby equations49,57 and58. In thetimedomaintheyaregivenby equa-
tions31, 3.2 and 33 withthefieldcomponentsof equations54,56,61 and62.

Thesefieldsareallnormalizedinamplitudeby unitizingthecommonterm

V.
E. = 2m f = 1 V/m

g
(64)

ed
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Studiescannowbe performedtoshowtheeffectof thenormalized
paramterson thefieldsinthesimulationat normalizeddistancesandeleva-

tions.A.baselinesetof parameterswaschosenforan exampleconsistingof

c
a = ~ = 0.3c

g

t
b ~g 50.—.

h

t:
d= ~ = .03

h

x- . 2 = normalizedrangeh

z– = .25= he@ht/rangex

e
“Figure-12showsthe-spectraof thefieldsforCheseparametersandFigure13
showsthewaveforms.

Somecommentsareinorderconcerningthegeneralnatureof these
waveformsandspectra.Of foremostimportanceis thefactthattheradiated

fieldsdo nothavea double-exponentialwaveshape.Theinitialrisetime1s

verynearlythatof thedoubleexponential,buttheprincipalfieldcomponents

thendecayveryrap~dlyand,infact,becomenegativeat sometimelessthan

thepropagationtimeup theantenna.This“zero crossingtimettisprimarilya

functionof theantennaheightandisrelativelyinsensitivetoallother

antennaor pulserparameters,includingtheresistiveloadingof theantenna.

It is inherentin thefar-fieldcomponentsof allradiatingantennas,includ-
ingverticallypolarizeddipoles.Thezerocrossingtimeisoftenusedas a

specificationfortheprocurementof suchantennasforEMPsimulation.

Thetwodiscontinuitiesintheslopesor thefieldsareduetothe
antennacurrentbecomingzeroat thetop(firstdiscontinuity)andin the

groundplaneimage(seconddiscontinuity),andoccurat therespective

propagationtimes.
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Q)
Themagneticfieldbecomeszeroata fewtimeconstants,consistent

withthefactthatitdoesnotcontaina staticfieldcomponent.Theelectric

field,however,crosseszeroagaintobecomepositiveandthenmaintainsa

moderatestaticlevelfora verylongtime. If therewereno shuntresis-

tance,thisfieldwouldexistforeverduetothevoltageputontothecapac-

itanceof theantenna.

Theslightoscillationof thepolarelectricfielddueto thetwo

zerocrossingsbecomesa dipinitsspectrumata valueofw ~ = 0.5as seen

inFigure12.

Figures14and15showthevariationof thefieldsas a functionof

theanglefromthehorizon,representedhereas themeasurementpointeleva-

tion.As theelevation

peakedas a symmetrical

frequencycontent.The

Figures16 and

is increased,theradiatedfieldsbecomemoresharply

highfrequencyspikewitha lossof late-time,low-

raaialelectricfieldgrowscorrespondingly.

17showhowthefieldsvarywithdistancefromthe

antenna.As thedistanceincreasesthenearfieldtermsdecreasewhichre-

ducesthelow-frequency,late-timecomponents.Atdistancescloserto the

antennathanoneantennaheight,theresultspresentedherebecomeincreas-

inglyinaccuratedueto theassumptionson whichthecalculationsarebased.

Figures18.and1?showtheeffortof theantenna/pulsegenerator

capacitanceon thefields.Largerpulsercapacitancesareseentogivemore

mid-frequencycomponents,withlessundershootanda largerzero-crossing

time.Bothvery-highandvery-lowfrequenciesdo notchangewiththe

capacitanceratio.

Figures20

representedhereas

resistancedecrease

electricfieldtail

Figures22

and21 showtheeffectof thepulsershuntresistance,

‘he‘gcg’zcca‘imeconstant”Lowvaluesof thisshunt

thelow-frequencycontentandreducethetimethatthe
stayshigh.

and23 showtheef’feetof theinductanceof theoutput

d—,

switch.Largeinductancesareseentosignificantlydecreasetherisetime
of theradiatedfieldsandthehigh-frequencycontent.

.
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