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A tmnsmission line consistingof

L3kcmtory
.’

. .

. . . .

verticalConducto= buriedin the
,groundis evaluatedfrum the view@int of reproducingpart of the electro-
magneticfielddistributionfran a large distiihted source-atthe ground
surface (e.g., the nuclear”EKP). When cmbtied with the appropriate
ekctmmagnetic ener~ sources,this is a possiMe IMP simulationtechniqpe
fm use wilh buried structures.
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Trwrreare in generalfringingfields,LnGAZthe,zo~ =~-:iWthn of the
trammisskn lime,which hit our m@l in t~=e r_%:oA~’ ‘un~~~s we
com,pemate for thesedistortions.For our calcul=ti=.swe assumethat
t.li~ length, #, is much largerthm eitherkcriz-cntaldimension,2a or “
2b. Assaiated with the horizontaldimensiGns’we alsGhave transit
timelimitations, i.e., it takesa certaintimefcr a signalfromthe
generatorto distributeoverthe horizontal&-nsicns of the transmksion

2

1. ~.~~ion~izedm,k●s. u,nit~are used -~ghQut.
2. .Fa’a discussionof this kind of field~~tte-rnsee SSN XXI, Lnpedaiices

and FieldDistributionsfor ParallelPkze m=I=~ ~ien ~fieSfilato= I ..
by thisauthor.
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line. Our
timesmuch
problemof
plannedto
conductors
the ground

calculationswillapplyonlyfor signalswithcharacteristic
longerthansuchtransittimesoverthe groundsurface. This
simulatingthesehigherfrequenciesoverthe grcundsurfaceis
be consideredin futurenotes. We mustalsoinsurethatthe
formingthe trammissionlinemakegccdelectricalcontactwith
so thatthe TEM propagationmode ti thislossymediunis not

significantlydistorted,alterfigour desiredfielddistribution.

If the transmissionlinein the lossygroundwere infinitelylong,
thena signalfromthe generatorwouldpropagatealongthe transmission
linein a mannersimilarto the propagationof the EMP i.nto’the grand.
However,the transmissionlinecannotpracticallybe infinitelylong. In
generalit wouldseemdifficultto terminatea finitelengthof this
transmissionlinein itscharacteristicimpedancesincefor the caseof
d>>us,and w and a independentof the radianfrequency,w, the character-
isticimpedancevariesas~. In addition,it may be clifficultin some
casesto haveaccessto the bottomof the transmissionlineto connect
any kindof terminator.In thiscase,it willprobablybe necessaryto
leavethe htton-tof thetransmissionlineunterminatedas indicatedin
figure1.

Sincewe limitour concernto the caseof U>>WSh the groundthen
an Unterminated(oropencircuited)transmissionlinewillnot be that
bad for reproducinga desiredfielddistributionin the graund. There
are no sharpreflectionor resonancecharacteristicsas in an open-circuited,
non-lossytransmissionline. For skindepthsb the groundmuch smiler
thanthe lengthof the transmissionline,the reflectionfromthe Ixktcm
attenuatesrapidlyon theway up, becominginsignificantand the finite-
length,unterminated-mission linebehavesas one of infinitelength.
For skindepthsmuch largerthan~ the transmissionlineimpedance,
behavesas lu’rtpedcircuitelements. Likewise,the fieldsassumea
certaindistributionwithdepthwhichdiffersfrcmthe fielddistribution
for suchdepthson an infinitelength’transmission line. In thisnote
we calculatetheapproximatevariationof’thesefieldswith depth,
frequency, and time.

Considerthe variationof the impedanceof I:heopa-ctiuited
transmissionlinewithfrequency(or skin depth)in a verylossy(a>>uE)
soilas wellas the variationof the fieldswithdepth,frequency,and
time● We alsoconsiderthe variationof the samequantitieson a short-
circuitedtransmissionline,whichrepresentsone of the simplertermina-
tions(shortingconductorsacrossthe bottomof thetransmissionline)
whichwe mightconsiderattempting.In eachof thesecaseswe compare
the resultsto thoseobtainedon the imftiitelengthbansmissionline
whichrepresentsthe llidealllcasewe are tryingto approximate.With
sucha comparisonwe can see for a givenobservationdepth,-z, (relative
to the length,~) hcw significantlythemagneticfieldand electricfield
(orcurrentdensity)are distortedrelativeto their“ide&L’lvalues.
For conveniencethe permeabilityand conductivityof the groundare .
assumedindependentof bothfrequencyand locationand lmthimpedances ~
and fieldsare presentedin normalizedform,the fieldsbeingnormalized
to a unitymagneticfieldat the surface,z = 0. Basedon tiesecalcu~-
tionswe can choasethe depthof the tnmsmissicnlinefor an El@ simula-
tionteston ~ givenburiedstructure.
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Thereis anotherimpcrtantlimitationof thistechniquein thatthe
structureundertestray be quiteextensive,prticulaly if we cansider
electricalconnections(cableruns) to and fromthe stmcture whichmay
of necessityextendbeyondthe areacoveredby the buriedtrmsmission
line. In suchcases,the structureitselfmay stzmnglyinfluencethe
fielddistributionin the ground. To soneextentwe may be ableto
partiallycompensatefor tfi perturbationby altering~he crosssection
of the transmissionlineto mre closelymatchthe fieldpati- (arcund
the structure)we mightexpectfmm the EM?. However,in the caseof
sanecanplexsitesit may be verydifficultto estimte the effectof such
perturbationsand we my have to relyon measurementsof the fielddis-
tributionat variouspositionsin the transmissionlineduringthe test
to determinehcw closelywe haveapproximatedthe fielddistribution
expectedfmn the R@.

We do not consida the actualtimevariationof the fieldswhich
mightbe producedby varicuselectricalene~ sow-es when attachedto
thistypeof transmission-linesimlator. We hopeto discusssuch
problemsin futurenotes.

II. Impedanceof the BuriedTransmission-LineSimulator

Consideringfirstthe impedanceof this~mission line in the
ground,we havea wave jmpedance

(1)

wh~ the Laplacetrsnsformveriable,s, can be replacedby ju for
frequencyanalysis.Thiscan be relatedto tie impedanaeof an
infinitelylongtransmissionline,ZL , by a geometricfactor~ fg>

a

‘Le = fgz (2)

a’

as

We alsohaveelectranagnetic~av~ on the -Tansmissionline (forsingle
Frequencies) of the forme]ut-] wheret;.epropagationconstant,k, is

k= [-su(cr+s&)ll’2 (3)

We havepresumedthatthe electricalparametersof the grounddo not
vw overthe extentof the tran.smission line.

\
For the caseof U>>UCfor all frequenciesof interest(forthisnote)

we hve the simplerexpressions

z= i)Sp 1/2
T (4)

and
..

k= (-slla)l/2 (5)

In the frequencydcmainwe can use someparameters,suchas the skin -
depth,6, whichis

6
v
‘r=—
UU5 (6)
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and thus

(7)

and

(8)

skindepth,61,Carryingthisone stepfurtherdefinea normalized

(91

whereQ is the depth

The impedanceof

of the transmissionltie.

idealtransmissionlineis nowthe infiniteor

(10)

.
or in normalizedformforcomparisonwith the othercases

(11)

On the open-cimuitedtransmissionlinewe havea positivevoltage
of thereflecti~nand a negativecurrentreflectionat the bottom

transmissionlinegivingan impedaqce,ZL , as
~+e-j2k!? o

‘L. = ZL
= l-e-j2k1

J
On the short-chuited transmissionlinewe havea negativevoltage
reflectionand a casitivecument reflectionat the ‘mttomof the
transmissionline”givingan impedance,~ , as

s

(14)
.. .

or in normalizedfozn

(15)
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Tnesenormalizedimedances (equations(11),(13),and (15))are plotied. .
against6’ in figures2 through5, considerfigtheirmgnitudes,phases,
real parts, and imaginaryparts in thatorder. Fromthesegraphswe
can see thatfor frequenciessuchthatthe skindepthis lessthan the . ._
depthof the transmission,the impedancesall lookaboutthe same,i.e., .
the finitelengthhas littleinfluenceand the impedancesbehaveas if
the transmissionlinewere infinitelylong. Hcwever,for frequencies
such thatthe skindepthis meater t- the depthof the ~smission
line.,the results* quite-differentfromone-
considerthe asymptoticformsof the impedances
transmissionlinesfor large61.

For theopen-circuitedtransmissionlinewe

EXpa.ndi.ngthisfor large6‘, we have

For largedfwe can thenwrite

or let

‘L. = R. + juLo

where

and

Lo = fg E$

another, Thus,let us
of theseftiite-length

havefromequation(13)

J
(17)

thisimpedanceas

(18)

(19)

(20)

(21)

Thus, for lcw frequencies(6f>>1)we can representthe impedanceof the =
transmissionline,with~ open-circuitedtermination,as the series
combinationof a resistance‘~’dan inductance:“’

For the short-circuitedtransmissionlfiewe havefromequation(~5)

lU
< ‘Ls= ~ tenh (~) “ (22)

7



.
,.

1(

NJ (

— 1(
botIu-

Ii

I I I I I I I J I

/71

m

\

\
\

\
\

-9 n, ~.
ASYMPTOTIC FORM :

\“

~ y=---9= \’
\

[ i 1 1 I I f I I 1 1 I I I I I 1 I I I I 1 t

10-’ 10° “101
8

/ ..

FIGURE 2.NORMALIZED MAGNITUDE OF TRANSMISSION
LINE IMPEDANCE

8



.

I.(

I.4

I,2

I*C

,8

.6

,4

2

0

I I I I 1 [ I I I 1 1 I I I I I I I I I I

#/4
—.—— —.— J-z’=-——- —-—— —-—— .

Ls

\

ASYMPTOTIC

I I I I I 1. I I I I I I I I I I i I I I 1
-K)-l

FIGURE3.PHASE

100,
,8’

OF TRANSMISSION LINE
9

IMPEDANCE

101



‘.
,.

\

Io’ t ! 1 I I I 1 I [ I 1 I I i I I 1 I 1 I I 1

t

t

‘k -7.

—7.

h
‘\

\
‘L

zLs
\

\

-4
\
\
\

Asymptotic FORM :# $ \
\
\

%’ ‘“- ‘

FIGURE4.NORMALIZED R-EALPART OF
TRANSMISSIONLINEIMPEDANCE

10



. .

,~1
I I I I I I I i

I
I I I I I I I I i I I

“

r ASYMPTOTICFORM ;$ #
7YV \ -“. 1

ASYMPTOTICFORM ~2i’
“\

\

16’ I I I I I 1 1 I I I I I I I I I I I ,>

10-’ I0° 10’
8

/

..

FIGURE 5.NORMALIZED IMAGINARY PART OF

.

TRANSMISSIONLINE IMPEDANCE
17
A-1.



Expandingfar Large6‘, we have

[ 1$qL . y y .L&.Q3...
~s 36’3

-2 , 4 .,-4
z j2d1 ‘3°’

Alternativelywe can expandequation(22)as

[

d’

1

* $*,, -1
W

* T-1

For large6‘ we can thenwritethisimpedanceas

or let‘Ls=[’”f~’ “11 ‘

[1

1 +1 -1
‘Ls = juLs “~

where

Ls = fgllf

and

(23)

(24)

(25)

(26)

(27)

(28)

Thusfor low frequencies(cS‘z>1) we canrepresentthe impedanceof
the shmt-circuitedtransmissionlineas the parallelcombinationof
an inductanceanda resistance.

For thehigherfrequencies(6‘C<1) thenthe finitelengthof the
transmissionlinehas littleeffect. Haxever,forthe lowerfrequencies
(6‘>>1) the mannerof terminatingthe finite-lengthtransmissionline
has a signifi~t effect,allwing us to characterizethe inpedance
(forsimpleterminations) as a canbinationof lumpedelements.These
resultswillbe inprtant for combiningthe transmissionlinewith
electramgneticenergysoumes and calculating,fieldlevels,wave-
forms~ etc.

111. Fieldsin the FrequencyDomin. ..

Now considerthe fielddistriktionson the transmissionlinein
the frwquencydcmin. For conveniencewe normalizeall fielddistri- -
lxrtionsto the magneticfieldat the top of the”transmissionline
(z = 0), We alssycomparethe fielddistributionsfor the finite-
lengthtransmissimlinesto thoseforthe infinite-lengthtmns-
missionlinesso thatwe can see overwhatrangeof positionsand
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frequenciesthe fieldsreproducethe “ideal”case, The calculationsassw
thatthe pertinentelectricalparametersof the grounddo not vw signi-
ficantlyoverthe extentof the transmissionltieand alsothat U>>Uzfor
all frequenciesof interest.

Usingthe normalizedparametersdefinedin the previoussection,
definealsoa normalizeddepth,z’,as

(29)

wherez‘ now variesbetweenzeroand one for the finite-lengthtransmission
line. The notiized magneticfield,h(z’),is relatedto the magnetic
field,H(z1),by

h(zf) H(Z1)
‘$KBY- (30)

Similarly,we normalize(tothemagneticfield)the electricfield,
e(z’),or betiera normalizedcurrentdensity,j(z’),whichare related
by

j(z’)= ue(z’) (31)

and (indimensionlessform)

-( )J?j(0) =l#ZL ,h(0)
g

(32)

As with the impedance,Z , thesethreequantitiesare subscriptedto
indicatewhichof the trksmission-lineconfigurationsis beingcon-
sidered.

For the infinite-lengthtran~~ion linewe have.noreflectionsand
thusjusta waveof the form e]u S~pnssing elut in all solutions
we thenhave for the normalizedmgne~ic f~eld

t

h=(z’)= ejti = e-(l+j%’

and for the normalizedcurrentdensi~

()ji=(z’) = # ZL h=(zt)= ~ e-(l+j)$
g=

(33)

(34)

On the open’-circuit~dtransmissionlinethe m.gneticfield(and ‘
currenton the conductors)hs a negativeone-reflectionat the bottom
givinga normalizedmagneticfield

ho(z’)=
ejkz- e-jk(21+z)

s e-(l+i)~ 1 -e
-2 ~ (1.~f) ‘

(35)

-jk21
—:;$+;

l-e 1 -e 7

13
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Thisis graphedand compared
infinite-lengthtransmission
we havethe ma~itudesof h_

with the normlizedmagneticfieldon the
linein figures6 through9. In figure6
and h_ plottedvs. z’ for specific~!

showingthe distributionof”magnet~c~ieldwithdepth. F~gure7 shows
the relativephaseof ~ and h. . In figures8 and 9 we plotthe magni-
tudesand relativephaseageinst6“’~for specificz’. For SRH1l 6! then
h= and h are akoutthe samefor all Z1 exceptnear z’=1. However,for
large&‘‘thetwo fielddistributionsare comparableonlynear the top of
the tzwwnissionline. Whereas,for larged’,‘hatendsto a uniform
distributionwithdepth,hotads to a lineardecreasewithdepthbecoming
zeroat the kttom. E3asedon thesecalculationswe can decidethe
relativedepthsof the open-circuitedtransmissionlineand an observa-
tionpoint(ordepthof an objectto undergoEl@ simulation]for a
desireda~pmximationof the maetic fieldcharacteristicsrelative
to tiose & the “ideal”

The currentdensity
missionlinehas a plus
tions(13)and (32))

case.

(orelectricfield)cn the open-circuitedtxms-
one reflection”at the bottomgiving(frcmequa-

or

“kz
.fjo(z’) =

e3 -“k(2j,+z)+e3

()

~a
~ ZL

1 ~ e-jk2! go
(36)

(37)

This is graphedand comparedwiththe namlized currentdensityon the
infinitetransmissionline (equation(34))in figures10 through13.
As withthe mgnetic field,j and j= are nearlythe samefor smll
dr. Hcwever,for largedt,j“ tmds to one whilej tendsto zerofor
all z’. Thus,for large6’ t~e currentdensityand”electricfielddo
not havethe sameratioto themagneticfieldas on the infinite-len@
transmissionline. If thisfieldratiois importantfor an 124Psimulation
testthenwe may haveto eitheruse a meresophisticatedterminationfor
the transmissionlineor make1 largeenoughso that6’ is alwayslessthan
one. .

On the short-circuitedtransmissionlinethe magneticfield(andthe
cum’enton the conductors]has a plusone reflectionat the bottomgiving
a normalizedmagneticfield

h~(z’)= ejb+e-jk(2~+z) -2~~_zf)-(l+j)$ ~+e 6 ,. .
‘e (38)~ + e-lkzl

~+e-2+

Figures14 through17 ccnparetlrk,withhm. 4S wik h , for smalldf,
h~ and hm are aboutthe samefor all z’ exceptnearz’%. For large
artithhs and hm tendto one. Hcwever,for intermediate3’ (around

14
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unity)the two normalizedfieldsdivergescmewhatexceptnear z‘=0. Thus,
consideringthemagneticfielddistributionthe short-circuitedtransmission
lineseemssomewhatbetterthanthe open-circuitedtransmissionline,
althoughpracticallythe formermay be somewhatnme difficultto constmct.

The currentdensity(orelectricfield)on the short-circuitedtrans-
missionlinehas a negativeone reflectionat the bottomgiving(frcm
equations(15)and (32))

or .

.Ljs(z’) ~ A$!.e-(l+j)$’~ 1- e-2~(1-Z’)

~+e-’+

(39)

(40)

This is comparedwithja in figures18 through21. Againjs and j=
are aboutthe stiefor small6’, exceptnear z’=1wherejs zs zero.
However,for larged’, js fallsmuch fastertbn ja, For large6’
the short-circuitedtransmissionline (aswellas the open-circuited
transmissionline)doesnot have the sameratioof currentdensityto
magneticfieldas doesthe infinite-lengthtransmissionline.

Thus,for small15’both finite-lengthtransmissionlinesappnximte
‘the“ideal”fielddistributioficharacteristics,exceptnear z’=1.
Hcwever,for large6’ the electricand mgnetic fieldsare not in the
desiredratio(ineithercase). Also for large6’ the fielddistribution
with depthvaries,in.somecases,fromthe “ideal”distribution.However,
if we make f sufficientlydeeperthan depthsof interestfor EMP simulat-
ion, the lastproblemcan be alleviated.

IV. Fieldsin the TimeJhmain

Next considerthe fielddistributionson the transmissionlinein the
time domain. For conveniencewe assumea unitstepmagneticfieldat the
top of the transmissi~line,or using
have

h(0) = $

As before,we use subscriptsto denote

the Laplace-tr~sformnotationwe

(41)

whichtvoeof transmission lineis
Mng considered.Beside;assumingthat u>>ue”~orfrequencies(ortimes)
of interestand thatthe electricalparameters,u and u, do not signifi-
cantlyvaryoverthe extentof the transmissionline,we also assumethat
theselatt~ parametersare independentof frequency-(forfrequenciesof ‘
interest ). ..

‘1‘

Keephg the normalizedparametersin minddefinea characteristictime,
for diffusionof fieldson the finite-lengthtransmissionlineas’

= llu!12
‘!/ 4

(42)
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and alsodefinea

,1, $f

norndized

Thenon tineinfinite-length
field

or fromequation(5)

transmission

(43)

linewe havefor the magnetic

1 Gz=Le-2yst1zfh=(z’}= ;e s

In the timedomin we,tha_~ve3

hm(zl) ‘erf~ [.V$) = .rfc[f}

For the currentdensitywe havefmm equat~on(4)

h the timedomainwe have
,2

()

1/2 + 2
‘t 2

.1

!?j~(z’)= 2 ~ e-
..—

=—

r

er
Trf t
1

(44)

(45)

(46)

(47)

(48)

(49)

Forthe open-circuitedtransmissionlinewe can mdify the resultsof
equation(3S) to obtainthe magneticfielddistributionas

or

‘Jz’)‘ +%+-(2-’”
Expandingthe denominatorin an’infiniteserieswe have ‘

(50)

(51)

3* For the LaplaceThnsforms and functiondeftiitionsseeMS 55,
Handbookof Mathematicalfictions,Natioml Bureauof Standards,1964.
Forconveniencethe samesymbolis usedforbotha fiction and its
Laplacetransformbut whichuse is intendedin a partibdar casesh~ld
be apparent.
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ho(z’)

ho(z’)

(52)

(53)

J-n=O
or

.1 1[ ~-2(z’+2n)@ J-e
-2(-z’+2(n+l))K~

F n=O J

Invertingthe trensfonntermby termwe havein the timedondn

co

ho(z’)

ho(z’,)

or

(55)

n=~

Thisis plottedin figure22 and comparedwith h . For T4 smallcompared
to one the two distributionsare adut the same ~exceptnear z‘=1) but
for Ti large compdred to one ho decreaseswith increasingz‘, becoming
zeroat z‘=1. This is the samecharacteristicnotedfor large6‘ in
the previoussection.

—

The currentdensib?m the open-cinuitedtransmissionfor the assumed
unitstepmgnetic fie~tican be ~btainedby modifyingthe resultsof
equation(36) as

()

“kz -“k(2~+Z)
ljo(z’) = $ # ZL ‘] ~k~p

g ol+e]

-2ti5z’+e-2V@2-z ‘)e

. +lstf
L -e

(56)

(57)

or

J?jo(z

.x

Expandingttiedenominator
t 1/2

()
.Qjo(z’”)= 2 ~

[

N-st~z’ .e-&J (,2-z‘) = &4riii1e- ]1
n=O

(58)

}jo(z’)= +y2 .~o[e-z(z’+’n)~sty.+e-z!-z’+’(n+’))~%](”)‘
time domain

)[

t 1/2 m
~

z
-( Z’+2n)2”tJ - (-z’+2(n+l))2tl
e

Trt t +e t
n=O 1 (60)

Convertingto the

Zf)= 2

.—.
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.

or
m (z’+2n)2 - (-z’+2(n+l))2

~[

-—

jjo(z’)= 4
win=”’ y ‘e ‘1

1 (61)

This is plottedin figure23 and comparedwithjm. Againfor smallTl the
two distributionsam alxxtthe same (exceptnear z’=1). However,(asnoted
for large~’) for large~j,j. tendsto onewhilej= ’.tendsto ze~.

On the short-circuitedtransmissionlinethemgnetic fielddistribution
is (modifyingequation(38))

or -2Gjz’ ~e-2fi (2-z’)
le .!’

hs(z’)= ~ ~ + e-4vst
1

(62)

(63)

Expandingthe denominator

[

‘-2@z’ +e-

1

-4nflg (64)2@(2-z’) ~ (-l)ne
h5(z’)= +

or

‘s(2’)= *i. ‘-”n [’-2(z’+h)-@ + :~(-z’+2’n+’’)=’l(6’)

Convertingto the timedomain

or

)1“(-z!+2(n+l))fij (66)
+ erfc

\ T t

This is plottedin figure24 and ccmparedwithh=. For small T~the
two distributionsare aboutthe sane (exceptnear z’=1),but for large
~1,(asfor large6’),hs approachesone fa~terthanh=..X

The correspondingcurrentdensityon the short-circuited
line is (nwlifyingequation(39))

transmission

.
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~jkz-e-jk(21+z) 1/2e-2*2 Z’+-2
= j.(:)

fif(2-z’) “

1 -e-jk21 l+e -4*t

“[)‘!2
“ ‘e-z*z’ *-2 fil(2-z’)

,Q.j~(z’)=2 ~
~ * e-4*

Expandingthe denominator

.[)[t 1/2
!-j~(z’)=2 # e

-2* z’-e-21@2-z’

or

j.j~(z’)

Convertingto

.2p~’2;o(-1).[i-2(z’+2n)fi;

(68)

(69)

Thisis plottedin figure25 and
distributionsare aboutthe same
(asfor large6’),j~ approaches

.the tirredomin

()

t 1/’2-

[

(z’+2n)2tl - (-z’+2(n+l))%l

l.j~(z’)=2 + n~O(-l)n e
t -e t 1(72)

z
or

(z’+2n)2 (-z%2(n+l))2~ (73)

lj~(z’)=~ ~~-,~n [e- ~1 ~- ‘( ~
= ..

comparedwith j=. For smll ~ the two
&(exceptnear 2’=1),but for e T1

zero much fasterthanjm.

Thus,in the casesconsidered,the finite-lengthtransmissionline
reasonablyappmxirmtesthe “ideal”casefor times srrdler than

T?*However,for timeslongerthan~ the fieM distributionschangesigni-
ficmtly. If we confineour regionof interest to nearthe top of the
transmissionlinethe fielddistributionswillapproximatethe “ideal’f
case. However,the relationshipbetweenthe electricand magnetic fields
will stillbe differentbht in somecasesthis~maynot be hqxmtant,

V. Illustrationof FieldDistortionby BuriedStructure

As discussedin the introduction,one of the limitationson the
calculationof the fielddistributionsis the presenceof the buried
stmcture undergoingEl@ simulation.The fielddistributionnearthe
buriedstructure,givena uniformfielddistributionat distancesfmn
the structurelargecomparedto itshorizontal@ensions, canbe
illustratedby an example. Considerthe buriedstructureto be a
longconductingcircularcylinderof unitradiuswhcseaxis is the
z axis, Thiscase is illustratedin fizure26 forx and v both
positiveand is givenby theconfonnal

w= 1Z+z

where
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z= X+jy (75)

and

w =U+jv (76)

The electricfieldlinesare linesof constantu and.themagneticfield
linesaxw linesof constantv where

u = x + X2:Y2 (77)

and

v= ~.-L (78)
X2+yz

In the approximaticmthatthe wavesin the grmnd are propagatingin the
negativez directionthistransformationwouldrepresentthe fielddis-
tributionhorizontally,

For this specialcasein whichwe havea TEN wave propagatinginto
the ground,even in the presenceof a field-disturbingstructure,we
can includeit in am tranmission-linesimulationtechnique.For example,
as in the case illustratedin figure26~ insteadof placingtwo parallel
mws of conductorsintothe ground(as in figure1), we mightplaceeach
of thesenws a.lcngmgnetic fieldlineson each sideof the stmcture.
Thus,whenwe drivetheseconductorsas a transmissiontie we appzmi-
mate the alteredfielddistributionin the vicinityof the buried
structure. Hawever~if thisburiedstructuredcesnot maintainthe same
crosssectionfor the fulllengthof the transmissionlineor at least
to the depthto whichsignificantfields(relativeto the fieldsat the
surface) extend,thenthistechniqueof retchingthe distortedfield
structurewill be samwhat inaccurate.Likewise,if significantfields
wetrwte the buriedstructure(relativeto fieldsexternalto the
~tructure) and if thispene~tion is frequencydependent(forfrequencies
of interest)thenthe fielddistributionnear the structureis frequency
dependat and our transmissionlinecannotmatchthisfor all freq~encies.

In thosecaseswherewe cannotratchthe fielddistributionclose
to the buriedstmc~ with our transmissionline,we can try to mcve
it awayfromthe i.nunediatevicinityof the stmcture intoregions
wherethe buriedstructuredoesnot significantlydistortthe field. ‘
Figure26 can giveus some ideaof W far thatmightbe so thatwe
can chcmsethe width,2a,and spacing,2b, of’car transmissionline
sufficientlylarge. Mwever, if the buriedstructurehas a @rge
horizontalextentor has suchthingsas longcablesattachedto it, the
abovecriterionon tranmission-fiedimensionsmay be difficultto
meet,requiringa nmre detailedconsiderationof the specificcase.
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VI. Summmv

Withincertainrestrictions,then,the tiied transmissionlinecanbe
used forEl@ simulationon buriedstructuRs. Forfrequenciessuchthat
the skindepthis lessthanthe lengthof the transmissionlines,the
fielddistributionapproximatesthe anticipatedEl@ fielddistribution
with frequencyand depth. For skindepthslargerthanthe lengthof the
transmissionlinethe fielddistributionis sanewhatdistofied,but if
we confineour areaof interestto nearthe top of the transmissionline
this difficultyis ove~ome. However,in this lattercase,the electric
and magneticfieldsdo not have the desiredrelationshipto one another,
whichEy or may not be importantin a givencase. Thereare various
ways we can try to terminatethe finite-lengthtransmissionlineto try
to optimizeitscharacteristicsbut in manycasesthe open-cizxxited .
transmissionltiemay be the rest.practical.

Thereare someotherrestrictionson tie validi~ of our calculations
of the fielddistributionson the finite-lengthbxmsmissionline. For
example,thereare fringingfieldsat bothendsof the transmissionline.
At the top of the transmissionline it is desirable(andin mny cases
necessary)to distributethe connectingconductorsfromthe generatorto
the buriedtransmissionlinein sucha manneras to maintainthe desired
fielddistribution(ascalculated)on thetransmissionline (especially
near tie top). It maybe difficqltto alterthe fringingfiekisat the
bottomof the transmissionlinekt thismay not be a serias problemin
many cases. We haveneglectedtransittimesassociatedwithdistributing
fieldsoverthe surfaceof the ground. We have ~sumed thatthe electrical
parametersof the soilare imdepadentof positicmand frequencyoverthe
rangesof interestfor our calculationsbut theseare onlyassumptionsfor
conveniencewhichmay not necessarilyapplyto all realcasesof interest.
Also,the buriedstructureundergoingEl@ simulationwill affectthe field
distribution.If the struc~ includingthe conductors(suchas cables)
attachedto it, is extensiveit may be difficultto adequatelysimulate
the El@ fielddistributionon the stmcture. Hcwever,suchcasesneed
individualconsideration.

We wuld liketo thankMr. RobertMercerwho programedthe ccmputer
s olutionsfor theplotscontainedin thisnote.
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