CHAPTER 1

TUTRUDZCTICH AND SCUPE 47 T4

The radic 1ink between two poiats hos beea cozsidernd
An recent days sz the moet rellable neons for commmlentlon,
effentive eunally uder nermal condition sg well as in tine
of smergeney. Bub the traneniiting aﬂﬂ'the'feceiving'statiuns
located on the earth's surface are subjeeck to the threat of
being destroyed by natural hazards like cvelones, tornsdoes
et¢, or manemade hazards like bombing, ﬁarticularly nuclienr
bombhardment, It is ﬁasirahlé to protect the.transmitting.anﬂf
receiving pystenmg (including the ﬁntennas} from any sueh
hazards, This glves the ldea of auhmerging the entire tronge
mitting and receliving syctems, ineluding the entenncg, inside
the esrth, Thus, an excellent survival against all these
‘hazards pay be achiévuﬁu

The subsurface communication l,e. the communicstion
botwoen two pubmerged points employsaha:alectromagneﬁic _
signals for communicating the information snd in this respect
it 1é.similax té~thm_n¢rmal #ﬁqva gurfocs radlo éommunieatiano
But in the subsurface system, as the entire system vill be
logated ingide the earthy thers will Qe an exponential attanﬁa* |
tion of the slectromagnetie enorgy in its path of ypropapation |
_through the medium (earth) because of its inherent electrical
| aonﬂﬁet&v&ty g~' This typa ar attenuation is not present in



arﬁinﬁry rrdls eomniention botweon abave surfrce roints.
Thies exronential sttenuation will ncreally snle the conmunicos
tion inrosgidle over & long range, In all ro-slble nmodes of
subsurface corunication, as discnssed latery the conductivity
of the esrth rlaye sn Importent part. The radio communlention
betweosn two dintant subsurface points will bYe Taciliteatesd if
the conductivity of that part of the enrthy through which the
properotion will tnke rlaces iz very smell,

It arpenrs, thereforey, thet a knowledpre of the eleetrieal
properties of tﬁe earth 1z nocoded before & successful pube
aurface communiestion systom may be sot ure iore the Alr"ienlty
ariees due to inhomopeneity of eorth in ity electrienl rrorer-
- tise in both horizontel snd vertlesl directionsl. The surface
structure of the enrth may be roughly sketched as Tollows, The
top morth layer is godioentsry and nay dbe covered yith a thin
£11m of 30i1° = the layer of sedimentary rock is axtending a
few kilometers®s Delov this layer, there is & fractured prenite
layer which nay be 2 or 3 kilometers in thickness and having nt
its bottom 8 layer of wnfractured granite aktending down to a
depth of 10 or 20 kilomaterua. The elactralytin solutions and
the gemiconducting winersls render the high alactricﬁl eondue=
tiyity.cf the sedimentary rocks and the fractured pranite layer,
It has bean ganuneﬁ that the yressures at derthe of sevaral
kileneters may reduce the pore spaces where water may exist and
thus lower the electrical conductivity at thess denths, At
8till gront@r dorthey once again the sonductivity ia éxpactad t§
have hiah value = this time mnay be beénusa_ of increased



tempersture in the deep basement rocks. - This layer of high
conduativity due to its high temperature hed been deseribed by
Whﬁaler4' as ‘thermal lonosphere?, a

Nowy on the basls of the mbove mentioned plature of
the electriesl conductivity of earth with: dentl, there may bde four
possible modea for the rropagation of the electrumarnetic signals

betwaen twbjdistaﬁtlsubaurface pointa, There arve pe follows t

In this mode the eleotromagnetle energy travels between
the subsurface transmitting and reteiving antennos in &
direct path through earth, In such a situation the
attenuation suffered by the alectronagnotic signal
incresges exponentially with distance and the ranga is
very muth iimitad. Hers the sntennas (both transmitting
and recelving) sre located in the highly conducting |
 upper layer, It thue becomes impossible to commmnicnte

over p long rangs {more then several skin depths) 4n
this mode unless one uses s prohibditively large trgn$~
- mitted power, | |

A gﬁrt af'tha energy radiated by the submerged radlstor
lﬂ#ﬁﬁd& in the upper aonﬁucying'layqr'uili_alao travel
towards the interfece between sarth and air, This
aanpaﬂnﬁt nr'tha-primary veve on reasching the interfroe
5*‘vﬁli agt'up saconnnry_ﬁtha; ﬁna.ta:ibs d&seuﬂtinnity



of the electrienl cunstants of the two medls invelved.
These secondary weves can then rropognte sz surtoce
wavs slong the interfnce and contimiously leak into
the earthts surfaca. Some of this leak energy may he
intercepted by the zubesurface recelving antenna.

This mode of propapstion is known as ‘upeover snd downt?
{T.UuDy } mode of propapotion. llerey 1t is posedible to

have propagation over g reasonably large dlstnnce,

rrovided the antenna derths are less than the skin
&epth in the medium.

In this mode antennas (both the transmitting and the
receiving) are placed in the comparatively low
condueting region bvelow the upper highly condneting
layer, The electromagnetic wave from the tranemitting
end which will rench the recaiving endy iz comprised |
of & ‘direct wave'y ‘a'reflected wave' due to reflac-
tions from tha'ugper.conﬁucting lpyer end an 'intorface
_surrhﬁe whva' traﬁslling along the boundary beotwosn
‘the layar ﬁf amall nbnﬂuctivity and the 1ay@r of high
gandugtivity, Cnmmuniaatiun over s range of several
kiluﬁatara mey be possible in this mode of propagation.

Thia mode of prapngatiun 1; baaed on the possibility

" of exlstence of s layer ar bagaenent rock oFf low tonw

ﬁﬁgtivity (granita layar}, trappea in bwtwqan a 1ayer



b

of highly econducting sedimentery rock on top and the Liprhly
conducting hot basement rock st its bottom, This s equivelont
to a waveguide, The comanication through this low loss subw
terranean wavegniﬂé et very low Trecuencies may be Tepsible
over & considersble renge provided the slectricel conductivity
of the dlelectric of the waveguide is mot move than 10”C mhos/m.
uhealeré estimated thet with thae cunﬁuctivity around lﬁ'ﬂ nhos/n
and dielectric constant ﬁ,‘téansmisaiun over g dictonee of

1500 km might be expected st the frequency of 1.5 Kz, Dut

this graﬁita reglon iz at & depth of several kilometers and it
is somewhat difficult to bury larpe antenne systems ot that
depth, | |

- gut of the four modes of proparation Just doscribed,
the radiﬂ signal in the first end third mode exwariancas 1arye
ettenuation sven 1f the freguenay of operativn is low {10 Liz)
giving a wvery linmited renge of propspetion. In the wnveguiﬂe
node, thé'att&nuatién will be amaller and atmosrheric redleo
noise will ha negligible at this laree flepth of the wavepruids.
But the major troubla is the antenna layout at this depth.
Also, the alactriﬂal properties of earth at_auch_iarga derths
" are not knaﬁn_quaﬁtitativalyé. Tho baunﬁariga of this wavew
guide may nat he'fagular and wail'ﬁafinnd, these will then
introduce some attenuation's The only neeful snd praztic#l
prapagaﬁiqn nole for subsurface communieation 18 therefore
the U.0.Ds mode. The total attenuation suffeved by the energy
in its path of propagation in this mode will be the exponentisl
 attunnataau in the paths from the transmitting entenns to the
surfaos und f?am tha surfece ta thn reeeivinr antanna togethar .



with the gttenustion sufrared by the normal surfaco wrve ng

it proparates along the intarféﬂag

The axponentisl part.af the sttenusntion esn be kapt
at a sweller velue 1f the depths of the sntennns are eaell
gompared to the skin depth of the medium, Arain the basie
need to have n subsurfsce cystem iz the survival of the systen
from any hind of hazard and from that point of wview the inge
tallations should ba'ai sdmﬂwhat inrger depths, The rroblen
arising out of tﬂase-twu conflicting sltuntions can he solved
by waing low radlo freyuenciess for tronsmission. ''mder tﬁis
circumstance sven if the dapth of instailatlon is not physically
sméll. 1t may ba smaller then thé siin depthy hence Bhat part
of the attaﬁuatian vhich 1s exponential in neture enn be kert
- at.a_lnw value. For & typlcal earth wlth conductivity of 1§"3
: mhns}h snd relative dieleetrie aonatént of 15, the skin derth
st a frequanﬁy of 190 Xz 'is.appreximataly_SD neters, lovering
the frequaﬁcy will incrense this value of skin derth further,
Again, in the U,0,D mode of propagation, the electromagnatic
energy trhvals.aleng-tha 1nteérnca ag a surface wave after
rsaahiug'tha'iﬁterrmaa. The sttenuation of the surfoce wove
will be very large at high anﬂ very high fraqueneies?. Thug
At appeara that for e communication system submerpged inside
sarth, the frequencies must not be high, 8 prectical upper
limzt of one MHz had heen suggast&d * |

At tha low radia fraqueney of nparation, the antenns
- annstruetiﬁn p@aas ana ar the maaar prabloms arsociated udth



the subsurface comuunication. The parfurmaﬁcesof.the suheurface
antennas are greetly influenced by thé surponnding lossy nedium
snd are found to Aiffer in grest extent {ron that of the antennns
in free épaﬁe. oo atndies on subsnrface antennns aro eszentlal
for any successful cormunicntion eystem. The above surfrce
sntennas at low redic frecuencles are having very bip clruetures.
It is ﬁmpraetiéai to have siniler type of gtructures incide the
earth, Evan_if.tha gtructure Is slapiey its Jarpe dimaﬁaian

wlll inwvelve & 1afge eost of 1nstalna£ian. Taturrlly, the nrobe
lon boils ﬂown.in having a subsurfzes antenna whichjwill be
ressonably efficlent at the low freguencioes of operation,yot not
very larpe in glre and easy to instells This requires thet the
fraquennyiéf operation should not be very low. 'herensy 1t hns
been pointed earlier that the frequency should be kept low for
keeﬁing the attenuation susll, cunsidefing these fnetsy the
fréqﬁanny rangé chosen for the present sbudy is frow 100 Lliz

to 300 Kz, In this.ranga of freguency, the antienuation of

the almctrumagnatie-wave'will be tolerable and the antenna size
Will not be unranknﬁahly larges The prosent work 1s mainly '
.cnncarna& with the studias of subsurlace antennas Tor rndio

cummunieaticn 1n this frequency rENGY,

.iaﬂ

~ As thm tirat phase uf_thn-prqpant atudfy ] raviﬁw of
different works regarding the antennns in a lossy madium had
‘been made, A review p&perp on this gubject had also been

?nbliahegp -Eha-ihfyrmatinn content of this paper hae been made



up»tomwdnte as for as rocsible and 1 covered in Chapter II.

The lopsy neditm wey be elither the eon&ﬁeting eerth or ses
water or an loniced mediwn such ag plasma. flnce the main
interest of the present gtudy centres aréunﬂ the antenuns
located Inslde the esrthy the antennas in other lopey medlum -
have apt been given nuch sﬁreas; The affeet of the surrounding
lossy enviroment on the perforaance of' the antennes has been
disecussed, Three t?pas of sntenne 1 (1) loop and (2) @ipole
in insulsting redome snd (3) on insulated long vire with emd
electrodes ara eﬁmpared anong themselves on the basis of the
systen merit factors. & good croso=sectlon of the lerpe numbor
of avallable litersture on the slectric dipole and the Jlong
vire antenna ss well ps on the magnetig direle placed inside

a lossy medlwn heg ﬁﬂen suzmerlsed in respeet of their terninal
and radiating propertiecs. The axperimental prbeaﬁure as nlso
the resulis of the azperiménts have beon discussed. The
experiments dgsc&ihad wvere performed elther in actual environs
qﬁamt.mr'thmylmighﬁ have been conducted under controlled condl-
tions in the lsboratories ss modsl experiments, The Aifferent
oonsiderations regarding the array of subswinee antennss
 ara also mentioned, The antenna structures sugrested for ihe
:nuﬁsUrraea prapagatiun 15 the wavegulide modq'have baen_manr
tioned in brief, |

in chaptsr III, the tarminsl.anﬁ tha radiating TIOPaT
tias of & luns wire sntenna insulated throughout its length _
| fwam ths surrounding madium are studied, A part of the cantante
of this chaptar had mlready been puhlished . The antemna input
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iupsdance and the current distribution along the eﬁtenna hove
been obtained using transmission line theory. The mtenna with
& layer of insulation on it and gurrcunded by the lossy medlum
1w aq&ivalantly.takan to be a cawaxiai line with its outershleld
baing mg-:.ma by the surrounding medimn, The axial rropapetion
canstent snd the characteristic impedsnce of this ecuivalent
'1ih§ have also been evaluated, fince the radil of the antenna
wire.énd its 1naulaticn'ﬁre emall coupared to the wavelength?
the syametric TH wvave will be the dominant wave, Vith this
dominant T wave on the line, the axipl prapnéntion constnnt
can be zaterminmﬁ by antehing the redisl lmpednners at the
boundories hutwaen the vire and the 1nsu1atmr nnd botyeen thﬁ
insulator snd the mediums The characteristic lmpedance of the
iine 15 nlisc oblalined after eveluating the radial electrie

field ingide the insulator, The proximity effact of the interw
faee is considered by in&luﬁing ] eorreation torm introduced by
Cuy and Hasearjianll, In the next atage; the exproscions for
the raruzona eloctric anﬁ magnetic fields due to an electric
dipala plasced in. the same lncatinn and in the esme orientntion
a8 the lnng wirg antenns hava been obtained. The flelds ave
-_thainsd at ths 1ntarfn¢a.&f'aarth'and-sif; The vertically
pnlariﬁeﬂ alsﬂtrin finlﬂ auapbnnnt hag Saan_fbund to doninate
over the other electric fiald campﬂnnnts. This aléetrie field
eumpannnt (8, ) due to’ the submerged long wire antenna ig then
determined anﬁ eamparsﬁ with the earresponding riuld eompom
nent (E } dus to e vart&eal mnnnpula ‘above the interfnoe. An
.iarflmiunayig ix dafined ns the squere of the absolute value



of theso two fleld #trengths at a aistant'point' f.0a0
EEzh/E%v]Ew The Minput imp#aanes' and the 'efficiency! have
beenn conputed for d17Terent sets ¢f the clectricenl constants
- of the earth for the frequencies ronping from 199 Uiz to

500 IOiz, A1l the calculatlong have bheen done for n teflonw
' 1aau1a£aﬂ'wira antannﬁ'bf ianfth 91.5 metersiverted st 2
depth of 3 meters in I,I1.T.Cempus and sre presented in
Chapter 111, | | |

A closely wound halieal gentenin inaulatéﬂ pll throngh
1ts length end buried inside earth is next stulied '
are described in Chapter IV, The farezone electromarnetic
fields ar' this type of heliecszl sntenna ars obtained. The
totel length of thn wir&.uﬁéd'ln the helix g swall conpnred
fa the wevelength, In this situstion, the low froiuenc: BITIO™
xination of the helix van be made so that esch turn of the
hellx 1s replaced by a linesr combinatiun cf an electric
dipole and a lcop, As has been mentioned alresty, the faxrwzone

and

el&ctrqmagnéti& fields due te the slectrie dipole along the
exis of the helix will be obtained in Chspter II1, The slece
__trmmagnati% rialﬁs due tﬁ the loop antenna are ﬁetarninas 1n
_this chapter, The field dua to e singla turn of thm hellx

can thus be deteruined, In finding the Tleld due to the entire
nelisel antenna (end Tad)y two cagen ha&n baen ébnaiéeréd; :
in the firat maae the antanna iz taken to de B shorteavend onﬂ,
vharaas 1ts langth is teken to be small eampnred to analength
'taa uurr&nt alang ths antonne has beon escumed tn be uniform
;hntn in snplitude and pnase. The farezone fields may then be



evalurted Sust by multiplying the fleld due teo a gingle turn
by the nber of tnrnzs. In the serond esces the sntenns ia
taken to be an oren=ended one, In thiz cose, becruce of amell
clectrien]l lenrth of the antenna, the current varistion nay

be przuned to be linerr beconing zero st the oren==2nd, This
‘linerr current vardstion 1s syprroximeted ag a dlscrete weristion
i.e, it has been arsumed thet the courrent will remain uniform
over sny turn of the helixy but changes 1te value only when ths
next turn comes. This mssunrtion nay be lustifled 1F the
nunber of turns aver.a given lenpth 1g lsrpe snd 11T at the ennme
time the dismeter of the turns is small. Although the number
of turns hes. been Iinereasmed, the dlameter of the turns has
baen kopt smallor, mo0 that the totsl lenpth of wire umed in

the antenna remains smaller than the wavelength,

‘leasnrenents made on the Aif‘orent types of anteﬁﬂas nre
described in Chapter V, The measuremernts had bean tnien fTor the
input impedance of an open—ended 11heﬁr antenna of D21.5 meters
long snd burled in the soil of I.1.T,, hharsgpur nt s derth of
3 netersgy Topr 4irferent freguencies Trom 60 Kliz to 500 Kilg,

- Uednp thig antenna az a radlatory, the Fleld =trengths in the
neliphbouring areas hed been meesured, The 1nrﬁt impedence of
an 6pen-onded.helica1 antenna over the Trequency range Trom -
50 KHs to 280 Kilz were also measured,  The helicel
antenna was of lenrth one moter, placed nt a depth of 0,5
meter and closely wound with a wire of dismeter 1 mm, Eseh
turn of the helix was having a diamoter of 10 em, The 1nﬁut
_4mpednnes of a model linesr sntenna {8 om lung ) wes alsoc
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mensured {in the laboratory) after submerging it in a solution
of Tall st a f?e;rsth of 1 ems The scaled freguencles for thism
leborstory mescurement were renging from 150 ¥Hz o 350 YHz.
The conductivitiss and the dleleetric constents of a musber of
eoal=dust gemples from varlous conl fieldg of eestern India
wers nesgsured in the leborstory at different froguencles {from
10 Kiiz to 300 Kilzg), Some observetions had also been teken
inside a coel mine, The resulte of all these monsurements have
baeﬁ susned up in Chapter Ve |



