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This paper deals with a brief review of the work carried out in ‘Sub-Surface Communication’, by
various investigators., The feasibility of underground communication using low-conducting
granite la,yer as a medium has been discussed. The effect of ground-constants on the propagation

constant v’, and the dependence of a,'rtenuatlon on the frequency of operation and the conducsivity
of the med.lum are dealt with,

Propagation of electromagnetic waves from a transmitting -antenna to a receiving

one depends on the distance between the two points, the wave-length and the characteris-

_ tics of the medium. The velocity of propagation and also the attenuation suffered by

the propagating wave are determined by the characteristics of the medium., For a

lossless medium (perfect di-electric) there is no attenuation, whereas a dissipative medium

gives attenuation which reduces the field strength exponentially with distance (in addi-
. tion to that caused by divergence).

Dissipative media are of many kinds but the medium of our interest is the earth.
Since the soil behaves like a lossy di-electric, it should be specially treated while consi-
dering the wave propagation through it. The conductivity and di-electric constant of the
earth vary with the frequency of operation as well as the depth below the surface of

- the earth. The exponential attenuation inherent in the medium of finite conductivity
limits the distance of transmission. In sub-surface communication the earth plays the
part of the medium. Here, both the transmitting and the receiving antennas are placed
underground. There are broadly two methods by which communication with such an-
tennas is possible. One is known as up-over-down system in which the wave from the
transmitting antenna travels to the surface of the earth and over the surface it propa-
gates as a ground wave. The receiving antenna placed underneath will receive the energy
which leaks through this surface wave. Thus, the wave propagating in this manner will
experience twice the attenuation due to propagation through the lossy medium (earth).
While coming to the surface the receiving antenna gets the signal after being attenuated
by the layer of earth above the receiving antenna. In addition to these losses the loss
suffered by the surface wave over the ground is also present. Obviously, for such a com-
munication system to be practicable, the depth below which the transmitting and receiv-
ing antennas could be kept will be limited to the skin depth which is dependent on the
conductivity of the earth and the frequency of operation.

Another mode of propagation of a sub-surface wave is through the low- conductmg
granite layer which is supposed to exist at a particular depth below the surface of the earth.
. It has been argued that a layer of low-conducting granite exists deep (about 10 km) with-
in the earth’s crust bounded on both sides by regions of highly conducting layers. The
upper layer has a high conductivity due to (5) the presence of electrolytic solutions and
() the porous upper layer surface through which water sets in. At greater depths, the
. increase in conductivity can be attributed to the presence of high temperature. The ex-
perimental data of G. V. Keller support this view. If both antenna and the receiver
are placed under ground in the low-conducting layer below the surface of the earth, pro-
pagation can take place in more or less the same way as ~tropospheric duct propagation
above the surface of the earth.
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PROPAGATION THROUGH DISSIPATIVE MEDIA

Mathematical expressions can be derived for the attenuation, velocity of propaga-
tion and their dependence on frequency and the values of ground constants. "Any electro-
magnetic wave propagating through a homogeneous medium will satisfy the four field
equations:
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V. D = P . (1)
V. B = 0

The quantities in (1) have their 6riginal meanings. In addition to the above equa-
‘tions there are three relations that concern the characteristics of the medium in which the
fields exist. These are :

D= ¢E )
B= pH L 2
. 1= ok

where ¢, p and o are permitivity, permeability and conductivity of the medium.

The region is assumed to be source-free. Also assuming sinusoidal time-variance of
the field components, one arrives at the most general vector wave-equation of the type ;

. VE —jop(ot+jeue) E = 0 @)
Let V¥ = jop(oc+jwe) : 4)
. then, (3) can be written as S

AN2E —wE = 0 : (5)

The quantity “v” is referred to as propagation constant and also as wave-nimbee
The above derivation’—4 will be found in any text book on ‘“Electromagnetic
Wave Propagation”. v , in general, is a complex quantity and may be represented as

- v=a+jp =‘ (6)
where a isthe attenuation constant and 8 , the phase constant

Again consider a uniform plane wave travelling in the  direction. For this case (5)
becomes :
> E

o = oE g
A possible solution of (5) would be
—V )
E = Fe ' : (®)
where B’ is expressed as
Jeok

E = Eo < ‘ (9)
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(8) now becomes

: Jot—vi-
E =  Eye ‘ ; (10)
—ax  jot—Bz) :
Or E = Eje e (11)
(11) is the equation of wave movingin the # direction with a veloclty w/ﬁ The

—a
wave is attenuated by the factor e

The expressions for the attenuation factor o , and the phase factor 8 , can be
derived from the complex propagation-constant by separa,‘cmg it into real and i 1mag1nary
parts. The values of « and B are,

SVEWEE) e
B = e \/ \/1+ “2+1) (13)
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These expressions can be simplified by making some approximations depending on
the medium. %/w e gives the ratio of conduction current to displacement current; when
%/we >> 1 for the entire radio frequency spectrum, the substance is considered
tobe a good conductor, whereasif 9w e << 1 , itis classified asa good dielectric
(insulator). Most materials met with in practlce fall into either ‘good conductor’ or
‘good insulator’ class. 'But the case of the earth is typical. The earth occupies an inter-
mediary position and thus acts like a lossy di-electric. :

The values of ‘conductivity’ and ‘di-electric constant’ for several soil samples (collect
ed in India from different places and at different depths below the surface) are being
determined by the author in the laboratory. The effect of frequency, and moisture on
conductivity and di-electric constant are also being investigated. The conductivity of
soil was found to increase with frequency and moisture content, whereas the di-electric
constant decreases with increasing frequency. Results of these measurements will be
presented in due course. The basic problems that are peculiar to sub-surface communi-
cation are the determination of the propagation characteristics from underground or
underwater sources, coupling of energy from the transmitti g antenna to the medium
and from the medium to the receiving antenna and also the noise environment.

PROPAGATION THROUGH THE SUB SURFACE

On Sub-surface propagation, various theoretical investigations have been carried
out on the assumption that a low-conducting granite layer is existing below surface of
the earth. Wheeler5 has expressed his idea in support of the poss1b1hty of a low con-
ducting layer to exist below a depth of 2 and 20 km. 1In this case the wave-guide mode
of transmission is possible between two stations situated beneath the sea or below the
earth’s crust. The excitation of this waveguide is possible by means of a long pipe of
2 to 3 km kept in a vertical bore and insulated from the ground. The basement rock from

*2 to 20 km has conductivity of the order of 10—¢ to 10— mho/m. The present plan
-is useful if the conductivity is around 10—8 or lower, and the di-electric constant 6.

Wheeler has worked out the feasibility of this mode of propagation assuming some
data for conductivity at an operating frequency of 1-5 ke/s. Inside the earth there is a
gradual change in the value of conductivity with depth and since, the tangential electric
field vector can mot exist inside a conductor, the depths of penetration of electric and
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magnetic fields inside the earth are different, The location of the boundaries of E wave
and H wave depend on the frequency, the conductivity and the rate of change of
conductivity with depth. According to Wheeler, the T.E.M Mode (with vertical polarisa-
_tion) is the one that has the greatest probability of enabling long-range communication.

Burrows® has described four possible modes of propagation within the earth’s crust
Moge I is similar to that of ground wave propagation with rock di-electric substituting for
air as the propagating medium and the highly conducting layers acting as ionosphere and
the earth’s surface. The highly conducting lower surface is often called the inverted ionos-
phere. Mode IT results when the @ of the propagating medium is small so that the ante-
nnas must be modified, which also results in the modification of the propagation formulae.
Mode III deals with dc signalling. Mode IV indicated when the over-burden is so thin
that it does not provide an effective conducting plane. Here the antennas consist of a pair
of vertical conductors insulated form the thin layer of high conductivity but making contact
with the medium of intermediate conductivity thereby generating a horizontally polarized
wave. This also makes use of dc signalling.

M. E. Viggh? has, in the same year, contributed a paper on “Modes in lossy stratified
~media with application to underground propagation of radio waves”. He has worked out
the problem by stratifying the layers into three different regions of conductivities 10—2
-mho/m, 10-—¢ mho/m and 10—2mho/m respectively with a di-electric constant of 10, This
“is a simplified approximation of the actual regions of different conductivities which are
supposed to exist inside the earth’s crust.

Radio-wave propagation at very low frequencies in the stratified rock below the bot-
tom of the sea is studied by Mott & Biggs®. Their paper deals with the structure of the
earth’s layers and more important attempts to measure and: estimate earth’s conductivity.
Discussing the topic, Biggs describes the experimental results obtained by Schotte and
Veldkamp, who arrived at an upper layer conductivity of 2 mho/m (in a 600 m thickness) -
and a lower layer conductivity of 10— mho/m. They have shown by calculation that the
merit of sub-surface communication is mostly its freedom from external noise, External
noise may be atmospheric such as cyclones and tornadoes and hazards resulting from a
nuclear bombardment. Under such disturbances, conventlonal means of communica-
tion may be ineffective, if not impossible.

Ghosh? in an article on “Sub-Surface Communication for survival”, has explained the
basic problems that are encountered in sub-surface communication. They are essentially
the depths below which the transmitting and receiving antennas have to be kept, the length
or sizes of these antennas, the electrical properties of the earth, operating frequency range,
noise, receiver bandwidth, ionospheric characteristics and the transmitter power,

Wait10 has expressed the possibility of a natural wave- guide to exist within the earth’s
crust. The existence of a low-conducting granite structure is shown by some available ex-
perimental data. The conductivities of granite upto certain depths below the surface of
the earth are explored™. The effect of temperature on conductivity has also been studied.
The data, however, is not sufficient to estimate the depth of this low-conducting granite
and its uniformity in distribution throughout the earth’s surface. Wait has deduced ex-
pressions for the field equations assuming a sharp boundary between highly conducting
upper boundary and low-conducting middle layer. The lower boundary of this wave guide
is fixed in the region where the conduction current begins to dominate over the
displacement ¢urrent. This is a function of frequency. For the frequencies in the VLF
band, the height of this wave guide is of the order of 30 km. The excitation of the wave-
guide can be catried out either by a vertical electrical antenna which is co-axial with the
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bore hole or by means of a solenoidal coil whose axis is co-axial with the bore. Wait has
deduced expressions for attenuation and other factors for such a mode of propagation and
has shown that the attenuation in such an idealized earth-crust wave-guide is very small.
Wait’2 has also given a review of the work carried out by many investigators in the field
of “Wave propagation in lossy media”. It presents seventy useful references. - - -

Pime harmonic and transient electromagnetic fields in spherical cavities whose walls
are made of any material characterized by o, p and e, have been investigated, by
Butter & Bladel’3, The purpose of the investigation was to solve the wave-equation exa-
ctly for a particular source and geometry and also to study the influence of the electrical
properties of the surrounding materials-upon the fields. Ample numerical data have been.
presented in support of this study.

The effect of pulse communication through the conducting medium has also been theo-
retically investigated. Richards'* has derived expressions for the electric and magnetic
fields of a short pulse of electric or magnetic dipole moment in a conducting medium. In

. . . 1 1 A
the case of pulse transmission, the amplitude was shown to decay as — or -y (where 7
7 r

is the distance from the transmitter) rather than exponentially as is expected for a conti-
nuous wave in a conducting medium. In addition, it is expected that a pulse lengthens
with the distance travelled and the average propagation velocity decreases. Thus, commu-
nication by pulses is expected to be inferior to that by low-frequency continuous waves.
An almost similar opinion has been given by Anderson & Moore’>—a pulse spectrum
with appreciable high frequency content will be mostly absorbed. Considerations applying
to propagation of continuous waves also apply to propagation of transients namely, the
range of transmission sets an upper limit to the frequencies which can be sent with the
minimum attenuation. Energy put into frequencies above this limit is essentially wasted.
Wait’s!® work on “transients in conducting medium” gives information in this regard.

DISCUSSION

Lack of underground noise and effective shielding against atmospheric, noise by the
earth’s upper layers make an underground system superior to an above-ground system for
long-range communication. The factors which lLimit the maximum possible distance for
communication are frequency, ground constants and the power of the transmitter. The
power of the transmitter can not be increased very much for abvious reasons. The ground
constants being fixed for a particular region, the only factor that can be controlled is
frequency. The frequency should be low for the attenuation to be low. But for communi-
cation purposes, especially when speech and information have to be transmitted, the
carrier frequency should be more than twice the highest modulating frequency. When
the carrier frequency is low, the size of the antenna becomes too large for efficient trans-
mission and physical problems like antenna layout etc limit its size. ‘The frequency range
200 Ko/s to 300 ke/s is found to be most convenient. Special antennas have to be designed
to make them suitable for working at such low frequencies. To an investigator working
in this field, a knowledge of the electrical properties of the ground and thier variation
with frequency as also seasonal and diurnal variations, is nscessary.

The Table I gives an idea of the attenuation per km of the propagating wave. The
dependence of attenuation on frequency and conductivity is noteworthy.

. Foran efficient long-distance communication, one has to use low frequencies. For
19’\vest1gating the field strengths theoretically, studies on the induction field are as important
(if not more) as those on the radiation field. When the distance from the transmitting .
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TapLE I
DEPENDENCE OF ATTENUATION ON FREQUENCY AND CONDUCTIVITY
Conductivity Frequency attn, Conductivity Frequency attn.
(mho/m) (ops) (db/m) (mho/m) (eps) (db/m)
108 10 6-6%1073 10—5 102 0-17
109 10% 6:7x102 108 10° 0-46
108 10 6-7x103 106 10% 0-67
108 10° - 46x102 108 10° 0-66
10—7 10% 6:6x10~2 10~ 10° 0-55
107 103 6-7x102 105 103 17
107 w0t 6-7x102 1070 10* 4-6
107 10° 6-7x 102 10~ 10° 66

antenna is comparable with wave-length, the field is mostly inductive and its strength

1 . L I
varies as 712 (instead of - asin the case of radiation field) thus complicating the pro-

blem. ,
The existence of a low-conducting granite below the surface of the earth has to be
experimentally confirmed and to use this wave-guide for sub-surface propagation, its uni-
formity over the entire region under consideration and its dimensions are to be determined.
The electrical conductivity, thermal and other possible noise sources are to be explored.
Once these are determined and suitable antennas are designed, sub-surface propagation can
be more effectively put to sivilian as well as military use.
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