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5.2 Theoretical aralycic

In order to understand and obviously to optimise, the
performance of u ¢m:ll lcop antenna, it cquivalent elcetricl
circuit must be unalysed from the point of view of those
parameters which influence its performance as a radiator

and receiver of electromagnetic energy.

First of all it is necessary to define what is meant
by a small loop. OSmall, in the sense it is used here,
refers nor necessarily to physical size but rather to
electrical size. In other words the physical dimensions
of the antenna are small compared with the wavelength of
the electromagnetic signal it is handling. Put more
rigorcusly, a small antenna is one whose maximum dimension
is less than the "radiarn-length", where radian-length is
defined as 1/2n wavelength (Wheeler, 1947). By virtue of
this fact, the current in a small antenna is of constant
amplitude throughout this maximum dimension, and leads in
practice, to a circular loop having a maximum diameter of

about A/10 (Kraur, 1953%).

Obviously a device as small as this would exhibit
very poor efficiency as a radiator of electromagnetic
energy since the radiation resistance, being as it is,
proportional to the ratio gquared of loop area to wavelength
(Kraus 195%), will be very low. As an example, to put this
into perspective, the radiation resistance of the maximum
sized small loop (with diameter A ) is less than 2 ohms.
Now at low frequencies, even X/léocan be an unmanageable

dimension : rtable applications, therefore, this figure

represents the highest value of radiation resistance which
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could be obtained. It will be noted that! reference to
radiation resistance in the context of dissipative media
is misleaiing. The atove example was presented, however,
merely to illustrate the magnitudes involved and by so
doing to shed some light on the complexity of the antenna

problem.

5.3 The equivalent circuit

In representing the small loop as an electrical
network we are dealing with a device which exhibits
intrinsic inductance. The imperfections in the material
of the loop, and losses due to the surrounding medium, will

contribute a resistive component to the equivalent circuit.

The ratio between the inductive reactance and this resistive

term of the loop is the well known '"quality factor" of
reactive components, known as "Q". In the design of the
optimum small loop antenna the relationship of these
quantities to each other is of the utmost importance in

order to achieve maximum efficiency.

A measure of the efficiency of a small loop antenna
(indeed of any small antenna) at its "moment, M". In the
case of the small loop device this is referred to as the

magnetic moment, and is defined by:
M=NTA €
where N = number of turns
I = loop current
A = loop area
The relevance of this expression is obvious if we

consider the expression for the various field components
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generated by a small loop as presented in equations 4 - 16,
4 - 17 and 4 - 18, The quantity 1 dA, appearing in each, is

none other than this magnetic moment, where N is one turn,

For an effective antenna it is thus necessary to

strive for maximum moment.

Obviously to do this, any one, or all of the
constituents of M can be increased thereby increasing M,
however, there are limits as to the amount by which each may
be increased. Obviously A is limited by the A/10 diameter
restriction placed on it by the definition of a small
antenra, In addition to this, stray capacitance exists
around any loop to its surroundings, and the effect of this
is to cause the loop to resonate. Sirce these strays are
unknown quantities, this effect is undesirable, and should,
therefore, be eliminated by restricting the loop area.
Figure 5.1 shows the experimental variation in self resonant
frequency of a single turn loop, measi¢d on the surface of

the earth.
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FIGURE &.1

Variation in resonant frequency with
loop area.



It will be noted from this figure thuat self-resonan

in this "above ground" case, only really becomes & probl

at frequencies above 2 MHz. 1t could, however, be relevaon
if vhe technique, described in Chapter 4, were bein;; us
determine the medium's electrical characteristics. It snouu
be noted, however, that the loops in question resonate
above ground when their diumeters are approximately equal

to A/19.

Increasing the number of turns, N, in the loop woulu
benefit M up to a point, beyond which the inherent loss
resistance in the loop material would have increased such
that the current would decrease, thereby not effecting the
expected increase in M. In addition to this, the effect ¢
the close proximity of one turn to unother,.in this multi-
turn loop, introduces further loscs due to the "proximity

effect" (Smith, 1972). This is shown diagrammatically in

Figure 5.2.
Raoiuss r

®, o o
° '-—-25<—ﬂ
2P = additional loss

resistance due to
proximity elfect

N increasing

Lo = resistance
without proximity
e(fect

A

Effect of the "proximity effect" on the ohmic
resistance of a multiturn loop (Smith, 1972).

FIGURE _5.2
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It should thus be clear that optimum loop performiunce
is not obtained simply by increasing either N or A, or bot
A number of factors exist which are dependent on the loop
parameters and thece must be concidered when designing a

suitable antenna.

The exprescion for the musncetic moment M also contain
a current term 1, and so far no mention has been mude of 2
derivation, whercas its effect on M is obwious. I is
dependent on the active source connected to the loop which
in this case would be a transmitter. From the previous
discussion relating to total system loss it is to be expectec
that maximum power transfer between source and load would ¢
required. This condition only obtains, of course, when sou
and loand impedunce:r are conjuiritely mntchcd: In the cune
of the small loop antenna, ns diccucced so far, we are
dealing with a loscy inductive circuit. It is thus necess..
to resonate the loop and match its input impedance to the

output impedance of the source.

The resonant, matched loop is shown in equivalent

circuit form in Figure 5.3.

== Cq .

VVw Z-—= = C, _

l 1 loop

FIGURE 5.3

Equivalent circuit of the loop antennu.
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Analysing this circuit (see Appendix B) for the coniui.uu
of maximum current through the loop, with inductance L, s

quality factor Q, we obtuin

- V9
Iloop whL 2
Obviously Q = %L, where Rl'is the inherent loss resicstan:
1

of the loop, assvciated both with ohmic and skin resictan
and the variety of other components, such as the previously
described proximity erfect, which contribute to this

resistive component.

The effect of immersing the loov in a lossy medium ad:.
a further resistive term to its impedance. This fact was
covered in 2.8.4, where 2 - 2% gave the incremental change
in loop impedar ~e pz, for the loop of radiué "b" immersed 1

a cavity of radius "a" in a mediun of conductivity o.

_ (uw)® o dA? .
Az Zha 5

obviously with o being frequency dependent the loop current
is affected by a change in frequency due to the effects of

the medium and tne parameterc of the loop.

The loop is resonated basically by capacitor C,, and
is shunt matched to the required source impedance by C,.
Analysis of thie circuit shows the existence of three pol

and two zeroes, as shown in Fipure 5.4.
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FIGURE 5.4

Pole - Zero diagram of the loop antenna

The high, "dynamic" impedance, 2 between f, and .
&y, J I » Yo 3 4
is used to obtain the resonuting end matching constantes

as follows:

) 2
L (__V_'z‘_\. 5
‘D U 1 t C 2 ,/
Wl.ere ZD e wI"‘) il

and the resonant frequency is given by

£ JC, + C,
r 2™ L C,C. |

from which the rescnating and matching capacitors are giver
by
01 =

C? o 1. )
O (R |
, “D

For a given loop geometry, L can be determined and

ZD measured, when this loop is resonated at the required
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operating frequency f" Thus from 5 - 6 and 5 - 7 the

required matching impediance ic determined by C,.

If however, n cingle loop is Lo be used over a wide
range of frequencies, us wus the case in this study, for
ease of pructicul operation, two basic problems arise.

These will be discussed below:

A practical, portable loop might consist of a single
turn, small device, which is ~asily manageable. This
loop will have an inductance, determined by its geometry,
which is low. Typically, a 0,5 m diameter loop of 10 mm
diameter copper tubing has an inductance of nominally
1,3 yH, and a "&" which varies with frequency as shown in

the experimentul recultc plotted in Fijure 5.5.

Using 5 - 5 and 5 - 7, and values of Q obtained
from Figure 5.5, we find that in order to resonate and ma‘ch
this loop to 50 0 at 2 MHz requires Cy = 0,042 uF and
C, =5 506 pF. In order to use the sana lcop at 6 MHz
it is necesszry to change both capacitors, with C, now

being 9 953 pF and C, = 572 yF.

In practice it is fuund that the large values required
for Cy cause problems as the frequency is raised, since,
in the example quoted heve, only 0,07 uH of stray inductance
is required to resonate v ‘h 9 95% pF at 6 MHz. Particuluar
care ie thus required in minimising all interconnecting
lead lengths and this rest: . ction immediately limits the
"broadband" application ot t!. loop due to the problem of

mechanical switching which resuleu. .
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Variation of Q with frequency for a

0,5 m diameter loop using 10 mm

copper tubing,
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A single turn large [hop, on the other hand, as well
as being physically unmanageable, particularly fo; ease
of orientation, suffers from the disadvantage, made
apparent in Figure 5.1, that stray capacitance around th.
loop limits its upper frequency range and makes fine adjust-

ment difficult since the value required for C, is reduced.

It was for these reasons that no single antenna was
used at all frequencies discussed here, and hence that no
direct comparison of antenna performance with frequency was

obtained.

From the discussion in Chapter 2 on the effect of
immersing an antenna in a discipative medium it was made
clear that the concept of radiation resistance of an antenna
had no meaning in this context, unless one considered, as a
_basig for comparison, that all measurements were being made
at the sume distance from an elemental source in order that
the effect of attenuation via the medium might be due only
to a, the respective values of medium attenuation constant
prevailing at each frequency and not also to variable
"gpreading losses." Bearing in mind the fact that the
wavelengths within the medium were affected very definitely
by the medium characteristics, this restriction is hardly

practicable.

The definition of antennu efficiency applicable in

free space, numely:
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Rr
= smmn 5 -8
" R+ K &
1
Joes not apply here. Since the surrounding dissipative

medium has such a4 profound effect on the performance of

the underéround antenna due to the antenna's dependence

orn the characteristics of that medium, which have been

shown to be vuriable with frequency, more work is required
in order to be atle to determine the variation in efficiency
of a given antenna in this environment. Thus it is not
pescible here to predict an optimum frequency for communicua-
tion since this requires a rnowledge of this antennu

efficiency which is not a simple function of frequency.

This latter point is of particular interest since it
directly contradicts the statement made by Wadley (1949)
that " e efficiency of the uerial is~proportional to the
cube of frequency." This was based on the classical result
5 - 8, where he considered in the first instance, a long

wire antenns to be used, which, in free space, has a

——

radiation resistance proportional to the square of the
frequency, and that the loss resistance would decrease
approximately inversely proportional to frequency, for
rock of constant Q, where Q l, which is reasonable.

P
However, the free gpace definition of rudiation resistance

does not apply here, thereby invalidating this statement

of Wadley's.
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CONCLUSIONS



T

Consideration has teern gtiven Lo the problem of using
radio trunsmission technigques in order to comnunicate between
points underground in « mine, which are ccparcated by a muss
of rock, and which huve no metillic objects intervening
either between them, or anywhere else within the uarea of’

interest.

This necevaituted ¢ study being maide of the mine
environment from the point of view of possible propagation
paths, and the conclusion was soon reached that, in order to
be of use under all circumstinces, both in normal day to day
activities and in emergencies, a mode of propagation,
independent of uir spaces such 7t tunnels, shafts, working
places and the like, and of artificial trapemission lines
of any type, was necegsary. The requircment was thus for

"direct-through-rock" propagation.

In order to ackive this, the chuaracteristics of the
propagation mediur muct be known and a study of these was
made which brousht to light the fuct that the electrical
properties of the intervenines rock which «ffected the electro-
masmnetic signul could not 1 ot tinined from "handtbook" values,
which were typicul of lutorstory meicured quantities but

‘ather required i knowlea ¢ of the in_ gitu values.

Al S
It wus also evident from a1 study of the relevant
literature, that the metnod of luunching: electromugnetic
energy into a discipative mediwn was different from thut
used in the "free cpace" cuse, since the medium's electrical

characterigctics affected the aun.nna.
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A lurge numter of experimental recultsc were obtuined
over a range of frequencics which, were fclt would provide
the most likely typical operating nrea for the portable
communication systems envicayred. This frequency range
extended over four octaves und brought to light a numbter of
intercatin: tv¢tor., namely the importunce of correct auntenno
orientation und the cinificuance of conxial and coplunar
orientations as regurds inductive "power" versus radiated
power; the fact that attenuation of the signal increased
with frequency, busically s predicted, with some evidence
being presented that intrusions of geological muterials,
having higher electricul conductivity than the host rock,
such as a dyke, affect the projp:u -ation of electromugnetic
energy by incre:cin - attenudt ion, but aulso bf causin, thic
attenuution to be moure con: tant over o rarncre of frequencieqs:,

than is the c.ce for tne cedimontary rock.

Values for the attenuation conctant were calculatea from
the measured signal attenuastion recults, and from these un
estimate of host rock electrical conductivity was made by
assuming a value for the dielectiric conctant or permittivity,
since this parameter is far les: frequency dependent than is
conductivity, and the spreaa of typicul vulues is considerably
less. The values s0 obtuined were an order of magnitude, or
so, higher than thore measured usin, typical samples in the

laboratory.

The results obtained in this work basically confirmed

those of other workers in this field, with a spread in values
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bein;; expected from site to site due to the non-homo,-eneity
of peologrical medin, nnd the variation in stratificution

and faulting: which occurs throu rhout the carth's crust.
Hewever, the accumulated evidonce dees confirm that effective
propagation, viu thie lorsy medium, will only occur at the

lower end of the electrom:metic cvectrum.

Consideratly more work rcm:ing to be done on such areas
as the effect of the medium on sntenna performance, the
effect of layering and stratificution on sigrnal propasation,
and the effect of metzl objects such as cubles, pipes and
railes as artifieial transwisesion lines, which, many
qualitative tests h:ve clown, hive hishly beneficial effects

on signal propu.-ution.

The weak link in nny system based on the results of this
work will be at the portatle raudio transceiver end, and not
at any fixed stution wnich muy be erected to act as a control,

or as a base station in

e

multi-ctation system. This weak-

ness ie due to the fact thut maximum portabiiity must be

ensured, meaning that antenna arca ic This
restriction on area, and that or the nu. of turns which

may be employed in & sivern loop, due to struay capacitance
and proximity effects, means *nL .t the loop carrent must ve
maximised. Peak power limitutions exict in portable voice-
modulated transmitters, hence the desiom ceriterion presented
in this dissertution, rel:wtin - loop . ‘ind inductance muct be

adhered to in orier to obt:in poximum communic.ition ran -e.
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No electri ul noise, cuwnnating from qny external source
whatsoever, wis found over the froquency rar e investig:ted
here. Receiver sensitivity bused on this finding would be
limited only by the noise generated internally by the equip-
ment itself. Thic ideal condition will not upply in all
areas, particularly in those scrved by power lines, hence
consideration would huve to be -iven to the celection of
operating frequencies bused on the limitntions set by
attenuation, anterna performunce und noice, und a modulation
technique which would provide optimum signal-to-noice ratio

unier these conditions iec a necessity,
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APPENDIX A

THE FIELDS DUE TO AN ELEMENTAL_ LOOP ANTENNA
IMMEKSED IN A DISSIPATIVE MEDIUM_ (WALT, 1969)

The medium hao charnclerictic: gdven by the conductivity

o, the permeability u, and the permittivity e¢. The mapgnetic
) ! jwt

dipole acurce is cor idered to vary as eV,

From Maxwell's fundumental equutions we may write:

curl

<)
I

- Jpuall A -1
curl H = (o + jwe) E 4 J A -2

where E and H are the vectors of electric und magnetic
field intensity respectively, und J is tne current denusity

. .
vector, and el igs implied.

Now, introducing the mugnetic vector potentiul B,
e~ YR

o 1 f ~m AV -
where B = - e Y Jv - iV A 3

where im is the magnetic current density vector and is
due to the relationship between an assumed mignetic current
Jrr flowing through 2« linecar element dl beings related to the

loop current I flowing around an elemental area dA, by
Jm dl = .jpwld/\ A - 4
The field components are

- Jjuw curl B A -5

g <)
I

and H = y? B+ grud div b A -6

the Hertz vector for this magnetic dipole is evaluated

from A - 3 and A - 4, and is given by



dl -yr -

Anjuw "

where the dipole uxis is orientuted 1in
and 2 is the unit vector.
From A = 5, A - 6 and A - 7, then
- wIdA Y
B - 1l + yr) e
® 4nr? ( /
IdA . it 4 N
HI' = TT‘-IFJ (l + YI) e coSs
H ~2d& (0 4 oyr 4 y2r2) e

the

sin

Z direction

n

A
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APPENDIX C

THE _EFFECT OF A CHANGE IN TRANSMITTER
PCWER ON COMMUNICATION RANGE

Consider the cnse where increased ran.ce is required,
from Ry to R,, in a certuin area of the mine, changing
transmitter pow. .  ou‘put from Ft to Pt will bring tnie

1
v . 2
about, assuming . 2t the required signal at the receier

remaing constant. The oneruting frequency (hence )) and

antenna characteristics n and G are unaltered.

Trerefore,
Fv, _ Ra? _ - Zulity - Ry) .
3 77/
by

now, if Ptg = n FL1 C -

trien, solving C - 1 for R, we f{ind that

I(? ‘VT R1 e R (H? B }‘1) R
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APPENDIX D

LEAST SWUARES FIT OFDATA AT 545 kilz

Extanination of Fipure 4.9 supgrecte o ctraissht line
varistion in the coplanur horizontal component beyond

about 45 m from the source. Thuo we mauy write

a + bx D -

1
]

1ln K - aRk

for 1ln VrR , a8 given by 4 - 8. In the
above straight line equution it is b which is of
particular interest since it is the slope of the curve,

uand hence, from 4 - 8, is tne nttenuntion of the medium.

Therefore, pplying the leust cquures techrique to

the experimental data, we have

b3 X x? Xy

49,7 5,04 Z 470 121

57,7 3,01 5 28% 17¢

64,9 2,93 4 212 190

72,6 2,94 5 271 o1

80, 8 6 43 ‘

87 .6 2,55 ;700 050

95 ,4 2,82 ¢ 101 69

102,1 a1 L002 £88
vy o= 611 Sy = 29,. Ix? = 40 10¢ Ixy = 1

£ 611
, = = 19 54

8 611 49 108
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Dii
bll - _) ’;\
e - 65 168
t; - (’.‘ j '
B2 = - 111,2
611 - 1 758
a = A—L - 65 168 - 3 34
bo 19 5473 B
b _o=b, - =111.2 . _ 0,006

. . Q K47
B4 19 54:

Now the above dati wus obtained from lo- VK, whereus

it is here required at 1ln Vr, therefore, since

- VK = 1 VR = los VR
loé’e n T ETE
we cbtain
b = 0,014 nepers/m

which is 0,12 db/m.
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