
5. 2 Theoretical ar.alysi.

In order to understand and obviously to optimise, the 
performance of t .-m\ll looj antenna, it.- equivalent electrical 
circuit must be analysed 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. Small, 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 
rigorously, a small antenna is one whose maximum dimension 
is less than the "radian-length", where radian-length is 
defined as 1/2tt 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 squared of loop area to wavelength 
(Kraus 1953)» will be very low. As an example, to put this 
into perspective, the radiation resistance of the maximum
sized small loop (with diameter _*_) is less than 2 ohms.

10
Now at low frequencies, even ^/10 can be an unmanageable 
dimension ; Drtable 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 above 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 = N I A r, _ i
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 - 1 6 ,
4 - 1 7  and 4 - 1 8 .  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 X/io diameter 
restriction placed on it by the definition of a small 
antenna. 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, measur*d on the surface of 
the earth.

4 -

I

<1M

O *o
Loop* A u ba - v*1

FIGURE 5.1
Variation in resonant frequency with 
loop area.



It will be noted from this figure that self-resonar> 

in this "above ground" case, only really becomes a probl. 

at frequencies above 2 MHz. It could, however, be relcvan
I
if Lhe technique, described in Chapter 4, were bein,' useu 

determine the medium's electrical characteristics. It shoi 

be noted, however, that the loops in question resonate 

above ground when their diameters are approximately equal

to x/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 suer, 

that the current would decrease, thereby not effecting the 

expected increase in M. In addition to this, the effect c. 

the close proximity of one turn to another, in this multi­

turn loop, introduces further loss due to the "proximity 

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

Figure 5*2.
* r

FIGURE .2
Effect of the "proximity effect" on the ohmic 
resistance of a multiturn loop (Smith, 1972).
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It should thus be clear that optimum loop perform;inct 
is not obtained simply by increasing either N or A, or bo+

A number of factors exist which are dependent on the loop 

parameters and these must be considered when designing a 

suitable antenna.

The expression for1 the rnagm. tie moment M also contain 

a current term I, and so far no mention has been made of 3 

derivation, whereas its effect on M is obvious. 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 c 

required. This condition only obtains, of course, when sou 

and load impedance;- arc con.jugately matched. In the case 

of the small loop antenna, as discussed so far, we are 

dealing with a lossy 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 Fi/rure 5.3.

V,co Z ----C
I

I
FIGURE 5.'

Equivalent circuit of the loop antenna.
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Analysing this circuit (see Appendix B) for the con ii 

of maxitaum current through the loop, with inductance L, n» 

quality factor Q, we obtain

t = m  5 - ,loop uuL

Obviouslv Q = — , where R, is the inherent loss resistant.»
R1

of the loop, associated both with ohmic and skin resistan 

and the variety of other components, such as the previously 

described proximity effect, which contribute to this 

resistive component.

The effect of immersing the loop in a lossy medium ad<., 

a further resistive term to its impedance. This fact was 

covered in 2.8.4, where 2 - 2 3  gave the incremental change 

in loop impeda-~e az , for the loop of radius "b" immersed 

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

Az = 5
6na

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

The loop is resonated basically by capacitor C 2, and 
is shunt matched to the required source impedance by C,. 

Analysis of this circuit shows the existence of three pel 

and two zeroes, as shown in Figure 5*4.
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FIGURE 5.4 
Pole - Zero diagram of the loop antenna

The high, "dynamic" impedance, Z^, between f 3 and f< 

is used to obtain the resonating' ynd matching constants 

as follows:

I
Z

where

(, - S - Y
Vc, + c?J

= uuLQ,

) -

and the resonant frequency is given by

i/c 1 + cf
2n VITc TG?

from which the resonating and matching capacitors are giv*. 
by

c,
4n 2 f 2 L v Z

4 tt2 f 2 L r D
5 - 7

For a given loop geometry, L can be determined and 

Zp 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 impedance is determined by G, .

If however, a single loop it; t.o be used over a wide 

range of frequencies, as war. (.he case in this study, for 

ease of practical operation, two basic problems arise.
These will be discussed below:

A practical, portable loop might consist of a single 

turn, small device, which is easily 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  Mil, and a "w" which varies with frequency as shown in 
the experimental results plotted in Figure 5-5-

Using 5 - 5  and 5 - 7, and values of Q obtained 
■‘'rom Figure 5*5, we find that in order to resonate and match 

this loop to 50 n at 2 MHz requires C, = 0,042 ^F and 

C 2 = 5 506 pF. In order to use the same loop at 6 MHz 

it is necessary to change both capacitors, with C, now 
being 9 953 pF and C ? = 572 pF.

In practice it is found that the large values required 
for C, cause problems as the frequency is raised, since, 

in the example quoted he * e , only 0, 07 pil of stray inductance 

is required to resonate v h 9 953 pF at 6 MHz. Particular 

care is thus required in Minimising all interconnecting 
lead lengths and this rust; :tLon immediately limits the 
"broadband" application of +! . loop due to the problem of 

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

0 , 5 rn diameter loop UHinf: 10 mm 

copper tubing.
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A single turn large loop, on the other hand, an well 

as being physically unmanageable, particularly for ease 

of orientation, suffers from the disadvantage, made 

apparent in Fi,gure 5.1, that stray capacitance around thw- 

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 dissipative 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 
basis for comparison, that all measurements were being made 

at the same dist;mce fron 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 const;tnt 
prevailing at each frequency and not also to variable 

"spreading losses." Bearing in mind the fact that the 

wavelengths within the medium wen affected very definitely 

by the medium characteristics, this restriction is hardly 
practicable.

The definition of antenna efficiency applicable in 
free space, namely:



does not apply here. Sin the surround in.'- dissipative 

medium has ouch a profound effect on the performance of 

the underground antenna due to the antenna'3 dependence 

on the characteristics of that medium, which have been 

shown to be variable with frequency, more work is required 

in order to be atle to determine the variation in efficienc 

of a given antenna in this environment. Thus it is not 
possible here to predict an optimum frequency for communica 

tion since this requires a Knowledge of this antenna 

efficiency which is not a simple function of frequency.

This latter point is of particular interest 3ince it 

directly contradicts the statement made by Wadley (1949) 

that " e efficiency of the aerial i s 'proportional to the 

cube of frequency." This was based on the classical result

5 - 3 ,  where he considered in the first instance, a long 

wire anteni to be used, which, in free s n c e . 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 I, which is reasonable.
P

however, the free space definition of radiation resistance 

does not apply here, thereby invalidating this statement 

of Wadley's.
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CHaPTER__6

CONCLUSIONS
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Con wid Of: it ion ha:; i -«•»-r. riven to the problem of usi ng 
rad io t ransmission teohn i quos in ord< r t.o eomti.un i ea te between 

points underground in a mine, which are separated by a macs 

of rock, and which have no m< ‘-ill ic 1 bje :ts intervening 

either between them, or anywhere else within the area of 

interest.

This necessitated 't study being made 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 circumstances, both in normal day to day 

activities and in emergencies, a mode of propagation, 

independent of d r  spaces such • • tunnels, shafts, working 

places and the like, and of artificial tr tpsmission lines 

of any type, was necessary. The requirement was thus for 

"direct-through-rock" proparation.

In order to achive this, the characteristics of the 

propagation medium must he known and a study of these was 

made which brought to light the fact that the electrical 

properties of the intervenin ■ rocK which affected the electro- 

ma.-Tietic signal could not he 01 i.ained from "handbook" values, 
which werr ty pi ai of i - .a oratory measured quantities but 
rather required a know.Lea t of the in situ values.

It was also evident from a study of the relevant 

literature, that the method of 1 iunci in electromagnetic 

energy into a dissipative medium was different from that 

used in the "free space" case, since the medium's electrical 

characteristics affected the an ana.



A large number of experimental results were obtained 

over a range of frequencies which, were felt would provide 

the most likely typical operating area for the portable 

communication systems envisaged. This frequency range 

extended over four- octaves •:r• >j t sought to light a number of 

in terer 1.1 »s; Pei or. , namely th< importance of correct antenna 

orientation and Un si gnif i catu’c of coaxial and coplanar 

orientations as regards inductive "power" versus radiated 

lower; the fact that attenuation of the signal increased 

with frequency, basically as predicted, with some evidence 

oeing presented that intrusions of geological materials, 

having higher electrical conductivity than the host rock, 

such as a dyke, affect the sropa -at.ion of electromagnetic 

energy by increasing a* tenuai ion, but. also of causiri, thin 

attenuation t o u  inor< con. t an 1 ov< r a ran a of frequencies, 

than is tht case for t.n* s< iim' ntary rock.

Values for the ittenuatioi. constant were calculate ; from 
the measured signal attenuation results, and from these an 
estimate of host rock electrical conductivity was made by 

assuming a value for th< dielectric constant or permittivity, 

since this parameter is far les. frequency dependent than is 

conductivity, and the spread of typical values is considerably 

less. The values so obtained wer< an order of magnitude, or 

so, higher than those measured using 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



be in," expected f roin site to site due to the non-homo.-eneity 

of geological media, and the v : r • i • 11. i on in stratification 

•aid faulting which occurs th rua -bout the earth's crust. 

However, the accumulated <■. i n an. does confirm that effective 

propagation, via this lossy medium, will only occur at the 

lower end of the electromagnetic snectrum.

Considerably more work ren ains to be done on such areas 

as the effect of the medium on antenna performance . the 

effect of layering and stratification on signal propagation, 

and the effect of metal objects such as cables, pip« s and 

rails as artificial transmission liras, which, many 

qualitative tes*s h :ve sr.own, have highly beneficial effects 

on signal propa*ation.

The weak 1 ink in any sys4 err; based on the results of this 

work will be at the portable radio transceiver end, and not 

at any fixed station which rr be erected to act as a control, 

or as a base station in a multi-station system. This weak­

ness is due to the fact that maximum portability must be 
ensured, meaning that antenna area is This

restriction on area, and that or. the nu„ jf turns which 
may be employed in a ,-rivcr Loof , due to stray capacitance 

and proximity effect,: t me ins * h 4 the loop car rent must be 

maximised. Peak power limitations exist in portable voice- 

modulated transiTii tters , hi nc< t hi t it si *a criterion presented 

in this dissertation, re .la* it. loot .v and inductance must be 

adhered to in order to obtain maximum communication ran :e.

-  1/4 -
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No elect ri a 1 noise, <':n-■ ri:11.i n*■' f rom any external source 

whatsoever, was found over t.lio frt q jency rar investigated 

here. Receiver sensitivity based on this finding would be 

limited only by the noise generated internally by the equip­

ment itself. This ideal condition will not apply in all 

areas, particularly in those served by power lines, hence 

consideration would have to be <_-iven to the selection of 

operating frequencies based on the limitations set by 

attenuation, antenna perform net and r Lse, and a modulation 

technique which would provide optimum sifrial-to-noise r'ltio 

ur.ier these conditions is a necessity.
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Ai
APPENDIX A

THE FIELDS Dl'K TO AN ELEMENTAL LOOP ANTENNA 
IMMERSED IN A DISSIPATIVE MEDIUM (WAIT. I960)

The medium has characti rid ies riven by the conductivity

o, the perme.-ibility p, and the permittivity e- The magnetic 

dipole source is cot idered to vary as

From Maxwell * s fundamental equations we may write:

curl E = - jpuiH A - 1

curl H = ( o  + juje)E + J A - 2

where E and H are the vectors of electric and magnetic**w«

field intensity respectively, and J is tne current density 

vector, and e‘’U) is implied.

Now, introducing the magnetic vector potential b,

, J e"YH
where B - — ~—  i 232— ---  d V  A - ^4 TT J P11) Jv H

wnere J is the magnetic current density vector and is ~m J

due to the relationship between an assumed magnetic current 

J flowing through a linear element dl being related to the 
loop current I flowing around an elemental area dA, by

J dl = iumldA A - 4m

The field components are

E = - jpu) curl B A - S#>•»»

and H = y r B + grad div b A - 6

the Hertz vector for this magnetic dipole is evaluated 

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



I
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All

J dl -yr
B - — ---  -L:--- Z A - 7

4njpu' »'

where the dipole axis in orientated in the Z direction
A

and 2 is the unit vector.

From A - 5, A - 6 and A - 7, then

E = ", ( 1  + yr) e"Vr sin p (J 4nr?

H = —I-— , (1 + yr) e-v cos fi r ^nrJ

it Id A / , 2 •> \ - yr
H P = ~17nr3  ̂ Y Y r ) e 2in e
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i\ 1 1 'KI\I])I X 1*

TiiE RZL.-.UoNSHII BETWEEN LOOP CUR..EI/I ALD 
FHi Cl i AR AC "ERISTICS OF THE LOOP ANTIiI.’Nn

(I - I )
J aC 1

o = I 'i1u,L * r ♦ j75) .i'l’C r/ j rC

therefore I — K< * LC ,i !■« iC?r ■* +
l1J' 1 l' / 1

itituting {2} into (l)

I ,i • (- it ’ L'J 1C n + j (x>C ̂ i / j r + C ^ + L  ) 

j uC i j ujC 1C 2

0 1 + C ; j niL 1C pi' — ■ LC 1C
1 c T

at resonance C, + C
I

therefore V i

i»s1C,C

J 0)0 , r I

= 1 . r

wf: l re r' 11.

t f.u.;
ib »i.

,-ivin-' 1 b iiL
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Ci
Ai PENDIX C

THE EFFECT OF A CHANGE IN TRANSMITTER 
POWER ON COMMUNICATION RANGE

Consider the care wh re increased ran .:e is required,

from R, to R ?. in a certain area of the mine, changing

transmitter pov> • ->u\put from F to P will brinr thist ! t
2

about, assuming .it the required rignal at the recej. ve i 

remains .onstant. The c'neratinr frequency (hence x) and 

iracteri tics r and G are unaltered.

Therefore ,

li* = p.
Ra' 2 - 2u(R1 - R ,) C - 1

v t t t ;  6

now, if P = n F C - 2L 2 I 1

tr.cn, solving C - 1 for K 2 we find that 

R 2 = V-TR, 0 - u (R= - R ’>
r*
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APPENDIX D

Examination of Figure 4.) suggests a straight ] ino

variation in the coplanar horizontal component beyond 

about 45 m from the source. Thun we may write

for In V R = In K - uR, as given by 4 - 8 . In the 

above straight line equation it is b which is of 

particular interest sirs-e it is the slope of the curve, 

and hence, from 4 - 8 , is trie attenuation of the medium.

Therefore, pplying the least squares technique to 

the experimental data, we have

x l  x : x.y

y = a + ix D - 1

3 283
4 212
5 271
6 4'5.
7 70 * 
"  101 

L Of.-

470

611 }~xy = 1 75b

A
611

611 49 108
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bll - 23

49 108 - 1 '758

8 - .3,2
611 - 1 758

65 166

= 111 .2

a _ 65 168 
19 54 3 3,33

b _ "^2 = - m ,£ = - 0,006
~ ~  19 54;

Now the above data wan obtained ii’o;u lo * V R , wherear 

it in here required at In Vr, therefore, cince

l06e VR = In VR = 1°£_I£ 
0,4343

we obtain

b = 0, 01 4 nepers/m

which is 0,12 dB/m.
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