




UNDERGROUND RADIO

ence of metal bearing minerals, this figure
could be much higher. 4SJmis the conductiv
ity 01 sea water. Although this is somewhat
removed from our topic 01underground radio,
it has been provided to illustrate the similar ,
but more severe prob lems esscceieo with
submarine communication. It is not easy to
translate skin depth into maximum range
since radio signals also sutter attenuation in
tree space. Furthe rmore, as we shall see
shOrtly, for the types of signals generated by
cave radios, the signal drops ofl very rap idly
with distance in Iree space , so this other term
in the equation is quite significant. Neverthe
less , it is clear that alte r quite a modest
number of skin depths , very lill ie of the tran s-

mitted signal will remain. In practice. most
cave radios operate somewhere in the fre
quency range 800 Hz to 200kHz. The US
Navy's ProjectSanguine, for submarine com
munication, operates on 75Hz .

FAR & NEAR FIELD
THOSE OF YOU WHO · due to space limita
tions - have struggled to erect an efficient Top
Band antenna wilt immediately recognise the
problems associated with communication at
even 200kHz, tet alone the figure of 800 Hz
mentioned earlier. Converting these figures
to wavelengths, we get a range 011500m to
375 km - a half wave dipole at 800H z would

reach Irom Lond on to Birmingham!
.~~__ It should also be borne in

mind that impractical as
VLF antennas may be on
the surface , in a cramped
cave passage ,we'retalk
ing of something wh ich is

totally impossible. Cer
tainly ir s possi ble to make

do with antenn as shorter
than a halt-wave . but at the
sort of Iractional wave

lengths we'd be ta lking about
here, any antenna would be
grossly ineffICient ,and very
little power would actually
be radiated.

Something which prob
ably goes unnoticed to
most rad io amateu rs.
ope ra tin g as they do
com pa rativ ely high fre
quencies, is Ihat if we
look at fie lds much
closer than half a
wavelength from the
aerial,thebehaviour

is very different
from that wh ich
we lind at
greater di s 

tance s.Flg2
shows the

Above: Stuart F,.nce doing . ,.diolocatlon
with tlls 874Ht. rig . He Is finding 'ground

eero ' by using trla ngulal lon.

Right: An angle 01measurement ls being
taken by Stuart .,.. order to ctelermlne

depth.

magnetic field pattern produced by a mag
neticdipole in free space atvario us distances
lrom this antenna. A mag netic dipole is ap
proximated to by a sma ll (com pared to the
wavelength) loop so long as we observe at a
d istance signi fican lly greater than the loop
diameter. In this diagram, the axis of the loop
is pointing out of the paper. Exactly why I
havechosen this antenna rather than the son
of thing encountered in ord inary radio will
become clear shortly . In passing, I should
make it clear that this diagram shows fiekl
patt erns: it is not to be confused with an
antenna gain polar diagram with which we are
all familiar. At a few wavelengths from the
antenna we see a circular patte moffield lines
which are detache d Irom the loop. As we get
closer to the antenna. however, the pattern
gradually changes unti lwe even tually get the
son of field pattem normally associated with
bar magnets. We are now in the vicinity of
what is referred toas thenear /ield, which has
quite different prcpernee lrom the far field
which is normally considered as radio. The far
field is true elect romagnetic radiation , wh ich
means thai a magnetic and an elec1ric field
co-exist in a fixed ratio. In the near field theca
is also a magnetic held and an electric lield ,
but the ratio between them varies with dis
tance, and different types of antenna favour
the propagation of one type of field over the
other. The near electric fl8k1 is called the
electrostatic field and the near mag netic field
is normally referred to as the inductionfield.
The gOOd news about the induction field is
that it can be gene rated effectively using loop
antennas with dimensions far shorter than a
wave length. This is the techn ique employed
for cave radio.

Before we jump to the concl usion that the
use of small loop antennas and magnetic
induction Is the universal pan acea, I should
Just point out one impo rtant feature 01 the
induction field . With ord inary radio, both the
electric and magnetic components of the field
are attenuated in free space at a rate propor
tional to the distance trav elled . In terms of
power, meretore,we have an inverse square
relations hip. As alluded to eerncr, ncwever,
the near magnetic field decays much more
rapidly. It actually decays with the cube of
distance,and ther e is a sixth power relat ion
ship between the distance and the power
required 10 generate the field. So, lo r exam
ple, ifa 10W transmitter ach ieves a range of
1DOOm, to increase the range to 2000m the
power woul d need to rise to 640W. To get
communica tion ove r a 20 mile path wou ld
requ ire the output 01 five large power sta
lions. Clearly this places a severe d istance
limitation on the range of magnetic induc
tion, and for global com munication, maq
netic induction just isn't a viabl e proposition.
However, if we rem ember that the purpose
of cave rad io is simply to communicate from
a cave passage to the closes t point on the
surface, and since the deepest cave in the
world is in Ihe region of 1000m (and in the
UK. 200m is about the limi t), we can see

thai inductive communication is eminently
suita ble.

HARDWARE REQUIREMENTS
Having now covered the theory of magnetic
ind uction. atbeit in somewhat simplistic terms.
we can now tum our atten tion to the ha rdware
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Fig 2: Ml gnet lc field petllm oil mlgnellc dIpole.
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the resultant magnetic field is not
one of them. If number of turns is

notparticularly signifICant, the same
cannot be said of loop area . To max 

imise the magnet ic moment. having
deeded on the maximum mass of cop
per you can tolerate, the loop should

bemade as largeas possible.Clearty
the size con straint of a typical cave
passage doesn'(lend itSelfto large
diameter loops , so in the inter
ests 0' portability ,a 1m diame ter
is typical.Much larger loops have
been used for the surface sta
tion , howe ver .

Turn ing to the receiver loop
(ie the secondary in our trans
former ana logy ), the lormula
for the vol tage induced. V. is:

Notp:
CHy ncu: lion . nd m.g'II'hC
r.dwIhon 11t'i~' " P shOwn
Itl K lrost.bc . nd t1f'Ctnc
u ,dwI llon I~df, . rp not shown!

NN. (nU;tlCln)

IJ...Li-i-'li 'w<'

where t is the frequency. A is
the loop's cross sect ional area,N
is the number of turns, 6 is the
angle of the loop to the lines of

flux,JJis the mag netic permeability ,
and H is the magnetic field strength.

This lormula may suggest that, in
contrast to the transm itting loop, the

number of tu rns is significant. However
more detailed analys is, taking into ac
count the signal to no ise ratio, atmos

pheric noise , and the thermal noi se of
the loop. indica tes that once again.

efficiency does not depend on the
number of turns. One interesting
aspect of Ihis formu la is the pres
ence of frequency - the high er the
frequency,Ihe greaterthe induced
voltaqe. This is at odds with the
skin depth consideration which
indicates that the higher the fre

que ncy the smalle r the skin depth
and hence the greater the attenua

tion . The implica tion is that for a give n
depth and rock conduc tivity there is an opti
mum Irequency.

Space limitations preclude a discussion of
the transmitter and receiver hardware. Sut
fice to say that although modulation and

Tr.nsrtIon zone
le d ll!ftlts . I n

,::=~:C:::;~~~,\\~\-w.y ..ttwr 5IOe,. 01 0.1(2_'

•

of turns 01 thin wire and a few
turns of thick wire give the same

result. There are other reasons
why a give n numbe r 01turns may

be favou red, but the strength of

,

required . A good analogy 01 an induct ion
radio system is a transf ormer with a very wide
separation between its primary and second
ary windings.

The field streng th, H,on the loop axis and
at a given distance , d, from the transmit-
ter loop (ie the primary 01 the 'trans
forme r') is given by:

H • ..!:!....
2n:d'

where M, the magnetic m0
ment, is given by:

M= INA

where I is the cur
rent flowing in the
loop, N is the
numbe r 01 tu rns in
the loop , and A is
eecco'eooee-sec
t io na I area. Th e
loops are normally
tuned in o rder to
present a pure ly re
s istive lo ad and
thereby maximise the
current. A number
of inte res ting
conclu-

sions follow from
this formu la . Although it would
seem to suggest a large number0' turns is
beneficial. th is is only true if aUother factors
rema in con stant. So. for example, if the
number of turns is doubled. but the same
gauge wire is used , the resistance dou bles,
the current halves, and so the magnetic rno
rnent remains the same. To achieve the in
tended gain, the cross sectional area of the
wire wou ld also have to be doub led. In othe r
words, to get the two-fold increase in the
magnetic field stre ngth , a four-'oId increase
in weight is required. Since , as we've al ready
seen, doub ling the range involves producing
an eight-fold increase in the field strength, to
double the distance by add ing more turns
involv es a 54-fold weight increase. In tact. it
can be shown that the number of tums has no
effect on the distance covered 'or a given
power consumption .

All thai rea lly mailers is the mass of copper
in the wire, and for a given loop diameter, a lot
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where 8 is the angle 10 the horizonta l, and

x is Ihe distance Irom ground zero.

A TYPICAL CIRCUIT
FOR THOSE WH O HAVE BEEN inspired 10
get the ir ha nds dirty (litera lly) wil ~ cave V.LF
or cave radio, l am pre sent ing a cncou which
was developed by Stuart France and Bob
Mackin (the designer 01the Molef one), and is
reproduced with thei r pe rmission. Th is de
sign is for an 874Hz transmi tter an d receiver
which could be used lor radio loca tion at
dep lhs to about 120m. With mino r modifica-

---.--

L...... o' ,.. ' 0

2x
d -. .........,..~-,---:::

J9tan'(a} + 8 - 3 tan(a)

servaf1Cy and ease or sig·
nal recognitiOfl - 8tI Of\Iotf
modulated carrier is then
lransmitted . Th e surface
party now holds the re
ceiving Ioopvertically,and
rotates it around the ver
tica l axis for a nun. II is
clear from Fig 38. that
once a nun is detected.
the plane of the loop will
po in t towa rds g ro und
zero. If this procedure is
then carrie d out Irom one
or more other positions,
ground zero can be de-
termined bytriangulalion.
Frequently a more accu-
rate result is obtained by
tak ing fu rther readings
close to the calcula ted p0-
s ttron . H av ing found
ground zero, so long as
the loop remai ns in the
verti cal pla ne, it can be
rotated through any hori 
zontal angle and no sig
na l will be de tected . This
obviously p rovide s a
check on the position.

Having Ioca led the fXJ
SitiOfl in twodimensions,
we nowneed to consider
the depth 01the transmit
ter. AIanyposit ion oIOOf
than ground zero. even
with the lace of the an-
tenna pointing tow ards
ground zero,a nultca n be
achieved by rotating the
Ioop from thevertical.This
is clear from Fig 31:1. The angle at whic h a null
is obtained depends on bo th ee distance
from this poin t ho rizontally, and the depth of
the transmitter.This,therel ore,givesa means
of determining the depth. However, since the
hnes 01 rorce are not straigh t lines, simp le
triangulation cannot be used . It wouldn 't be
app rop riate to der ive the equat ion here, sot
lice to say . that depth, d. is given by the
following formula:

demodulalion techniques are Sim.ar toeeee
employed in conventional amateur radio
equipment, aspects such as the transmitler
PA have more in corrmon with audio than
with RF deSign techniques.

RADIO LOCATION
THE WORLD OF TH E PQTHOLER doesn't
normally hilthe big time, yet onsaturday28th
Ma y 1983. two cave cfwers, Geoff Yeadon
a nd Geoll C rossley, emerged tr o m
Ingleborough cave in NOI'th YorItshire to a
barrage of cameras, reporters and TVcrews.
The cau se 01the exci tement was that eleven
hours earlier they had abseiled down the
36011 shalt 01 Gaping Gill, on e mile distant.
and had becom e the first people to make this
throug h mp -receiving the ulti mate accolade
in British caving . Although their skill , stamina
and pe rseverance cannerbe underestimated,
the contribution 01technologyto tnfsachieve
ment must not be forgotten either. Had it no t
been for the vast improvements made to the
surve ys 01both caves using radio location ,
the search lor the elus ive link could ha ve
taken years. To put this in ama teur redio
tenns. rad io Ioca lion is OF in three dimen
sees.an d is another app licat ion of inductive
radio communications. Using this tec hnique,
an underground trans mitter can be loca ted
on the sortece to within a lew metres , to
provide fixed survey points within caves.

Since reee Iocabon in caves operates on
the near magnetic l ield, the principles are
somewhat diflereotlrom those which apper
tan to normal radio direction find ing. Fig 3
shows how the magnetic lines eI PUll ema 
na te from a hotizon tal loop in a cave. You wiD
notice in (Fig 3(b»), thai immedia tely above
the transmitter, the lines el lo ree have infinite
curva lure - ie they are straigh t vert ical j nes.
Since sman magnetic loops are highly direc 
tion al, produc ing a sharp nul l, we have a
suitable means 01 find ing ground zero. The
follow ing is the proced ure normally used.

One party of cavees is sent underground
with a transceiver and loop, and an arrange 
ment to contact a similaf1yequipped surface
party is made . On reaching the po int 01lnter
est. voice contac t is made to ensure that the
surface party is ready, and the underg round
transmitter loop is then accurately set up in
the horizOfItal p lane. A continuous carrier, or
more usua lly . in the interests 01po wer con -

"'~"."." ..., I-

".....
C6 C7nOn 220n

'"".,

"•

"•
"

11 1C2d
4091B

•"...

1"

co
''''''

n

"'"

"...
.,~-"'-..,~Lct"'",..

",.

FIg s. 874Hz radio-locati on recelvar.

RADIO COMMUNICATION January 1995



UNDERGROUND RADIO

m 0""'"" ""'"
lN~OOl Ant~nna to<>p

~L
• -- -- - -- - - - -i },~ce ct eto + C5 as

1000/, ., appro. soo- .i~ ,m ca 'T RV3,,. Mnt (s~~ I ~ , tl lant "" ooe

" "r t " 02 IN~ OO t "" 120k
250mA lOOk

"
,

" L,
'"

,
03 IN~OOI ~ 7n 2 " I,,

7511 , , ~ 7k 5 , , ",,
7 : ___Lql~r.'l.'. _. _ ,- ,

I~8 +

~~
, , <" ~tC2be Tl07~

'. a csT el YI- '.' »" Tl 01~ ,. •, sv - ""
<0 '" '",

'" ". We- uueo lOOR
-L.!'P3 cr ,m I---

~ ~" '"''- lOa . ", 32R Sony

" SAPo + C6

" 10 c zc 12 I IC2d walkmafl t yp~

leak
.,

'm Tl074 TL 074 h<'''dphOn~s

la'll

Fig 6: 814Hz radio-locaUo n tra nsmitter.

nons it could also be used for CW or data
transmission by ortloff keying. lt gives an idea
of the techniques that might be used in equip
ment lor an amateur VLFILF alloca tion. First
a lew brief notes about me Circuit.

The transmitter (Fig 4 ) consists of a
3,57954MHz crystal oscillator divided down
by the 4060 to give the 874Hz signal fre
quency, A 1Hz square wave, generated by
the 4093, is used 10key the signal in a 50%
duty cycle. The resultant signal is filtered to
produce a pure sine wave which is amplified
to drive the loop using a MOSFET.The trans
mitter antenna is tuned to resonance, and is
linked to the PA via a primary link winding.
The power output is set by RV1.

The receiver crcutt (Fig 5) consists 01
three stages ,a a·multiplier,a bandpass filter
and an audio amplifier. These are based
around the 7611 CMOS opamp. TL074 FET
quac-cpamp. and LM380 integrated audio
ampl ifier respectively , The receiver antenna
is a multi-turn loop, tuned to resonance and
with diode protection for strong signal cone
l ions. RV1 is the a multipli er cont rol, and
shoul d be adjusted until ringing occu rs, and
ihen wound back slightly until stability re
turns. RV2 sets Ihe filter's centre Irequency,
and should be adjus ted lor maximum signal
at pin 30f Ihe Tl074, RV3 sets the a tactor ot
the filler , and should be set in the same way
asRV 1.

With the exception 01ensurin g that all the
components in the receiver's bandpass filter
are as close to the IC as possible, the con
struction ofthe transmiller and the receiver is
not crmcar. However , Ihe winding of the an
teones does require Iurther explanation .

Both antennas are wound on a square
former with 450mm sides. The former is con
structed from four lenglhs of plas tic conduit
(lhe squa re type intended lor surface mount
ing) with the top cover removed. The 'U'
channe l faces outwards and acts as a guide
for the windings. During the winding process.
a couple of struts are allached to one face In
a cross. A hole is drilled in the middle of these
struts and the whole assembly placed on a
spindle to allow rotation whilst winding. A
SOOm drum of wire is placed on another
spindle to allow free rotation .The wire is then
wound from the drum onto the fermer in neat,
ordered layers. For the transmit ter loop, the
link coil goes on first and consists 01 20 turns
01 1610,2mm PVC-covered equipment wire
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tapped at 5, 10, and 15 turns , The main coil
goes straight on top 01this and cons ists of
approximately 320 turns (ie a whole SOOm
reel) of 7/0.2mm PVC-covered equipment
wire.The ends oflhe coils terminate in a small
box attached to the inside or the former. This
houses the tuning capacitors, diodes (for the
receiver loop) anda socket. The receiver loop
is identical to the transmitter loop with the
exception of the link coil which isomitted, and
the back-to -back diodes which are added.

The 500nF loop tuning capacitors shoul d
be built up fromsmaller (1OOOV,polypropylene
type) capacitors in a series/parallel arrange
ment and adjusted for resonance by trial and
error. Variable capac itors are impractical at
these values.

PRACTICALITIES
WHEN TAKING ANY ELECTRONIC equip
ment underg round. it is essential to make
sure that everything is well waterproofed . as
caves are wet places, and your comfort and
safely could depend on me waterproonnq.
Waterproofammo boxesare rugged, and can
be used to protect electronics such as the
lransmifler, receiver or batteries, butme loop
antennas would be more exposed to the
elements.Potting the boxes and well varnish
ing Ihe windings is strongly recommended.

LICENSING
THE CIRCUITS PRESENTED should give
those interested in cave radio or VLF a feel for
the issues which relate to VLF, undergroun d
radio and 'Cave Proofing' without going to the
complexity 01 a full SSB desig n, Unti l an
amateur VLF allocation is obtained, equip
ment such as that described here can only
really be used under a Technical and Devel 
opment licence. However, these licences
are expensive,and the usage must be strictly
test and development - it precludes the op
erational use of the equipment, but it might be
used to developequipmentto meet MPT1337.

The RA specifica tion MPT1337 covers type
approved equipment for inductive commun i
cations, and equip ment which complies with
this specification does not need a licence. as
it is licence exempt.This is obviously the ideal
solution for non technically minded cavers
and rescue groups, but the cost of obta ining
type approval for a new design is very signifi
cant 10r on-commerctat organisations, being

meas ured in thousands of pounds.
There is a vansry of Iype approved equip

ment available commercially for more con 
ventional applications, and some of this could
be used to gain experience with short range
VLF propaga tion: however. it is part of the
type approval requirements that this equip
ment must notbe modified inany way, and so
this allows relatively lillie scope lor experi
mentation .

Underground communication is cleariy an
interesung area , and is the only way of prov
ing thatVLF signalscan be transmitted through
solid rock. It also offers some interesting
challenges in making equipmen t waterproof
and rugged. I hope this artic le has encour
aged some of you to consider this aspect of
VLF propagation it an allocation becomes
avai lable.

SAFETY WARNING
MANY PEOPLE also find that transmi tting
through rock for the first time is a greal thrill.
However, I must stress in the stronqe st pos
sible terms, that if you're not an experience d
caver . you should not wander into caves
unescorteo. rm sure I don't have to fabcu r the
point, but caves and potholes are potent ially
very dange rous places. However, all the risks
can be virtually elimina ted by taking sensible
precautions. First and foremost , you should
seek out a caving club and make your tirst
trips underground in the company of people
who can guide you into good caving practice.
To find out details of a caving club in your
area, contact Ihe National Caving Assocta
tion at Monomark House, 27 Old Glouces ter
S1.. Londo n WC1N 3XX.

CONTACT
YOU MIGHT ALSO LIKE to consider join ing
the Cave Radio & Elect ronics Group (CREG)
of the British Cave Research Association
(SCRA). The CREG publishes a quarterly
Joumalwhich includes a good deal of cover
age on induction radio,arranges regular field
meetings, and can - of course - put you in
contact with like minded people in your area.
For inlormal ion, send a 9" x 4" SAE to the
author ,
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