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is disclosed. The system comprises a plurality of
transceiver devices, each comprising means for
communicating with another transceiver device using
magnetic induction (2410) and means for communicating
with the other transceiver device using a second
communication medium (2400) other than a magnetic
field. For example, the second communication medium
may be a wired network. Each transceiver device is
operable to switch from communicating using the second
communication medium to communicating using a
magnetic field when communication using said second
communication medium is interrupted e.g. in the event of
a mine collapse or the like. There are also independent
claims for a repeater for relaying magnetic field
communications, and for a time slot arrangement.

2402

‘Wired
Wireless (Zigbee)
- Magnato-inductive (M1}
() 2408

§ Transceiver

s Sensor

2410

2402

ol 2404

—_— Wirad
+ Wiraless (Zigbes)

mmm Maghnela-Inductive (M)
iy 2408

ransceiver

Sansor

Figure 24

V 168887¢ 99O



1/24

0T

80T

90T

T 24n8i4

(44"

€-c01

[4rd)?

/




......................... ek

SENSOR DEVICES

MAGNETOMETER

ACCELEROMETER

GPS RECEIVER

46

IS
Y]

N
o

LRI NI IR\ VIPSPIPIPD. VIRIRY

MAGNETIC FIELD TRANSMITTER
27 —~ —»: | TRANSMITTER
e ARl S ANTENNA >
297N AUDIO 30 % X
outpur [ / 204 \C202 200
BN | WIFI COMMUNICATION
OUTPUT I
28~ CONTROLLER [«— TR%NS((;E'VER > ANTENNA >
OTHER OUTPUT > IRCUIT '
DEVICES : 4 Y X ’
J . 51 - 52 \_50
32,\ Y . NETWORK COMMUNICATION ;
DEVICES TRANSCEIVER :
37
31_\\ . cirouT [ ANTENNA <i->
34 — INPUT K \ :
DISPLAY MEMORY 2 23 25\ 45
35—~ L_SENSORS oPERATING 1V
OTHER INPUT SYSTEM
DEVICES 40
LOCALISATION '
MODULE
41
VMAGNETOMETER 1
MANAGEMENT
MODULE
ACCELEROMETER 42 \— 100
MANAGEMENT W~
MODULE
GPS
MANAGEMENT W %
MODULE
LOCAL
LOCALISATION W~ 44
INFORMATION

Figure 2



3/24

[49)%

€ a4ndi4

Hun
g1 — | Uonesieso]

91¢ ChIIETS
oeqpas4

1403

321n0S Jamoyd

[40;2
/
90¢
Hun
Iun iNndinQ (e— [0JIU0D) | aun
Y 8uissasoud
uaLIn)
145> \ ﬂ
0Te Aowa
/

80¢€

/

00c




Local unit identity

from mobile device

400

402

418

/

Locality
information to

122
406 / 408
\ Server
Input
> handler Memory
+ ! /412
Lookup L@ Processor 4
module
w/
410
Database
T [~ 414
~N— T
416
v /

mobile device

Figure 4

Output device




5/24

1)

N

G aJnsi4

€S

AN

Jasn 0y
uolzewuojul Ayjeso|
paoueyus apinodd

—

Ayjuapl pajoedixa
104 uoljewJosul
Ayljeco| analley

as

~

-

|eudis
wouJj eyep
Auapi 1oeuixy

TS

™~

plo14 papoous
109318(




6/24

9sS

AN

eySS

43sn O} uoljewJojul

uolles||eao|
paoueyua aplnold

9SS

uol}ed0| 20IAap
s1e|ndje)d

uonisod
Z Mun |eao|
10L41x]

€SS

qvss

uollewJoul
Ajijeao|
CVETRREN

-

uonisod
aAlle|al
a1e|nJje)

Zuun
|e20] Jo} erep
Ayjuapl 10e43x3

TSS

~

C 3un jedoj| 10}
plely papodus
19919Q

N

Zss

TSS

~

/

uolyisod
T Hun |eaQ|
10e41X]

T yun
|e20| 40} BIEP
Ayjuapi 10e1ix3

T Hun _mUO_ 104}
pIal papooue
109127

eySS

uollewogul
Ajljeao|
ansl419Y

€SS




7/24

00s

(9) £ @an8i4

Zom—

¥-c01

e

\\§\\\\§\

\

g

i,
&
s,
Yy,
“y,,
2,

iy,
\\\\\\\\\x\\\\
\\\\\\\\\
“, \
%,
%,
4,
%,
%,
Y
%
%
7
J
%
’ 7
%
7 \
“ "
Z \\\
?
gy o
Z

[ 94ndi4

ea.\\s
e

a«\ﬂ\\ ?

€-¢01

(9) £ @4n814

\\\\\\\\\\\\\\\\\\\\\\\\\\ »

\\\\\

m g
H

¢-cot

=
\\\\\\\\\\\
Y
&
1
%

U,

&

>
\ .
\\\\\\\\\\\\\‘

-
\

S
o
&
N

»
&
N
N
N
&
N
§
N

\\\

(e) £ ®an8i4

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

N

§
§
N

i
\\\\\\\\\\ A

N

N
§
N
N
N
N
N
N
N

¢-¢ot

R
&
o
o

\\\\\\\\\\\\‘



8/24

1745

paads juaiin)

NHm\

0TS

uolledo| jusdin)

/

809

909

g a4ndi4

elep SuipeaH

elep uoljels|=03y

09

paads |e1iu|

¢0s

uoI3B20] |BI}IU|

009




[40)"

9/24

6 94n3i14

22JN0S J2MOd

nun
w._“m\ uolles||eao]
9T¢ —u] 22IA9p
90€
-v1e N.\OHM
7 Yy
Hun 1naino 1un jonuod
200 ||l _zioo |led MY"
Suissasouy
1un 1ndino Hun joJjuod
¢-¥0¢ 110D T 110D 0
11 AY
p1e  LVIE 0TS 1-01€ Alowa|p
/
30¢

0]0}5)




10/ 24

[40"

018
N

0T 24nSi4

9¢8

/

3un

uol}ez)|ed07]

—p| 1919WO018USe |\ |g——

N

808 908
\

AN

Alﬁ' euusluy

N

3IN2J1D

Janl@osuel |

UOI}BDIUNWIWIOD 41N

1443

(44

0¢Zs8

08

/

a|npow yoeqpasy

s|npow Aljuap|

a|npow
lalawolaudep

a|npow
UOI1ESIUOIYOUAS

NN NN N

818
uolrewJojul Sujpoouy
/
o18 Alowap
—P J9]|0J43U0)

<— (s)1o2Indin0  |g—

/

v0o€E

008

08



11/ 24

160
188
189 160

149

120
128

'

4 VST VLT g S «’\

.N...“
m.»
\\.M.
s

ge

H
S
N

{
4

X

B 7‘\-“"vvJ«vA.'\“_v__.J\\.f\~.~.\‘\,\‘
28

G
—8 5L

J‘v‘"\

20

\W?E'l\‘{&{&""- “,.‘m\«‘,ﬂ»\ A
20

N

brerk 5 hrrost R |
SYEAT L) G M ] I G
TH Amee gy
73

irerdrercborek 009 hroeiieceiiors
v. F@ﬁ\u. ‘UFJnUE\,.

& o
%12 g4l 7 e £

Bl A

5

(=Ea Rt e L
I R R

31

Pk

g
-8

k3
&
=
&

\o ,
i i
i SR ...
e eemmrros g B et ssriieerss o o
o e R
po R L 45 ia
- e L e § 2 =
s rrees T it s 255
S et abrll{\\\.fu\v‘oﬂ .
T i
(g «,...\\Uw\i\
oL s teza-
\aﬂ.\m«“ ~ <21 \NERM.\NN«\!& Gy G
\\ﬂ\i\\ W\MN vl.\.n.oMWv 8 E s
\vﬂui‘\ %
R ” e
et p i) Ve
s -2 ey ; e
ecrirnr, «nnn. \ m i«w\.\«..\ix\iﬁ e
ign.u\....n\\n”\\vf . weﬂ,m.....u\ w..sru ; \LH:.,.” oy .
~% Lol o, ] E - -
= ~ P P 2

I'me

Figure 11



12 /24

b
=
o S.v ; = = [}
A bt e riirrp e, - ‘ . \ . g | | | | g
4 oter, rr— s g
- ; e
i .
L gty ] —
O ttaatatits S S =

4 s

i H
\ H “.
e TR
7
H

st ittt
rrriee st

P it dtuts

nmtrreianness

: sl

B et tate
et acanonsBssitpame ..

<o
S aestaseadddasad L

s st

. o
sssrrerss wu.l
LA, -
eias s T ee

rs Ot P TGI8 P
s e 7 s
‘ s co SN S

e

it

o srrmnns, -

s errisoriprmnbiet et ®

e FET Sttt sy

el et nr sy
¢ S ol o) I e
‘ N bz ;

(o]
i
b 2
P o ~
P ~ =
P WD &
o Pican,
J et
gz decssor: G L o | .‘._.{\\\Hn.\mn s e o
A rtmecce, % 4 : T -4

\
\ ..a\L‘
i a1 5 et 0T
AL T j

e N
1 T
e

et i
i SR
7 it

 ontmmorescs ‘
i W
B
e lrmtevinnriey, .
. H o,

ccrrroeseripossrreieett. e

; o il
B s aish :\tl:.\
; i
L ) ) |
T L) . ganas ]
\i - z A
<\:\\\\\V.\...le\\i\\\» .
; “ e aact R
il : -
Gttt lpeec 0000 g o i
bt podyrriiisscross?® i ——
” el s i r0m00y fsmmmrr s, “
“ - a5
> s srrarrrrss.
(\. g e 4 s e
- \4 N tore s
AN 10 b s i
; g ——
g , i NS S
ol - ) . )

BT e R L] w2 B T <
b 4 AR el (=] ‘ =] s Lo I T~ ~ B =
H O AR - S504 ) DRTIRALION d
el wlvam-aahy ] apfiue-uabiy

9.6}
4

7
7 P o P
DB AE N T B

G ﬁ
.,n.
H

~1.3

Figure 13



13 /24

304

1404

Figure 14

\ 1604 1606 1608 1610

- Estimate
. Timing . Channel | Symbel Dala
~, correction.  Recovery Transfar - ‘Recovery '

806 o g - H

1602 Figure 16



3.0

25

2.0

15
Time [s]

Figure 17

1.0

0.5

% » L wy e 7
) .m\\uw.\\\\\\\\.\\\\\“m 5 ﬂ“.n s \\\&\\m\\\\\\\\\\:\ : hUH . ; ﬂ . :E\\\\\\W.w:\.\\\\\\wf . ﬂp . M\\\\X\\ e ﬂe . \\\\W\\\
s el H ; L AL, LI . 2
<t T : 3 AR e a3 E AL, \ e 5 A e . &
E0J| ..\_IM e | Pﬂm ) \\\\\\\M\\N\\WMW\\“MM\\\\\\\\\\W\ ; 5 R e - Evm .._.@. 3 .\.\.\w\.\.\.\\v\\\.“\\m\,\\\vv. ) m\..w. . ,.w.\\\\\.m.\\\\\\x\\ﬂw\\\\\m ) S ] o &\\.\:\\«\5
. I e E :\\\\\\\\\\.\\\\\\ s ..\\\A\\\ i 5\\\\\.& srn:
Py e m W\M\H“\\\WN\W\\“W“\\W\W\\\W \\ \N\\\\. . t\\\&“&\\«w\&\\\? \H\\HU\M.\“\\ N\\\“\\\“\\\\\\M
ol | | .E\s\\\\.\.\\\”“\\\\v\.\\\\\\\.. FEa %MM‘M\W\\\\\\\\\\MV\\ g \ i o\\\\..\.\\\\\\\\\\\. fat B \\\\\\ £ \\\\\\\\\\\\ \\\\M\
) /W | ¥ \\\\\\\ ..... i E § MM m \ Wo\\x\««\\ S {v\m\“mw\ \mmmm\ \\\\\\\m\\\u\m
s NE NIFRNIE IV T
Nl i 22 BNy E 1aw\\\\\\\\\\\1 \\\ N
N _..W 5 \\\\\\\“\\\\ " | i i 4 A e m ..DI\. 2 .\\\\««m..m\w\\ﬁ A ; w&“\\\\\\\\“\& % N\\
— e 20t PV{ M. oz \ Wi % \ 7
o g = \\ . 7 7
S o - e 5 \m\\\\ e o 7
— . i s - k9 . 2 b e 7 n\n . L W
m Z
o
o

.10

0.05
~0,05

0.00
~0.05:

2
N

indI X

"'6’3‘8\_{}




15/ 24

)
fs)
=

(R EE

)

2
S

Mo
=R
g 5 5

= S ml..m .Y

Figure 18

Figure 19



16 / 24

2400}
2000
2200}
=
>
e
g 2 {}08 RO G I e R i R S e
[¢h]
pon
r
v
Ve 2002
1800
1600}
a 3 4 6 g 10 12 14

Time {s]

T

Figure 20



&0

17 / 24

401

— Single Axis,Single Channel
- - Triaxial,Single Channel
--—  Single Axis,Broadcatch
~-= Triaxial,Broadcatch

%/ 2100

Ce=tl 2104

~~2106

80

Figure 21 (a)

80

100

70

[«
(=]

| ~-~ Triaxial,Broadcaich

— Single Axis,Single Channael
--- Triaxial,Single Channel
---- Single Axis,Broadcatch

Time [s}]
98] AN 8,1
Qo o [o»]
T T T

N
=
T

101

-

. e
- - and
e . cxprenenase e i
- . _,..,.u-no-.-a -
o e SRARSEOER
- e

PO ol

seensies

e
,..orr.o‘.'au.n"*‘

| 2100

= 2102

~2106

20 40
Bytes

Figure 21 (b)

60

80

160



Latency [s]

18 / 24

45 , , , , , [ '

a0l — Sujlgi'e Axl:s,Sasngie Channel 2100
--- Triaxial,Single Channel /

35/| - Single Axis,Broadcatch :
~--+ Triaxial,Broadcatch ” 2104

30| - N\

25

20

15

Number of children

Figure 22



19 /24

AR A

masaa T
R )

Horizontal snd
Veitical Seale

Om 15m 30m

L e e R

N

v

3 \
ey B
= t
B

Y

L

Figure 23 Horzontal and
Vertical Scale
Livaly gyl

o~ X
-~ S A
2 2 el

&
Ot 15m 30m e (¥

Lyt 3




2406

Wireless (Zigbee)
Magneto-Inductive {Ml}

{a}

K

Transceiver
SBensor

2410

3 FERL
t
§n"-..-.a........;

Wirsless (Zigbee)
Maghneto-Inductive (Ml)

()

Figure 24

) .

Transceiver
Sensor

2408

2402




21/24

2506

250\8
: 2510
Zigbee 2504 /
Power
/ ampliﬁers
2500 A 3 “ 3
N bpsp >
ADC R
2514 LNA\
AN Battery 2502 2512

Figure 25

Triaxial
Antenna



S1

Child 1
transmits
signal

22 /24

Child 2
transmits
signal

Child 3
transmits
signal

S2

S3

S4

S5

y

Transceiver
receives
signals

L

Transceiver
combines
signals

y

Transceiver
generates
new signal

\ 4

Transceiver
transmits
new signal

Figure 26




S1

S2

S3

S4

S7

23 /24

Feedback

A

generated

y

Processor
receives
feedback

A

Signal /
noise map
generated

Change in
signal
necessary?

Transmitters
updated
with new

signals

Processor
determines
signal
modification

End

Figure 27

S6

S5



150

152

Periodically
transmit magnetic
signal !
Detect
S2 magnetic
signal

|
|
l
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| y \ 4
: Transmit Transmit
: sim.ple aid [ ¢, augmented | g4}
| signal aid signal
|
|
|
i [
|
|
|
S5 Detect aid signal |
|
|
|
|
\ 4 |
|
; |
S6 Transmit :
acknowledgment |
|
| ) 4
|
: Receive
| acknowledgment 57
|
|
|
A |  /
|
Communicate [ Communicate
S8 further A ; " further S8
|

Figure 28



10

15

20

25

30

35

40

-1-

System for providing information and associated devices

The present invention relates to a system for providing information and associated devices. This
invention relates in particular to, but is not limited to, a system for enhancing localisation of a
communications device in an enclosed environment such as in a building, underground, in a built
up or wooded area, or the like.

With the increasing popularity of mobile computational and communication devices and in
particular mobile (cellular) telephones it is now commonplace for individuals to carry their mobile
devices with them most of the time. These devices are increasingly flexible in terms of their
ability to communicate with one another and other devices (PCs, laptops, televisions etc.) using a
variety of short and / or wide range wireless and wired technologies. The functionality of mobile
(cellular) telephones has increased dramatically over recent years, due to a certain extent to
advances in the field of solid state electronics. This has led to the development of mobile
telephones (referred to as ‘smartphones’) including many enhanced features such as Global
Positioning System (GPS) tracking for location finding, accelerometers for motion sensing and
compasses in the form of magnetometers for direction finding.

Smartphones and other mobile consumer devices generally retrieve localisation data from GPS
satellites. However, GPS positioning can be unreliable in some situations, in particular in
environments such as indoors, underground or under cover of foliage where obtaining a satellite
fix can be difficult or even impossible. This can lead to situations where a user has little or no
location information available to them, which is particularly disadvantageous when the user is in
an unfamiliar environment.

It will be understood that numerous other applications suffer from similar problems, particularly
applications where conventional means of communication may not be sufficient or desirable.

Furthermore, in order to retrieve a location fix using GPS, a significant amount of energy is
needed. This is a particular issue for mobile telephones, in which it is important to keep energy
usage as low as possible in order to preserve battery life. Therefore, an alternative method may
be advantageous, even when a good GPS signal is available, if it fulfils a similar role whilst
consuming less energy and / or providing higher positioning accuracy.

According to one aspect of the present invention there is provided communication system for
providing information to a user of a mobile telephone, the system comprising a beacon
comprising means for generating a magnetic field having a time-varying magnetic field vector,
wherein said time-varying magnetic field vector is modulated to encode information associated
with said beacon; and a mobile device comprising means for detecting the magnetic field having
the time-varying magnetic field vector generated by the beacon; and means for extracting said
encoded information from said detected magnetic field.

According to another aspect of the present invention there is provided a mobile device for
providing information to a user of the mobile device, the mobile device comprising: means for
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detecting a magnetic field generated by a beacon, wherein the magnetic field has a time-varying
magnetic field vector, and wherein said time-varying magnetic field vector has been modulated to
encode information; and means for extracting said encoded information from said magnetic field.

The mobile device may comprise locality information associated with the locality in which said
beacon is located.

The means for detecting the magnetic field may comprise a magnetometer. The magnetometer
may comprise a magnetometer operable as a direction finding device (e.g. a compass).

The extracting means may extract the information based on the magnitude of the magnetic field
vector, the direction of the magnetic field vector and/or the polarisation of the magnetic field
vector.

The detecting means may detect, and differentiate between, a plurality of distinct encoded
magnetic fields. The detecting means may detect, and differentiate between, a plurality of distinct
encoded magnetic fields each emitted by a different respective beacon. The detecting means
may detect a phase relationship between a number of distinct magnetic fields whereby to
differentiate between said distinct fields. The detecting means may use the phase relationship
between the number of distinct signals to determine the mobile telephone’s position relative to an
origin of each said distinct signals.

The information may comprise an identifier of said beacon.

The mobile device may further comprise means for retrieving locality information associated with
said identifier. The retrieving means may retrieve said locality information via a connection to a
telecommunications network. The retrieving means may retrieve said locality information from a
memory of the mobile telephone. The retrieving means may retrieve said locality information via
an internet connection.

The mobile device of may further comprise means for storing locality information relating to each
beacon of a group of beacons in association with a respective identifier for each beacon prior to
said detection of said beacon, wherein the retrieving means is operable to retrieve locality
information associated with a particular stored identifier from said locally stored locality
information on detection of magnetic field generated by a beacon with which the particular stored
identifier is associated.

The retrieving means may retrieve said locality information relating to each beacon of the group,
from a remote source, for storage by said storing means.

The retrieving means may retrieve said locality information relating to each beacon of the group
from said remote source in response to detection of a beacon configured to trigger said retrieval
of said locality information relating to each beacon of the group.

The storing means may store said locality information relating to each beacon of the group in
response to a specific request by said user.
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The storing means may store said locality information relating to each beacon of the group as
part of a process for configuring said device to operate within a localisation system.

The identifier of the beacon may be defined by a unique identifying code. The unique identifying
code may have a portion that is common to the identifiers of a group of beacons. At least one
portion of the identity code may identify a group of beacons to be within a particular building (or
area). At least one portion of the identity code may identify a group of beacons to be within a
particular geographical region. The unique identifying code may be unique within a particular
building or area. The unique identifying code may be unique within a particular region. The
unique identifying code may be globally unique.

The mobile telephone may further comprise means for obtaining the results of measurements
and for using said measurements to enhance localisation of said mobile device.

The measurements may comprise at least one of: accelerometer measurements, geographical
positioning measurements, and network signal measurements.

The measurement results may be used to enhance the locality information by means of a
Kalman filter and/or a particle filter.

According to another aspect of the present invention there is provided a magnetic field beacon
for use in a system for providing information to a user of a mobile device, the beacon comprising:
means for generating a magnetic field having a time-varying magnetic field vector, wherein said
time-varying magnetic field vector is modulated to encode information associated with said
beacon.

The magnetic field beacon may further comprise means for detecting and decoding an encoded
magnetic field generated by another of said plurality of beacons.

The means for generating a magnetic field may comprise at least one coil under the control of a
controller.

The means for generating a magnetic field may comprise a plurality of coils substantially mutually
orthogonally orientated with respect to one another.The means for generating a magnetic field
may generate a rotating magnetic field.

The information encoded in the magnetic field may comprise a correlation code. The information
encoded in the magnetic field may comprise an identifier of the beacon.

The identifier may be defined by an identifying code (which may be unique). The identifying code
may have a portion that is common to the identifiers of a group of beacons.

At least one portion of the identifying code may identify a group of beacons to be within a
particular building (or area).

At least one portion of the identifying code may identify a group of beacons to be within a
particular geographical region.
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The identifying code may be unique within a particular building or area. The identifying code may
be unique within a particular region. The identifying code may be globally unique.

The beacon may further comprise means for communicating via a network.

The magnetic field may be encoded by modulating the direction of said time-varying magnetic
field vector to encode said information. The direction of said magnetic field vector may
correspond to a data symbol.

The magnetic field may be encoded by modulating the change of direction (e.g. phase) of said
time-varying magnetic field vector to encode said information. The change of direction (e.g.
phase) of said magnetic field vector may correspond to a data symbol.

The magnetic field may be encoded by modulating said time-varying magnetic field vector to
produce a three dimensional time-dependent magnetic field shape (e.g. Hypercomplex coding).

The three dimensional time-dependent magnetic field shape of said magnetic field vector may
correspond to an identifier of the beacon.

The magnetic field may be encoded by modulating the rate of change of direction of said time-
varying magnetic field vector to encode said information. The rate of change of direction of said
magnetic field vector may correspond to a data symbol.

According to another aspect of the present invention there is provided a server for use in a
localisation system, the server may comprise means for storing an identifier of a beacon; means
for storing locality information in association with said identifier; means for receiving a locality
information request from a mobile device wherein said request comprises an identifier of a
beacon detected by the mobile device; means for retrieving the requested locality information
based on said identifier received in said request; and means for sending the retrieved locality
information to said mobile device. The server may form part of a mobile device.

The server may be located externally to a mobile device, and within a wide area network (WAN).
The server may be located externally to a mobile device, and within a local area network (LAN).

The locality information may comprise at least one of positioning information, educational
information, descriptive information, and/or advertising information. The locality information may
comprise media content (for example, at least one of text, audio, video, and/or the like).

According to another aspect of the present invention there is provided a method performed by a
communication system of providing information to a user of a mobile telephone, the method
comprising: a beacon generating a magnetic field having a time-varying magnetic field vector,
wherein said time-varying magnetic field vector is modulated to encode information associated
with said beacon; and a mobile device detecting the magnetic field having the time-varying
magnetic field vector generated by the beacon; and extracting said encoded information from
said detected magnetic field.
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According to another aspect of the present invention there is provided a method performed by a
mobile device, the method comprising: detecting a magnetic field generated by a beacon,
wherein the magnetic field has a time-varying magnetic field vector, and wherein said time-
varying magnetic field vector has been modulated to encode information; and extracting said
encoded information from said magnetic field.

According to another aspect of the present invention there is provided a method performed by a
magnetic field beacon, the method comprising: generating a magnetic field having a time-varying
magnetic field vector, wherein said time-varying magnetic field vector is modulated to encode
information associated with said beacon.

According to another aspect of the present invention there is provided a method performed by a
server, the method comprising: storing an identifier of a beacon; storing locality information in
association with said identifier; receiving a locality information request from a mobile telephone
wherein said request comprises an identifier of a beacon detected by the mobile telephone;
retrieving the requested locality information based on said identifier received in said request; and
sending the retrieved locality information to said mobile telephone.

According to another aspect of the present invention there is provided a communication system
for providing information to a user of a mobile device, the system comprising: a beacon
comprising: means for communicating with at least one further device using a magnetic field, the
at least one further device comprising a magnetic field source other than said beacon, the
communicating means comprising: means for generating a magnetic field that is modulated to
encode information associated with said beacon; means for detecting a magnetic field that is
modulated to encode information and that is generated by said magnetic field source other than
said beacon; and means for extracting information encoded in said detected magnetic field
generated by said source other than said beacon; and a mobile device comprising: means for
detecting said magnetic field generated by said beacon; and means for extracting information
encoded in said detected magnetic field generated by said beacon.

According to another aspect of the present invention there is provided a mobile device
comprising: means for detecting said magnetic field generated by said beacon; and means for
extracting information encoded in said detected magnetic field generated by said beacon.

The mobile device may further comprise: means for communicating with at least one further
device using a magnetic field, the at least one further device comprising a magnetic field source
other than said mobile device, the communicating means comprising: means for generating a
magnetic field that is modulated to encode information associated with said mobile device;
means for detecting a magnetic field that is modulated to encode information and that is
generated by said magnetic field source other than said mobile device; and means for extracting
information encoded in said detected magnetic field generated by said source other than said
mobile device.

According to another aspect of the present invention there is provided a communication system
for providing information to a user of a mobile device, the system comprising: a plurality of
beacons, each beacon comprising: means for communicating with each other beacon using a
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magnetic field, the communicating means comprising: means for generating a magnetic field that
is modulated to encode information associated with said beacon; means for detecting a
respective magnetic field that is modulated to encode information and that is generated by each
other beacon; and means for extracting respective information encoded in said detected
magnetic field generated by each other beacon.

The beacon may comprise: means for communicating with at least one further device using a
magnetic field, the at least one further device comprising a magnetic field source other than said
beacon, the communicating means comprising: means for generating a magnetic field that is
modulated to encode information associated with said beacon; means for detecting a magnetic
field that is modulated to encode information and that is generated by said magnetic field source
other than said beacon; and means for extracting information encoded in said detected magnetic
field generated by said source other than said beacon.

At least one further device may comprise another beacon. At least one further device comprises
a mobile telephone.

According to another aspect of the present invention there is provided a method performed by a
communication system of providing information to a user of a mobile device, the method
comprising: @ beacon communicating with at least one further device using a magnetic field, the
at least one further device comprising a magnetic field source other than said beacon the beacon
generating a magnetic field that is modulated to encode information associated with said beacon
the beacon detecting a magnetic field that is modulated to encode information and that is
generated by said magnetic field source other than said beacon; and a mobile device detecting
said magnetic field generated by said beacon; and extracting information encoded in said
detected magnetic field generated by said beacon.

According to another aspect of the present invention there is provided a method performed by a
communication system of providing information to a user of a mobile device, the method
comprising: a plurality of beacons communicating with each other beacon using a magnetic field,
the communicating comprising generating a magnetic field that is modulated to encode
information associated with said beacon; detecting a respective magnetic field that is modulated
to encode information and that is generated by each other beacon; and extracting respective
information encoded in said detected magnetic field generated by each other beacon.

According to another aspect of the present invention there is provided a communication system
for providing information from a mobile device, the system comprising: a mobile device
comprising: means for generating a magnetic field that is modulated to encode information
associated with said mobile device; and a receiver comprising: means for detecting said
magnetic field generated by said mobile device; and means for extracting information encoded in
said detected magnetic field generated by said mobile device.

According to another aspect of the present invention there is provided a mobile device for
providing information in a system, the mobile device comprising means for generating a magnetic
field that is modulated to encode information associated with said mobile device.



10

15

20

25

30

35

-7-

According to another aspect of the present invention there is provided a receiver for providing
information in a system, the receiver comprising means for detecting said magnetic field
generated by said mobile device and means for extracting information encoded in said detected
magnetic field generated by said mobile device.

According to another aspect of the present invention there is provided a method performed by a
communication system of providing information from a mobile device, the method comprising: a
mobile device generating a magnetic field that is modulated to encode information associated
with said mobile device; and a receiver detecting said magnetic field generated by said mobile
device; and the receiver extracting information encoded in said detected magnetic field
generated by said mobile device.

According to another aspect of the present invention there is provided a communication system
for locating a mobile device relative to a beacon, the system comprising: a beacon comprising
means for generating a three-dimensional time-dependent magnetic field having a predefined
time-dependent shape; and a communication device comprising means for detecting the three-
dimensional time-dependent magnetic field, means for extracting temporal and/or spatial
properties of said magnetic field, means for comparing predicted temporal and/or spatial
properties with said extracted temporal and/or spatial properties; and means for determining a
location of said communication device relative to said source of said magnetic field based on
said comparison.

According to another aspect of the present invention there is provided a beacon for use in a
system comprising means for generating a magnetic field having a predefined time-dependent
shape.

The predetermined time-dependent shape may be configured to represent an identity of the
beacon. The predetermined time dependent shape may correspond to a rotating magnetic dipole
of variable strength at the beacon.

According to another aspect of the present invention there is provided a communication device
for use in a system comprising: means for detecting a three-dimensional time-dependent
magnetic field; means for extracting temporal and/or spatial properties of said magnetic field;
means for comparing predicted temporal and/or spatial properties with said extracted temporal
and/or spatial properties; and means for determining a location of said communication device
relative to said source of said magnetic field based on said comparison.

The means for determining a location of said communication device is operable to extract the
magnetic field strength and extracting a distance based on said magnetic field strength.

The means for determining a location of said communication device may extract an angular
position relative to said source based on said extracted temporal and/or spatial properties.

The means for predicted temporal and/or spatial properties of said magnetic field with said
extracted temporal and/or spatial properties may: perform a cross-correlation between the
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predicted magnetic field and the extracted magnetic field; and detect a peak in the output of said
cross-correlation.

The means for predicted temporal and/or spatial properties of said magnetic field with said
extracted temporal and/or spatial properties may: detect said peak in the output of the cross-
correlation utilising at least one of: least mean squares, genetic algorithms or an exhaustive
search.

According to another aspect of the present invention there is provided a method performed by a
communication system of locating a mobile device relative to a beacon, the method comprising:
a beacon generating a three-dimensional time-dependent magnetic field having a predefined
time-dependent shape; and a communication device detecting the three-dimensional time-
dependent magnetic field, means for extracting temporal and/or spatial properties of said
magnetic field; comparing predicted temporal and/or spatial properties with said extracted
temporal and/or spatial properties; and determining a location of said communication device
relative to said source of said magnetic field based on said comparison.

According to another aspect of the present invention there is provided a method performed by a
beacon in a system, the method comprising generating a magnetic field having a predefined
time-dependent shape.

According to another aspect of the present invention there is provided a method performed by a
communication device in a system comprising: detecting a three-dimensional time-dependent
magnetic field; extracting temporal and/or spatial properties of said magnetic field; comparing
predicted temporal and/or spatial properties with said extracted temporal and/or spatial
properties; and determining a location of said communication device relative to said source of
said magnetic field based on said comparison.

According to another aspect of the present invention there is provided a communication system
for generating an alert signal, in the event of an emergency scenario, from a mobile device, the
system comprising: a mobile device comprising: means for generating a magnetic field that is
modulated to provide an alert signal; and a detection device comprising: means for detecting said
alert signal provided by said mobile device; and means for notifying a user of receipt of said alert
signal.

According to another aspect of the present invention there is provided a mobile device for
providing an alert signal, in the event of an emergency scenario, the mobile device comprising
means for generating a magnetic field that is modulated to encode an alert signal.

The means for generating a magnetic field may comprise at least one coil under the control of a
controller.

The means for generating a magnetic field comprises a plurality of coils substantially mutually
orthogonally orientated with respect to one another. The means for generating a magnetic field
may generate a rotating magnetic field.
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The means for generating a magnetic field may encode information relating to the mobile device
into the magnetic field. The information encoded in the magnetic field may comprise a correlation
code and / or an identifier of the mobile device.

The information encoded in the magnetic field may comprise at least one of: information for
assisting localisation, locality information, a current geographic location (e.g. GPS) fix, a last
geographic location (GPS) fix.

The magnetic field may be encoded by modulating the direction of said time-varying magnetic
field vector. The direction of said magnetic field vector may correspond to a data symbol.

The magnetic field may be encoded by modulating the change of direction (e.g. phase) of said
time-varying magnetic field vector. The change of direction (e.g. phase) of said magnetic field
vector may correspond to a data symbol.

The magnetic field may be encoded by modulating said time-varying magnetic field vector to
produce a three dimensional time-dependent magnetic field shape (e.g. Hypercomplex coding).

The three dimensional time-dependent magnetic field shape of said magnetic field vector may
correspond to an identifier of the mobile device.

The magnetic field may be encoded by modulating the rate of change of direction of said time-
varying magnetic field vector. The rate of change of direction of said magnetic field vector may
correspond to a data symbol.

The mobile device may further comprise means for detecting a magnetic field generated by
another device. The mobile device may further comprise means for detecting a magnetic field
generated by detection device.

The mobile device may generate a magnetic field upon detection of said magnetic field
generated by detection device. The mobile device may divert power to said means for generating
a magnetic field on receipt of said detected magnetic field generated by detection device,
whereby to provide an enhanced signal. The means for detecting a magnetic field may detect the
strength of a magnetic field. The magnetic field generating means may generate a magnetic field
with a form in dependence on the strength of the detected magnetic field. The means for
detecting a magnetic field may further comprise means for extracting information encoded in said
detected magnetic field. The information extracted in said detected magnetic field may comprise
locality information.

The mobile device may further comprise at least one of the following units: accelerometer,
microphone, heart rate monitor and / or means for communicating with such devices. Information
from the at least one unit may be encoded into the magnetic field generated by the mobile
device. The encoded information from at least one unit may represent signs of life.

The mobile device may be connectable to a mobile telephone.

The means for generating a magnetic field may be wirelessly linked to the mobile telephone.
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According to another aspect of the present invention the mobile device may comprise a mobile
telephone.

According to another aspect of the present invention there is provided a detection device for
notifying a user of receipt of an alert signal in the case of an emergency situation, the detection
device comprising means for detecting an alert signal provided in an encoded magnetic field
generated by a mobile device and means notifying a user of receipt of said alert signal.

The detection device may further comprise means for extracting information relating to the
mobile device from said detected magnetic field generated by a mobile device.

The information extracted from said detected magnetic field may comprise locality information
and / or a sign of life indication

The detection device may further comprise means for generating a magnetic field. The means for
generating a magnetic field may comprise at least one coil under the control of a controller. The
means for generating a magnetic field may comprise a plurality of coils substantially mutually
orthogonally orientated with respect to one another. The means for generating a magnetic field
may be adapted to encode information associated with said detection device in said magnetic
field. The means for generating a magnetic field may generate a rotating magnetic field.

The information encoded in the magnetic field may comprise a correlation code, an identifier of
the detection device.

The detection device may comprise means for communicating via a network.

The magnetic field may be encoded by modulating the direction of said time-varying magnetic
field vector. The direction of said magnetic field vector may correspond to a data symbol.

The magnetic field may be encoded by modulating the change of direction (e.g. phase) of said
time-varying magnetic field vector. The change of direction (e.g. phase) of said magnetic field
vector may correspond to a data symbol.

The magnetic field may be encoded by modulating said time-varying magnetic field vector to
produce a three dimensional time-dependent magnetic field shape (e.g. Hypercomplex coding).

The three dimensional time-dependent magnetic field shape of said magnetic field vector may
correspond to an identifier of the beacon. The magnetic field may be encoded by modulating the
rate of change of direction of said time-varying magnetic field vector to encode said information.
The rate of change of direction of said magnetic field vector may correspond to a data symbol.

The detection device may be provided on a vehicle (e.g. a remote operated vehicle (ROV) or
unmanned aerial vehicle (UAV)).

According to another aspect of the present invention there is provided a method performed by
communication system for generating an alert signal from a mobile device, the method
comprising: @ mobile device generating a magnetic field that is modulated to provide an alert
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signal; a detection device detecting alert signal provided by said mobile device; and the detection
device notifying a user of receipt of said alert signal.

According to another aspect of the present invention there is provided a method performed by a
mobile device of providing an alert signal, the method comprising: generating a magnetic field
that is modulated to encode an alert signal.

According to another aspect of the present invention there is provided a method performed by a
detection device of notifying a user of receipt of an alert signal, the method comprising: detecting
an alert signal provided in an encoded magnetic field generated by a mobile device; and notifying
a user of receipt of said alert signal.

According to another aspect of the present invention there is provided a communication system
for a subterranean environment, the system comprising: a plurality of transceiver devices, each
transceiver device comprising: first means for communicating with at least one other transceiver
device of said plurality of transceiver devices using a first communication medium, the first
communication medium comprising a magnetic field; and second means for communicating with
the at least one other transceiver device of said plurality of transceiver devices using a second
communication medium other than a magnetic field; wherein each transceiver device is operable
to: switch from communicating using said second communication medium to communicating
using said first communication medium when communication using said second communication
medium is interrupted.

According to another aspect of the present invention there is provided a transceiver device for a
subterranean environment, the transceiver device comprising: first means for communicating
with at least one other transceiver device of a plurality of transceiver devices using a first
communication medium, the first communication medium comprising a magnetic field; and
second means for communicating with the at least one other transceiver device using a second
communication medium other than a magnetic field; wherein the transceiver device is operable
to: switch from communicating using said second communication medium to communicating
using said first communication medium when communication using said second communication
medium is interrupted.

The first means for communicating may communicate using a magnetic field having a time-
varying magnetic field vector wherein said time-varying magnetic field vector is modulated to
encode information to be communicated.

The transceiver device may communicate information comprising locality information associated
with the locality in which said transceiver device is located using said first and/or second means
for communicating.

The transceiver device may further comprise means for obtaining results of measurements in an
area in which the transceiver device is located, wherein said transceiver device is operable to
communicate information representing results of said measurements using said first and/or
second means for communicating.
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The measurements may comprise measurements of environmental conditions prevailing in an
area in which said transceiver device is located.

The obtaining means may comprise means for receiving results of measurements is operable to
receive the results from a device comprising a sensor for carrying out said measurements.

The sensor device may be integrated with said transceiver device, or may be separate to said
transceiver device and the results of the measurements are obtained wirelessly.

The transceiver device may receive information communicated by the at least one other
transceiver device using said first and/or second means for communicating and for
communicating (e.g. forwarding) said received information to at least one further transceiver
device using said first and/or second means for communicating.

The transceiver device may detect interruption communication using said second communication
medium wherein the transceiver device is operable to initiate said switch from communicating
using said second communication medium to communicating using said first communication
medium on detection of said interruption.

The ftransceiver device may initiate said switch from communicating using said second
communication medium to communicating using said first communication medium on receipt of a
signal communicated via said first communication medium or another communication medium
when said interruption has occurred.

The transceiver device may detect, and differentiate between, a plurality of distinct encoded
magnetic fields.

The transceiver device may detect, and differentiate between, a plurality of distinct magnetic
fields encoded with information to be communicated, each distinct magnetic field being emitted
by a different respective transceiver device; and / or detect a phase, frequency and / or time
relationship between the distinct magnetic fields whereby to differentiate between said distinct
magnetic fields.

The transceiver device may further comprise means for generating the magnetic field of said first
communication medium, for communicating information to said at least one other transceiver
device, the magnetic field generating means comprising at least one coil.

The magnetic field generating means may comprise a plurality of coils substantially mutually
orthogonally orientated with respect to one another. The magnetic field generating means may
generate a rotating magnetic field.

The transceiver device may encode information into said magnetic field by modulating the
direction of said time-varying magnetic field vector to encode said information. The direction of
said magnetic field vector may correspond to a data symbol.

The transceiver device may encode information into said magnetic field by modulating the
change of direction (e.g. phase) of said time-varying magnetic field vector to encode said
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information. The change of direction (e.g. phase) of said magnetic field vector may correspond to
a data symbol.

The transceiver device may to encode information into said magnetic field by modulating said
time-varying magnetic field vector to produce a three dimensional time-dependent magnetic field
shape (e.g. Hypercomplex coding). The three dimensional time-dependent magnetic field shape
of said magnetic field vector may correspond to an identifier of the transceiver device.

The transceiver device may information into said magnetic field by modulating the rate of change
of direction of said time-varying magnetic field vector to encode said information. The rate of
change of direction of said magnetic field vector may correspond to a data symbol.

Each transceiver device may: receive respective information communicated by each of the
plurality of other transceiver devices, using said magnetic field, in a common communication time
slot; and communicate said received information to at least one further transceiver device in a
further communication time slot.

Each transceiver device may, when communication using said second communication medium is
interrupted, determine a communication configuration suitable for communicating with the at least
one other transceiver device, and configure the first communicating means based on said
communication configuration, whereby said switch from communicating using said second
communication medium to communicating using said first communication medium comprises a
switch to communicating in accordance with said communication configuration. The
communication configuration may comprise a communication configuration optimised to
prevailing environmental conditions.

Each transceiver device may determine said communication configuration suitable for
communicating with the at least one other transceiver device based on information
communicated from the at least one other transceiver device using said first communication
medium.

The communication configuration may comprise an identification at least one source of
information to be communicated to said transceiver device. The communication configuration
may comprise an identification at least one destination for information to be communicated by
said transceiver device. The communication configuration may comprise an identification at least
one power level to be used for communication of information by said transceiver device.

The transceiver device may receive information from a mobile communication device using said
first communication medium (or another wireless communication medium) and to forward said
information to said at least one other transceiver device.

The information received from said mobile communication device may comprise information
relating to the locality in which the mobile device is located and / or information relating to
environmental / communication conditions in the locality in which the mobile device is located.
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The transceiver may obtain information identifying a position of said mobile communication
device and forward said information identifying a position of said mobile communication device
with information identifying the mobile device to said at least one other transceiver device.

The transceiver may: receive information communicated by the at least one other transceiver
device of the plurality of other transceiver devices using said magnetic field, or information
communicated by another source, the communicated information having an end destination other
than the transceiver device receiving the communicated information; and communicate said
received information to at least one further transceiver device wherein said further transceiver
device comprises either an intermediate destination between the transceiver device receiving the
communicated information and the end destination, or said end destination.

According to another aspect of the present invention there is provided a method performed by a
communication system for a subterranean environment, the method comprising: a plurality of
transceiver devices, each transceiver: communicating with at least one other transceiver device
of said plurality of transceiver devices using a first communication medium, the first
communication medium comprising a magnetic field; and communicating with the at least one
other transceiver device of said plurality of transceiver devices using a second communication
medium other than a magnetic field; wherein each transceiver device: switching from
communicating using said second communication medium to communicating using said first
communication medium when communication using said second communication medium is
interrupted.

According to another aspect of the present invention there is provided a method performed by a
transceiver device for a subterranean environment, comprising the transceiver device:
communicating with at least one other transceiver device of a plurality of transceiver devices
using a first communication medium, the first communication medium comprising a magnetic
field; and communicating with the at least one other transceiver device using a second
communication medium other than a magnetic field; wherein the transceiver device: switches
from communicating using said second communication medium to communicating using said first
communication medium when communication using said second communication medium is
interrupted.

According to another aspect of the present invention there is provided a communication system
comprising: a plurality of transceiver devices, each transceiver device comprising: means for
communicating with each of a plurality of other transceiver devices using a respective magnetic
field; wherein each transceiver device may: receive information communicated by each of the
plurality of other transceiver devices, using said magnetic field, in a common communication time
slot; and communicate said received information to at least one further transceiver device in a
further communication time slot.

According to another aspect of the present invention there is provided a transceiver device
comprising: means for communicating with each of a plurality of other transceiver devices using
a respective magnetic field; wherein each transceiver device may: receive information
communicated by each of the plurality of other transceiver to receive information communicated
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by each of the plurality of other transceiver devices, using said magnetic field, in a common
communication time slot; and communicate said received information to at least one further
transceiver device in a further communication time slot. The transceiver device may comprise the
additional features recited above.

According to another aspect of the present invention there is provided a method performed by a
communication system, the method comprising: a plurality of transceiver devices, each
transceiver device: communicating with each of a plurality of other transceiver devices using a
respective magnetic field; wherein each transceiver device: receives information communicated
by each of the plurality of other transceiver devices, using said magnetic field, in a common
communication time slot; and communicates said received information to at least one further
transceiver device in a further communication time slot.

According to another aspect of the present invention there is provided a method performed by a
transceiver device, the method comprising: communicating with each of a plurality of other
transceiver devices using a respective magnetic field; wherein each transceiver device: receives
information communicated by each of the plurality of other transceiver to receive information
communicated by each of the plurality of other transceiver devices, using said magnetic field, in a
common communication time slot; and communicates said received information to at least one
further transceiver device in a further communication time slot.

According to another aspect of the present invention there is provided a communication system
comprising: a plurality of transceiver devices, each transceiver device comprising: means for
communicating with each of a plurality of other transceiver devices using a respective magnetic
field; wherein each transceiver device may: receive information communicated by at least one
other transceiver device of the plurality of other transceiver devices using said magnetic field, or
information communicated by another source, the communicated information having an end
destination other than the transceiver device receiving the communicated information; and
communicate said received information to at least one further transceiver device wherein said
further transceiver device comprises either an intermediate destination between the transceiver
device receiving the communicated information and the end destination, or said end destination.

According to another aspect of the present invention there is provided a transceiver device
comprising: means for communicating with each of a plurality of other transceiver devices using
a respective magnetic field; wherein each transceiver device may: receive information
communicated by at least one other transceiver device of the plurality of other transceiver
devices using said magnetic field, or information communicated by another source, the
communicated information having an end destination other than the transceiver device receiving
the communicated information; and communicate said received information to at least one further
transceiver device wherein said further transceiver device comprises either an intermediate
destination between the transceiver device receiving the communicated information and the end
destination, or said end destination. The transceiver device may comprise additional features
recited above.
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The communication system as described above wherein said communication system may be
provided in a subterranean environment.

The communication system may comprise a self organising network of said transceiver devices
in which each transceiver device is adapted to self configure and / or re-configure in the event of
at least one of the following: a change in prevailing environmental / communication conditions
(e.g. the level of local interference); the addition and / or removal of a transceiver device to the
communication system; receipt of a control signal; and the movement of a transceiver device
within the system.

The transceiver devices being adapted to self configure and / or re-configure in order to reduce
the time taken for a message to propagate through the network of said transceiver devices by
reducing the number of transceiver devices that a message is likely to be propagated via in order
to reach a destination node.

The transceiver devices may be adapted to self configure and / or re-configure in order to
increase the reliability with which a message propagates through the network of said transceiver
devices by increasing the number of transceiver devices (e.g. to reduce the effective
communication distance between the transceiver devices) that a message is likely to be
propagated via in order to reach a destination node.

The transceiver devices may be adapted to self configure and / or re-configure in order to
optimise requirements of: reducing the time taken for a message to propagate through the
network of said transceiver devices, and increasing the reliability with which a message
propagates through the network of said transceiver devices.

Each transceiver device may generate a magnetic field having a communication band that does
not overlap with a communication band of a magnetic field generated by another of said plurality
of transceiver devices. Each communication band may comprise a distinct frequency band.

Each transceiver device may receive information encoded in magnetic fields having a
communication band within a predefined bandwidth covering the respective communication
bands of each of said transceiver devices.

Each communication band may be encoded using a different orthogonal code whereby said
communication band does not overlap with a communication band of a magnetic field generated
by another of said plurality of transceiver devices

According to another aspect of the present invention there is provided a method performed by a
communication system, the method comprising: a plurality of transceiver devices, each
transceiver device: communicating with each of a plurality of other transceiver devices using a
respective magnetic field; wherein each transceiver device: receives information communicated
by at least one other transceiver device of the plurality of other transceiver devices using said
magnetic field, or information communicated by another source, the communicated information
having an end destination other than the transceiver device receiving the communicated
information; and communicates said received information to at least one further transceiver
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device wherein said further transceiver device comprises either an intermediate destination
between the transceiver device receiving the communicated information and the end destination,
or said end destination.

According to another aspect of the present invention there is provided a method performed by a
transceiver device, the method comprising: communicating with each of a plurality of other
transceiver devices using a respective magnetic field; wherein each transceiver device: receives
information communicated by at least one other transceiver device of the plurality of other
transceiver devices using said magnetic field, or information communicated by another source,
the communicated information having an end destination other than the transceiver device
receiving the communicated information; and communicates said received information to at least
one further transceiver device wherein said further transceiver device comprises either an
intermediate destination between the transceiver device receiving the communicated information
and the end destination, or said end destination.

According to another aspect of the present invention there is provided a communication system
for communicating using magnetic fields, the system comprising: a network including plurality of
beacons, each beacon comprising: means for generating an encoded magnetic field for use in
communication; wherein each beacon may configure or re-configure said magnetic field in
response to receipt of an indication of a change in conditions in said network.

According to another aspect of the present invention there is provided a beacon for use in a
communication system for communicating using magnetic fields having network including
plurality of such beacons, the beacon comprising means for generating an encoded magnetic
field for use in communication wherein each beacon may configure or re-configure said magnetic
field in response to receipt of an indication of a change in conditions in said network.

The change in network conditions may comprise at least one of the following: a change in
prevailing environmental / communication conditions (e.g. a level of local interference); the
addition and / or removal of a transceiver device to the communication system; a change in, or
an initial configuration of, coverage required of said generated magnetic field; and the movement
of a transceiver device within the system.

The beacon may receive said indication of a change in network conditions from a sensor device
operable to detect said generated magnetic field. The sensor device may form part of said
beacon. The sensor device may be separate to said beacon.

The beacon may receive said indication of a change in network conditions from a network control
node. And / or may receive said indication of a change in network conditions from another
beacon of said network. The indication of a change in network conditions received from said
another beacon of said network may be encoded in a magnetic field generated by said another
beacon.

The beacon may further comprise means for detecting the magnetic field generated by another
beacon of said network and for determining a change in network conditions based on said
detected magnetic field, wherein said beacon is operable to provide an indication of the
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determined change in conditions in said network to another beacon of said network and / or to a
network control node.

The indication of the determined change in conditions in said network may be encoded in a
magnetic field generated by said beacon.

The beacon may configure or re-configure the coverage of said magnetic field in response to
receipt of said indication of conditions in said network. The beacon may configure or re-configure
the extent of coverage (e.g. the power used to generate the field) of said magnetic field in
response to receipt of said indication of conditions in said network. The beacon may configure or
re-configure the shape of coverage of said magnetic field in response to receipt of said indication
of conditions in said network. The beacon may configure or re-configure the encoding of said
magnetic field in response to receipt of said indication of conditions in said network.

According to another aspect of the present invention there is provided a communication system
for communicating using magnetic fields, the system comprising: at least one beacon comprising
means for generating an encoded magnetic field for communication with another device; at least
one detection device comprising means for detecting said generated magnetic field and for
providing information associated with said detected magnetic field for use in configuring or
reconfiguring said magnetic field; wherein the beacon is operable to configure or reconfigure said
generated magnetic field in dependence on said information provided by said detection device.

According to another aspect of the present invention there is provided a beacon for use in a
communication system of for communicating using magnetic fields, the beacon comprising:
means for generating an encoded magnetic field for communication with another device; means
for receiving information associated with a detected magnetic field for use in configuring or
reconfiguring said magnetic field; means for configuring or reconfiguring said encoded magnetic
field in dependence on said received information.

The means for generating a magnetic field may comprise at least one coil under the control of a
controller. The means for generating a magnetic field may comprise a plurality of coils
substantially mutually orthogonally orientated with respect to one another. The means for
generating a magnetic field may generate a rotating magnetic field.

The means for generating an encoded magnetic field may encode information relating to the
magnetic field beacon. The information encoded in the magnetic field may comprise a correlation
code, and / or identifier of the beacon, wherein the identifier is defined by an identifying code
(which may be unique).

The identifying code may have a portion that is common to the identifiers of a group of beacons.
At least one portion of the identifying code may identify a group of beacons to be within a
particular building (or area).

At least one portion of the identifying code may identify a group of beacons to be within a
particular geographical region. The identifying code may be unique within a particular building or
area, unigue within a particular region, and / or globally unique.
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The beacon may comprise means for communicating via a network.

The magnetic field may be encoded by modulating the direction of said time-varying magnetic
field vector to encode said information. The direction of said magnetic field vector corresponds to
a data symbol.

The magnetic field may be encoded by modulating the change of direction (e.g. phase) of said
time-varying magnetic field vector to encode said information. The change of direction (e.g.
phase) of said magnetic field vector corresponds to a data symbol.

The magnetic field may be encoded by modulating said time-varying magnetic field vector to
produce a three dimensional time-dependent magnetic field shape (e.g. Hypercomplex coding).
The three dimensional time-dependent magnetic field shape of said magnetic field vector may
correspond to an identifier of the beacon.

The magnetic field may be encoded by modulating the rate of change of direction of said time-
varying magnetic field vector to encode said information. The rate of change of direction of said
magnetic field vector may correspond to a data symbol.

The beacon may further comprise means for receiving a wireless signal. The information
associated with a detected magnetic field for use in configuring or reconfiguring said magnetic
field may be received using the means for receiving a wireless signal.

The beacon may further comprise means for detecting a magnetic field. The information
associated with a detected magnetic field for use in configuring or reconfiguring said magnetic
field may be received using the means for detecting a magnetic field.

The information associated with a detected magnetic field may comprise information relating to
properties of a detected magnetic field.

The information associated with a detected magnetic field comprises at least one of: signal
strength, error level in signal, noise levels, detected signal.

The information associated with a detected magnetic field comprises information relating to other
magnetic field beacons removed and / or inserted into the magnetic field communication system.

According to another aspect of the present invention there is provided a detection device for use
in a communication system described above, the device forming part of a magnetic field beacon
as described above, the device comprising: means for detecting a magnetic field; means for
providing feedback based on said detected magnetic field.

The detection device may comprise means for generating a wireless signal. The means for
generating a wireless signal may comprise at least one of: WiFi module, Zigbee module, mobile
communication module (e.g. GSM, GPRS, 3G), radio transmitter.
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The feedback may comprise information relating to properties of a detected magnetic field. The
feedback information may comprise at least one of: signal strength, error level in signal, noise
levels, detected signal. The feedback may comprise information relating to magnetic field
beacons which have been removed and / or inserted into the communication system.

According to another aspect of the present invention there is provided a method performed by a
communication system of communicating using magnetic fields, the method comprising: a
network including plurality of beacons, each beacon: generating an encoded magnetic field for
use in communication; wherein each beacon configures or re-configures said magnetic field in
response to receipt of an indication of a change in conditions in said network.

According to another aspect of the present invention there is provided a method performed by a
beacon in a communication system of communicating using magnetic fields having network
including plurality of such beacons, the method comprising: generating an encoded magnetic
field for use in communication wherein each beacon configures or re-configures said magnetic
field in response to receipt of an indication of a change in conditions in said network.

According to another aspect of the present invention there is provided a method performed by a
communication system of communicating using magnetic fields, the method comprising: at least
one beacon comprising generating an encoded magnetic field for communication with another
device; at least one detection device detecting said generated magnetic field and for providing
information associated with said detected magnetic field for use in configuring or reconfiguring
said magnetic field; wherein the beacon configures or reconfigures said generated magnetic field
in dependence on said information provided by said detection device.

According to another aspect of the present invention there is provided a method performed by a
beacon in a communication system of communicating using magnetic fields, the method
comprising: generating an encoded magnetic field for communication with another device;
receiving information associated with a detected magnetic field for use in configuring or
reconfiguring said magnetic field; configuring or reconfiguring said encoded magnetic field in
dependence on said received information.

According to another aspect of the present invention there is provided a method performed by a
detection device in a communication system described above, the device forming part of a
magnetic field beacon described above, the method comprising: detecting a magnetic field;
providing feedback based on said detected magnetic field.

According to one aspect of the present invention there is provided a system for providing locality
information to a user, the system comprising at least one magnetic field beacon, each beacon
having an identifier for identifying said beacon, and comprising means for generating a magnetic
field encoded with the identifier of the beacon; a server for storing said identifier in association
with locality information; and a communication device comprising: means for detecting the
encoded magnetic field emitted by the at least one beacon; means for extracting the identifier
from said detected magnetic field; means for retrieving the locality information stored in
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association with said extracted identifier by said server; and means for providing said retrieved
locality information to said user.

According to another aspect of the present invention there is provided a communication device
for providing locality information to a user, the device comprising: means for detecting a magnetic
field emitted by a beacon, said magnetic field being encoded with an identifier associated with
the beacon; means for extracting said identifier from said detected magnetic field; means for
retrieving locality information associated with said extracted identifier; and means for providing
said retrieved locality information to said user.

The communication device may comprise a mobile telephone.
The means for detecting a magnetic field may comprise a magnetometer.

The extracting means may extract the magnitude of the magnetic field and / or the polarisation of
the field.

The magnetometer may comprise a magnetometer operable as a direction finding device (e.g. a
compass).

The retrieving means may be operable to retrieve said locality information via an internet
connection. The retrieving means may be operable to retrieve said locality information via a
connection to a telecommunications network. The retrieving means may be operable to retrieve
said locality information from a memory of the mobile device.

The detecting means may be operable to detect, and differentiate between, a plurality of distinct
encoded magnetic fields. The detecting means may be operable to detect, and differentiate
between, a plurality of distinct encoded magnetic fields each emitted by a different respective
beacon. The detecting means may be operable to detect a phase relationship between a number
of distinct magnetic fields whereby to differentiate between said distinct fields.

The detecting means may be operable to use the phase relationship between the number of
distinct signals to determine the communication device’s position relative to an origin of each
said distinct signals.

The communication device may further comprise means for storing locality information relating to
each beacon of a group of beacons in association with a respective identifier for each beacon
prior to said detection of said beacon, wherein the retrieving means may be operable to retrieve
said locality information associated with said extracted identifier from said locally stored locality
information on detection of said beacon.

The retrieving means may be operable to retrieve said locality information relating to each
beacon of the group, from a remote source, for storage by said storing means.

The retrieving means may be operable to retrieve said locality information relating to each
beacon of the group from said remote source in response to detection of a beacon configured to
trigger said retrieval of said locality information relating to each beacon of the group.
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The storing means may be operable to store said locality information relating to each beacon of
the group in response to a specific request by said user.

The storing means may be operable to store said locality information relating to each beacon of
the group as part of a process for configuring said device to operate within a localisation system.

The identifier of the beacon may be defined by a unique identifying code. The unique identifying
code may have a portion that is common to the identifiers of a group of beacons. At least one
portion of the identity code may identify a group of beacons to be within a particular building (or
area). At least one portion of the identity code may identify a group of beacons to be within a
particular geographical region. The unique identifying code may be unique within a particular
building or area, unique within a particular region and / or globally unique.

According to another aspect of the present invention there is provided a magnetic field beacon
for use in a localisation system, the beacon having an identifier for identifying said beacon, and
comprising means for generating a magnetic field encoded with the identifier of the beacon.

The means for generating a magnetic field may comprise at least one coil under the control of a
controller. The means for generating a magnetic field may comprise a plurality of coils
substantially mutually orthogonally orientated with respect to one another. The means for
generating a magnetic field may be operable to generate a magnetic field with spatial and / or
time dependent properties. The means for generating a magnetic field may be operable to
generate a rotating magnetic field.

The identifier of the beacon may be defined by a unique identifying code. The unique identifying
code may have a portion that is common to the identifiers of a group of beacons. At least one
portion of the identity code may identify a group of beacons to be within a particular building (or
area). At least one portion of the identity code may identify a group of beacons to be within a
particular geographical region. The unique identifying code may be unique within a particular
building or area. The unique identifying code may be unique within a particular region. The
unique identifying code may be globally unique.

The beacon may comprise means for communicating via a network.
The beacon may comprise means for detecting a magnetic field emitted by another beacon.

According to another aspect of the present invention there is provided a server for use in a
localisation system, the server comprising: means for storing an identifier of a beacon; means for
storing locality information in association with said identifier; means for receiving a locality
information request from a communication device wherein said request comprises an identifier of
a beacon detected by the communication device; means for retrieving the requested locality
information based on said identifier received in said request; and means for sending the
retrieved locality information to said communication device. The server may form part of a mobile
device. The server may be located externally to a mobile device, and within a wide area network
(WAN). The server may be located externally to a mobile device, and within a local area network
(LAN).
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The locality information may comprise at least one of positioning information, educational
information, descriptive information, and / or advertising information. The locality information may
comprise media content (for example, at least one of text, audio, video, and / or the like).

According to another aspect of the present invention there is provided a method, performed by a
system, of providing locality information to a user, the method comprising: storing, at a server, an
identifier of a magnetic field beacon in association with locality information related to that beacon;
and generating, using at least one magnetic field beacon, a magnetic field encoded with an
identifier of the beacon; detecting, using a communication device, the encoded magnetic field
generated by the at least one beacon; extracting, using the communication device, the identifier
from said detected magnetic field; retrieving, using the communication device, the locality
information stored in association with said extracted identifier by said server; and providing said
retrieved locality information to said user.

According to another aspect of the present invention there is provided a method, performed by a
communication device, of providing locality information to a user, the method comprising:
detecting a magnetic field emitted by a beacon, said magnetic field being encoded with an
identifier associated with a location of the further device; extracting said identifier from said
detected magnetic field; retrieving locality information associated with said extracted identifier;
and providing said retrieved locality information to a user.

The method may further comprise obtaining the results of measurements for use in enhancing
the locality information. The measurements may comprise at least one of: accelerometer
measurements, gyroscope measurements, magnetic compass measurements, geographical
positioning measurements, visual measurements and network signal measurements.

The measurement results may be used to enhance the locality information by means of a
Kalman filter and / or a patrticle filter and / or information filter.

According to another aspect of the present invention there is provided a method performed by a
magnetic field beacon in a localisation system, the beacon having an identifier for identifying said
beacon, the method comprising generating a magnetic field encoded with the identifier of the
beacon.

The encoded magnetic field may be encoded using at least one of: Time Division Multiple Access
(TDMA), Code Division Multiple Access (CDMA) or Frequency Division Multiple Access (FDMA).

The encoding of the magnetic field may be encoded using a three dimensional time-dependent
magnetic field shape (e.g. Hypercomplex coding).

According to another aspect of the present invention there is provided a method performed by a
server, the method comprising: storing a plurality of identifiers, each identifier being associated
with a respective beacon; storing locality information relating to a location of each beacon in
association with said identifier; receiving a request for locality information from a communication
device, wherein said request comprises an identifier of a beacon detected by said
communication device; retrieving the requested locality information based on said identifier
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received in said request; and sending the retrieved locality information to said communication
device.

According to another aspect of the present invention there is provided a beacon comprising
means for generating a magnetic field having a predefined time-dependent shape.

The predetermined time-dependent shape of the magnetic field may provide a means for
determining a relative location to said beacon. The predetermined time-dependent shape may be
configured to represent an identity of the beacon. The predetermined time dependent shape may
correspond to a rotating magnetic dipole of variable strength at the beacon.

According to another aspect of the present invention there is provided a communication device
comprising: means for detecting a three-dimensional time-dependent magnetic field; means for
extracting temporal and / or spatial properties of said magnetic field; means for comparing a
predicted temporal and / or spatial properties with said extracted temporal and / or spatial
properties; and means for determining a location of said communication device relative to said
source of said magnetic field based on said comparison.

According to another aspect of the present invention there is provided a method performed by a
beacon, the method comprising: generating a magnetic field with a time-dependent shape.

According to another aspect of the present invention there is provided a method performed by a
communication device, the method comprising: detecting a three-dimensional time-dependent
magnetic field; extracting temporal and / or spatial properties of said magnetic field; comparing
predicted temporal and / or spatial properties with said extracted temporal and / or spatial
properties; and determining a location of said communication device relative to a source of said
magnetic field based on said comparison.

Determining a location of said communication device may further comprise extracting the
magnetic field strength and extracting a distance based on said magnetic field strength.

Determining a location of said communication device may comprise extracting an angular
position relative to said source based on said extracted temporal and / or spatial properties.

Comparing predicted temporal and / or spatial properties of said magnetic field with said
extracted temporal and / or spatial properties may comprise: performing a cross-correlation
between the predicted magnetic field and the extracted magnetic field; and may comprise
detecting a peak in the output of said cross-correlation.

Detecting a peak in the output of the cross-correlation may utilise at least one of: least mean
squares, genetic algorithms or an exhaustive search.

The invention also provides a computer program and a computer program product for carrying
out any of the methods described herein and / or for embodying any of the apparatus features
described herein, and a computer readable medium having stored thereon a program for carrying
out any of the methods described herein and / or for embodying any of the apparatus features
described herein.
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The invention also provides a signal embodying a computer program for carrying out any of the
methods described herein and / or for embodying any of the apparatus features described
herein, a method of transmitting such a signal, and a computer product having an operating
system which supports a computer program for carrying out any of the methods described herein
and / or for embodying any of the apparatus features described herein.

Any apparatus feature as described herein may also be provided as a method feature, and vice
versa. As used herein, means plus function features may be expressed alternatively in terms of
their corresponding structure, such as a suitably programmed processing unit and associated
memory.

Any feature in one aspect of the invention may be applied to other aspects of the invention, in
any appropriate combination. In particular, method aspects may be applied to apparatus
aspects, and vice versa. Furthermore, any, some and / or all features in one aspect can be
applied to any, some and / or all features in any other aspect, in any appropriate combination.

It should also be appreciated that particular combinations of the various features described and
defined in any aspects of the invention can be implemented and / or supplied and / or used
independently.

Furthermore, features implemented in hardware may generally be implemented in software, and
vice versa. Any reference to software and hardware features herein should be construed
accordingly.

It is envisaged that aspects of the system, devices and / or method described herein may be
implemented in software running on a computer such as a personal computer or a receiver /
decoder, and it is to be appreciated that inventive aspects may therefore reside in the software
running on such devices.

Other aspects of this system, the device and / or method may be implemented in software
running on various interconnected servers, and it is to be appreciated that inventive aspects may
therefore reside in the software running on such servers.

The invention also extends to a server or a plurality of interconnected servers running software
adapted to implement the system or method as herein described.

The invention extends to any novel aspects or features described and / or illustrated herein.

Embodiments of the invention are particularly advantageous because they can be implemented
using the existing components of many mobile phones, allowing precise positioning information
and / or other location related information to be derived, where the appropriate infrastructure is in
place, and using the associated methods as described herein. Constant, or slowly varying
magnetic fields are also generally more pervasive than radio frequency signals as currently used
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in mobile / cellular communications systems, so will be able to penetrate solid objects making
‘building wide’ coverage possible. For example, the existing magnetometer of a mobile phone
may be adapted to detect properties of encoded magnetic fields, to distinguish between different
fields, to determine a precise position and / or to obtain other location related information.

The present invention will now be described by way of example with reference to the
accompanying drawings, in which:

Figure 1 shows, in simplified overview, a localisation system;

Figure 2 illustrates schematically the main components of a mobile device forming part of the
system shown in Figure 1;

Figure 3 illustrates schematically the main components of a local unit forming part of the system
shown in Figure 1;

Figure 4 illustrates schematically the main components of a server forming part of the system
shown in Figure 1;

Figure 5 is a simplified flow diagram of the steps taken by a mobile device to receive location-
specific information;

Figure 6 is a simplified flow diagram of steps taken by a mobile device in order to determine its
location;

Figure 7 shows the mobile device detecting a field from one, two and three local units;

Figure 8 is a simplified flow diagram of an alternative method used by a mobile device to
determine its location;

Figure 9 illustrates schematically another embodiment of a local unit forming part of the system
shown in Figure 1;

Figure 10 shows a further embodiment of a local unit forming part of the system shown in Figure
1;

Figure 11 is an example measurement of the resultant magnetic field along each axis for a
sequence of 50 randomly generated polarisations with background noise present;

Figure 12 shows an example normalised cross-correlation of predicted and measured sets of
measurements by a mobile device;

Figure 13 shows an example normalised cross-correlation of predicted and measured sets of
measurements by a mobile device when source and sensor frames are perfectly aligned;

Figure 14 shows a schematic diagram of an example local unit forming part of the system shown
in Figure 1;

Figure 15 shows an example signal generated by the local unit shown in Figure 14;

Figure 16 shows a schematic diagram of an example mobile device forming part of the system
shown in Figure 1;

Figure 17 shows an example signal received by the mobile device of Figure 16 corresponding to
the generated signal shown in Figure 15;

Figure 18 shows an example ‘constellation diagram’ showing an example of how symbols are
mapped to magnetic vectors;

Figure 19 shows a modified ‘constellation diagram’ of Figure 18;

Figure 20 shows a two example signals, one utilising magnetic vector modulation and one not;
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Figure 21(a) shows the latency of signals send from two children to a single parent of varying
length for various transmission and encoding methods;

Figure 21(b) shows the same as Figure 21(a) for the case of three children;

Figure 22 shows how the latency of 100 bit messages varies depending on number of children
for various transmission and encoding methods;

Figures 23(a) and 23(b) illustrate two examples of a ‘multihop’ network;

Figures 24(a) and 24(b) illustrate an example communication network in a mine before and after
a collapse;

Figure 25 shows an example transceiver node as utilised in the network of Figures 24;

Figure 26 shows a simplified flow diagram of an example multihop network;

Figure 27 shows an example feedback loop which may be used in a number of the systems
described herein; and

Figure 28 shows a simplified flow diagram of an example method used to communicate with a
trapped mobile device.

Qverview

Figure 1 shows two possible implementations of a system 10 for enhancing localisation. The
system 10 is shown to be in an environment 106 in which accurate satellite positioning is difficult,
or impossible, because GPS signals 108 are inhibited. The environment 106 could comprise, for
example, a location: inside a building; underground; underwater or any other location in which
GPS signals 108 are either non-propagating, subject to severe multipath, or are weak. Whilst the
system is particularly advantageous in such environments, the system could also be used
beneficially in locations where accurate GPS positioning is possible.

The system 10 comprises a plurality of mobile devices 100-1, 100-2 and a plurality of local units
102-1, 102-2, 102-3, 102-4. Local units 102 are also referred to herein as ‘magnetic beacons’ or
simply ‘beacons’.

Each local unit 102 is operable to emit a magnetic field 104-1, 104-2, 104-3, 104-4, which is
encoded with locality information representing a unique identity of the local unit 102 (e.g. a
completely unique identity, or an identity that is unique within a predetermined locality such as a
building or other geographical area).

The encoding is facilitated by altering one or more of the following field 104 properties: power,
phase, frequency, in either a spatial or temporal fashion, or both. The encoding is preferably
controlled by digital means, but could be manual using DIP switches or similar. The encoding of
the magnetic field and the means for generating it is described in more detail below.

Each mobile device is operable to interpret the encoded field, by extracting the code from the
field 104, and to determine the unique identity of the associated local unit 102 accordingly. The
mobile device 100 then uses this unique identity to retrieve further associated locality information
relating to the location in which the corresponding local unit 102 is installed. The locality
information may include, for example: positional information such as geographic co-ordinates
(e.g. GPS, OS grid reference, longitude, latitude, altitude etc.), floor number, room number,
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parking bay identifier or the like; and / or educational, instructive or informative information
associated with the location such as information on a museum exhibit, next exhibit in a particular
tour, nearest fire exits, nearest exit from a car park to a shopping mall, etc. The information may,
for example, comprise audio or text descriptions, videos, and or images.

As seen in Figure 1, in a first of the illustrated implementations 10-1, a single local unit 102-1
emits an encoded magnetic field 104-1 which is received by a magnetometer (not shown) of a
mobile device 100-1. The mobile device 100-1 then interprets the encoding of the field 104-1
and, based on this interpretation, determines an identity of the origin (the local unit 102-1) of the
field 104-1. Once the originating device is identified, the mobile device is able to retrieve location-
specific information associated with that device.

In this embodiment, the mobile device 100-1 retrieves the location-specific information from a
server 122, via a further communications link 110, 112, 116, 118, 124, and an information
network such as the internet 120. The communications link 110, 112, 116, 118, 124, may
comprise any suitable communications link including, for example: a connection 110 via a Wi-Fi
transmitter 112 which connects to the internet 120 via connection 124; or via a connection 116
made to a base station 118 of a conventional mobile telecommunications network, which can
retrieve data from and transmit data to the internet 120. The server 122 provides location
information in association with the local unit 102 identity, via the internet 124, to the mobile
device 100-1 using the connections mentioned.

This first implementation may also be used for tracking applications even where the local units
102 are relatively sparsely populated. For example, if there are a number of relatively spread
apart local units 102 (e.g. at a distance such that the mobile device 100-1 can only ever detect
the field emitted from a single local unit), the general location of the mobile device 100-1 can still
be determined each time the mobile device 100-1 detects the field emitted by one of the local
units 102. This will give information on location as a function of time, which can be extrapolated
and / or interpolated when the mobile device 100-1 is out of range of a magnetic field, with
increasing accuracy as the number and frequency of local units 102 increases.

In a second implementation 10-2, also illustrated in Figure 1, the system comprises a plurality of
relatively closely spaced local units 102-2,3,4 which emit encoded magnetic fields 104-2,3,4 that
can be detected, substantially simultaneously, by a magnetometer (not shown) of a mobile
device 100-2.

The mobile device 100-2 detects the magnitudes, relative phases and / or frequencies magnetic
fields 104-2, 3, 4 which can be used to determine an accurate position relative to the sources of
the fields 102-2, 3, 4. This information, coupled with locality information (e.g. geographic co-
ordinates) associated with each source, and retrieved based on the encoded identity of that
source (extracted from each magnetic field as described above) can thus be used to derive a
relatively accurate position for the device 100-2. If the device 100-2 picks up three or more fields
104, for example, an extremely precise location can be pinpointed (as described in more detail
below).
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It can be seen, therefore, that by using the magnetometer provided in the mobile devices, locality
information comprising a relatively accurate position can be derived even when conventional
satellite positioning is unavailable. Moreover, the system disclosed herein allows enhanced
locality information to be retrieved in addition to (or as an alternative to) the position. For
example, using this technique, not only can an essentially two dimensional position be derived
(e.g. as defined by geographic co-ordinates) but also enhanced locality information can be
retrieved such as a floor number and / or room identifier in a multi-story building. Further, in
another example, the system could be used to provide greatly enhanced navigation in a below
surface mass transportation network (such as the Paris metro, London underground or New York
subway) allowing a user to obtain and follow complex route information encompassing the main
transport routes both above and below ground.

It will be appreciated that although retrieval of information from a remote source other than the
local unit (e.g. the internet) can be beneficial where very large quantities of information are
involved, or to allow a user to browse for specific information in which they are interested, the
encoding techniques described herein allow a significant amount of localisation information to be
transmitted by the local unit itself. Hence, advantageously, in many applications the mobile
device could potentially obtain a significant quantity of relevant information that is encoded in the
magnetic field produced by the local unit itself, without needing to retrieve information from
another source at all. This is particularly useful in situations where the mobile device has poor
communications coverage, for example underground, or at a distance from the nearest base
station.

Mobile device

In Figure 2, the main components of the mobile device 100 are illustrated schematically.

As seen in Figure 2, the mobile device 100 comprises a mobile (cellular) telephone such as
‘smartphone’ or the like. The mobile device 100 includes a network communication section 45
and a Wi-Fi communication section 50. Each of the sections 45, 50 comprise respective
transceiver circuits 23, 51 and respective antennae 25, 52. It will be appreciated that whilst the
different sections 45, 50 have been shown separately for clarity they may use common
components including, for example, a single antenna.

The mobile device 100 also includes a mobile device controller 30 which controls the operation of
the mobile device 100 and which is connected to the Wi-Fi communication section 50, network
communication section 45, a plurality of output devices 27, a plurality of user input devices 32
and a plurality of sensor devices 49.

The sensor devices 49 include a magnetometer 46, an accelerometer 47 and a GPS receiver 48.
The output devices 27 include an audio output device 29 having a loudspeaker, a display output
device 33 comprising a screen and other output devices 28 (such as a vibrating device or a
printer). The input devices 32 include an audio input device 31 (a microphone), a physical
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keypad, camera, touch screen etc. The magnetometer 46 has means for measuring all three
directional components of an applied magnetic field.

The controller 30 operates in accordance with software instructions stored within

memory 37. As shown, these software instructions include, amongst other things, an operating
system 39 which governs the operation of the components of the mobile device 100 and provides
a user interface. The software instructions also comprise a localisation module 40, a
magnetometer management module 41, an accelerometer management module 42, and a GPS
management module 43.

The localisation module 40 operates, in conjunction with the magnetometer management module
41, to identify the origin of the encoded magnetic fields emitted by the local units 102. The
localisation module 40 also manages the retrieval of remotely stored locality information
associated with an identified local unit 102 via the Wi-Fi or network communication sections 45,
50 and the internet (or a local intranet) from the server 122. Moreover, the localisation module 40
is operable to store the retrieved locality information, in association with the identity of the local
unit 102 to which it relates, as local locality information 44 for retrieval by the localisation module
40 as required. The magnetometer management module 41, accelerometer management
module 42, and GPS management module 43 respectively manage operation of the
magnetometer 46, accelerometer 47 and GPS receiver 48 respectively.

The mobile device 100 may optionally comprise, or be connectable to (either wirelessly or by
wires) a magnetic field transmitter 200 which is operable to generate a magnetic field. Magnetic
field transmitter 200 comprises a transmitter circuit 204 and an antenna 202 and is controlled by
controller 30. Magnetic field transmitter 200 may operate as a local unit 102 in certain
circumstances as described below.

Local unit
In Figure 3, the main components of the local unit 102 are illustrated schematically.

Each local unit 102 comprises a beacon operating under power from a local power source 300
and comprises a control unit 302 and a coil 304. The coil 304 comprises a coil of electrically
conductive material for producing the encoded magnetic field, when a current is passed along it
under the control of the control unit 302. The control unit 302 operates to control the properties of
the current to enable a magnetic field to be produced, encoding a predefined identity of the local
unit 102, as required.

The control unit 302 comprises a processing unit 306, memory 308, current control unit 310 and
an output unit 314. The memory 308 stores information relating to the local unit's 102 identity,
and to the encoding used by the local unit 102. The identity is represented by an identity code
such as a serial number or other such code. The identity code may be allocated arbitrarily or may
be structured with part of the code being common to a group of local units having a particular
attribute in common. For example, one or more portions of the identity code could each be
common to local units 102 located in a particular geographical area or sub-area (e.g. country,
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state or county, town etc.), another portion of the code could be common to local units in a
particular building or at a particular address. Such a structured identity code would help in the
generation of an efficient ‘look up’ table or database making then retrieval (and local storage) of
locality information more efficient. The encoding information includes information identifying the
particular time-dependent form of the desired magnetic field.

The device identity data and encoding information are retrieved from the memory 108 by
processing unit 106. The processing unit 106 then calculates the time-dependent form of the
current that needs to be passed through the coil 304 in order to generate the desired time-
dependent field. This may be done in real-time, with the processing unit 106 repeatedly
accessing memory 108 and sending associated real-time instructions to the current control unit
310 to form the encoded signal. The current control unit 110 comprises circuit components for
controlling the voltage and current outputs and frequency. In the illustrated embodiment, a
feedback module 316 is also provided for measuring the generated field, for comparing the
measured field with the expected field in order to identify any deviation (for example as circuit
components drift over time), and for feeding back the results of the comparison to the processing
unit 306 to allow corrective action to be taken automatically.

The final signal is output via the output unit 314 to the coil 304. The coil 304 is shown in a spring-
like shape, but may be any shape. The spatial properties of the magnetic field depend on the
shape and design of the coil. For example the magnitude peaks along the axis of a circular coil
as shown, generating an ellipsoid surface of constant magnetic field magnitude. This shaping of
the magnetic field can be used for localisation from a single local unit as described in more detail
below.

The power source 300 is preferably mains electricity, but could be any suitable power source
including, for example a battery, solar cell, or the like. The local unit 102 could be placed within
an existing electrical device such as a light switch or fitting to utilise a pre-existing power supply
and circuitry, as well as providing additional functionality as described below.

The identifier encoded by the local unit 102 could include information about the locality of the
local unit 102, the position of the local unit 102, the orientation of the local unit 102, the output
power of the local unit 102, and / or the configuration of the local unit 102 (for example the
number of transmitter coils 304).

In an alternative embodiment, the local unit 102 could encode different identifiers at different
points in time. These identifiers could also be encrypted to prevent unauthorised access to the
positioning system. By using different identifiers, users can be provided with different levels of
access and locality granularity. For example, a first user (User A) could have access to a coarse
positioning identifier that allows them to determine which room they are in within a building.
Another user (User B) could have access to a fine positioning identifier that allows them to
achieve precise 3-D localisation. One potential way of accomplishing this is to have different
length encodings, using a long encoding for precise locality and a short encoding for coarse
locality information. The identifiers could be made to change dynamically to prevent users from
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learning the static identifiers. In addition, the local unit could dynamically alter the power levels,
timing or encoding (essentially jittering the signal) to prevent an unauthorised user from
achieving precise localisation without knowledge of the jittering pattern.

The local unit 102 need not be stationary and could be mobile, such as attached to a vehicle,
person, animal or other moving object. With the aid of an additional localisation unit 318 (such
as, but not limited to, any of GPS, IMU etc), the time varying, or stationary, position of the local
unit 102 could be derived. Information about the locality and / or position of the device could be
relayed via an additional communication channel (wired and / or wireless) and / or by dynamically
altering the identity of the local unit 102 in response to the measured position. Alternatively, if the
local unit 102 travels along a fixed path (such as rail or road), this could also be used to infer the
locality of the mobile device 100.

If the mobile device 100 relays its locality to the mobile local unit 102, the mobile local unit 102
can move in such a way as to maximise the signal-to-noise ratio at the mobile device 100. In this
way, continual locality could be provided over a wide area using a sparse number of mobile local
units.

The coils 304 of the local unit 102 simulate a magnetic dipole when measured at distances much
greater than the dimensions of the coil 304. The field decays proportionally to the inverse cube of
the distance from the coil. There is a distinction in this regard to an electromagnetic (EM) wave,
for example, which decays according to an inverse square relationship. EM waves are produced
by an accelerating charge (for example in an aerial) as opposed to a current in a coil. In the
present method, the current changes to alter the magnetic field produced, which can be
approximated using magnetostatics in which the currents do not change rapidly. Typically, the
carrier frequency used for communication or localization will have a wavelength significantly
longer than the distance between transmitter and receiver. The substantially constant, or slowly
varying, magnetic fields of the embodiments described herein. Magnetic fields have the
advantage over, for example EM fields, of not being attenuated to such an extent by solid objects
and not being subject to multipath reflections.

Electrostatic fields can be considered analogous to magnetostatic fields, but where charges, as
opposed to currents, are substantially stationary or slow moving. Accordingly, electrostatic fields
can be used to communicate in a similar way to magnetic fields, as will be discussed in more
detail below.

Server
In Figure 4, the main components of the server 122 are illustrated schematically.

As described above, and shown in Figure 1, the mobile device 100 connects to a server 122 in
order to retrieve locality information relating to the local unit or units 102 it has extracted an
identity for. This is enabled by sending the identity of the local unit 102 to the server 122 via a
network interface 402. The server 122 comprises an input handler 406, memory 408, lookup
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module 410, processor 412, database 414 and output device 416. The database 414 can be
locally stored in the server 122 or on external storage 413 such as a compact disk. The database
122 contains the identity codes for each local unit 102 and the corresponding locality information
associated with each local unit 102.

The local unit identity from the mobile device is input, at 400, to the server via the input handler
406. It is passed to the memory 408 for storage. The lookup module 410 compares this identity
with those stored in the database 414. A processor 412 is provided to undertake the database
search. The locality information corresponding to the identity of the local unit 400 is output from
the server via output device 416, and sent to the mobile device 418 via the network interface
402.

QOperation of the mobile device according to the first implementation

Figure 5 is a simplified flow diagram illustrating operation of the mobile device 100 to retrieve
locality information for a single local unit 102 as described for the first implementation shown in
Figure 1. This could be because the mobile device 100 is in range of only one local unit 102, or
because the mobile device 100 ignores all detected magnetic fields apart from one (e.g. the
strongest field).

As seen in Figure 5, after the mobile device 100 has entered an encoded magnetic field 104
emitted by the local unit 102, it detects the field 104 from the local unit 102 (at S1). The mobile
device 100 then extracts the encoded identity data from the field 104 (at S2). The mobile device
then 100 retrieves locality information (S3) relating to the local unit 102, based on the extracted
identity, either from the local memory 37 (if available) or via a WiFi/ network connection and the
internet from the server 122. The locality information for the local unit 102 may comprise position
information (e.g. geographic co-ordinates) of the local unit 102 and / or educational / descriptive
information (e.g. information about a particular shop, information about a museum exhibit or
painting, targeted advertising, route planning information or the like).

Once the locality information has been retrieved, it is provided to the user via an appropriate
output device 27. For example, the information could be provided as an audio message and / or
as a visual output. Where the retrieved locality information comprises position information this
could be output as an indication on a map (e.g. a map supplied for use with the GPS receiver or
a map / floor plan retrieved as part of the locality information).

Thus, as explained previously, by using the magnetometer provided in the mobile devices,
locality information comprising an approximate position can be derived even when conventional
satellite positioning is unavailable and only a single local unit 102 is detected. Moreover, the
enhanced locality information can be retrieved in addition to this positional information to
enhance a user’s experience.

Operation of the mobile device according to the second implementation
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Figure 6 is a simplified flow diagram illustrating operation of the mobile device 100 to retrieve
locality information for a plurality of local units 102, and to calculate a particularly precise
position, as described for the second implementation shown in Figure 1.

In Figure 6, the encoded magnetic fields 104 emitted by each of the plurality of local units 102
are received by the mobile device 100 as described above (S51). The mobile device 100 then
extracts identity data from each of the fields (S52) and retrieves the locality information
associated with the extracted identity accordingly (S53) as described previously for the first
implementation.

In this embodiment, the retrieved locality information includes a position (e.g. geographical co-
ordinates) of the local unit 102 to which it relates. The mobile device is thus able to extract this
position from the retrieved locality information of each local unit 102 (S54a).

The mobile device 100 also determines a relative position of the mobile device 100 in relation to
each of the detected local units 102 (S54b) by analysing the magnitude, frequency and / or
phases of each detected field to give a (time-dependent) relative measurement. From these
measurements the mobile device 100 is able to determine a specific position relative to all the
detected local units 102. This relative position information is used, in conjunction with the
positions of the local units 102 extracted from the retrieved locality information, to determine a
more precise position of the mobile device 100 (S55). The method used by the mobile 100
device to determine its location is described in more detail below.

The calculated position can then be provided to the user (856) as an indication on a map (e.g. a
map supplied for use with the GPS receiver or a map / floor plan retrieved as part of the locality
information), possibly in conjunction with other locality information such as educational /
descriptive information.

In the illustrated example the detection of two encoded magnetic fields 104 is shown for
simplicity. It will be appreciated, however, that there may be many more, preferably at least three
and that a greater number of local units has the potential to improve the accuracy of position
calculations as illustrated in Figures 7(a) to 7(c).

In Figure 7 (a), for example, only one encoded magnetic field is detected from one local unit 102-
2 and the device can therefore determine an approximate position on a surface of a virtual
ellipsoid centred around the local unit 102-2 (e.g. with a major axis co-axial with the coil and with
a field magnitude that is substantially twice as high as in the minor axis). In Figure 7 (b), a
second encoded magnetic field is also detected, this time from local unit 102-3; the device can
therefore determine an approximate position on a virtual ellipse where the ellipsoids intersect.
This, combined with other locality information, (e.g. the ‘ground’ or ‘floor’ level), may be sufficient
to narrow down the position to a more precise (albeit potentially ambiguous) position. Figure 7 (c)
shows a situation where the device has detected three encoded magnetic fields from local units
102-2,3 and 4. The intersection of three ellipsoids pinpoints a location 500 in three dimensions
much more precisely. Any inaccuracies in the measurements can be accounted for as
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tolerances, effectively meaning that the device can be pinpointed to a defined volume rather than
an exact point. Note that local units 102-2, 3 and 4 can be mutually colocated and mutually
orthogonal, providing the ability to determine accurate position and orientation in 3-D from a
single installation position of local units.

Thus, as explained previously, by using the magnetometer provided in the mobile devices,
locality information comprising a particularly precise position can be derived even when
conventional satellite positioning is unavailable. Moreover, the enhanced locality information can
be retrieved in addition to this positional information to enhance a user’s experience.

A number of detailed embodiments have been described above. As those skilled in the art will
appreciate, a number of modifications and alternatives can be made to the above embodiments
whilst still benefiting from the inventions embodied therein.

For example, Figure 8 shows an enhanced localisation method in which other available
advanced features, such as a accelerometer (and / or gyroscope) can be used in conjunction
with the magnetometer for tracking and position approximation.

In Figure 8, using the mobile device’s in-built accelerometer, the device determines its location
by combining heading data with acceleration data (e.g. twice time-integrated) and a known
starting location (for example, when it last detected three fields). The mobile device 100 initially
has a defined location 500 and speed 502. This could be from a GPS signal or a magnetic field
as described above. The mobile device 100 also has an initial heading 504 (e.g. derived from
magnetometer data). If the mobile device 100 loses location tracking signal for a time t then,
during this time, acceleration data 506 and heading data 508 is collected using the
accelerometer 47 and magnetometer 46 respectively. This data is then used in the ‘Inertial
Navigation’ technique to approximate a current location 510, speed 512. Current heading 514
can be measured using the magnetometer. The shorter time t is and the greater the accuracy of
initial measurements 500, 502, the greater the accuracy of the final position 510 and speed 512
measurements.

This method of position sensing, known as ‘dead reckoning’, has utility not only because it allows
localisation when a mobile device 100 is out of range of a local unit 102, but also because it
allows long correlation codes to be used accurately in a wider range of situations.

Correlation codes are sent by the local unit 102 in order, for example, to convey localisation
information. Longer correlation codes have the potential to improve the accuracy of localisation
and are generally less susceptible to noise. In the absence of ‘dead reckoning’ information, if the
user is mobile when receiving the code, correlation may not be possible because the relative
orientation of the mobile device may be different at the start and end of the code. However, in
one embodiment, this change in relative orientation can be corrected for by using an Inertial
Measurement Unit (IMU) provided in the mobile device, which may include an accelerometer and
/| or gyroscope and / or magnetometer. Through the use of inertial measurements, the mobile
device can create a stable local reference frame which compensates for changes in relative
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orientation and / or position of the user. The use of motion correction may thus enable long
correlation codes to be received independent of the local motion of the mobile device 100. As
discussed above, the more the local device accelerates when it is receiving the correlation code,
the more likely it is that errors might occur. In this situation, errors could result in the correlation
code being incorrectly motion-corrected and thus inaccurate localisation information being
determined, or not being determined at all. However, data from the accelerometer of the mobile
device could potentially be used, where possible, to determine when incorrect motion-correction
is likely and either to compensate for it, to alert a user of the potential inaccuracy, and / or to
place greater weight on parts of a long correlation code that are received while the mobile device
is not accelerating so quickly.

A corollary of this is that the IMU may falsely detect motion when in fact the user is stationary;
this is termed ‘drifting’. For example, if the accelerometer falsely detects acceleration, the device
will be thought to be moving in this direction until an acceleration opposing this is detected.
Nevertheless, if errors are random and symmetrically distributed in size and direction, these will
tend to balance out, but the perceived position of the device ‘drifts’ around its actual position.
Thus, it is could be the case that the IMU is most accurate when the device 100 is actually
moving. Advantageously, therefore, when the device is stationary (determined, for example, by
an IMU measurement being below a specific threshold value) long correlation codes may be
used without motion correction.

When the device is moving, it may be more accurate to use shorter codes which have been
motion corrected. There is a trade-off between short codes, which are motion corrected
accurately but do not provide a lot of localisation information, and long codes which may suffer
from motion correction errors. For this reason, the local unit 102 may send out two sets of code,
one long and one short. The mobile device 100 can then decide which set to use depending on
the state of motion it is in. Of course, the local device 102 may send out a range of different
length codes, but there is a trade off here as the local device 102 has a certain maximum bitrate
it can transmit, and duplicating information may waste this resource.

The mobile device 100 may fuse IMU measurements (which provide a trajectory which is very
accurate in the short term), and / or measurements from the magnetic system and / or any other
available modalities, such as WiFi or GPS, depending on their availability. Using the known
locations of the local units 102, the mobile device 100 can determine its most likely location in
space using for example, a particle filter or information filter. This can occur even if partial
information is known, such as that the user is moving towards a local unit 102, as evinced by an
increase in the signal strength. Such a technique can also be used to create a “fingerprint” map
which characterises a particular location in an area.

Another example of an enhanced (albeit more complex) local unit 102 is shown in Figure 9. The
local unit 102 of Figure 9 comprises two orthogonally positioned emitting coils 304-1 and 304-2.
The presence of the two coils 304 allows the generation of rotating magnetic fields. Each coil 304
produces a field with a polarity defined by its orientation, and by changing the relative intensities
of the two fields over time, a magnetic field can be generated in which the polarity changes over



10

15

20

25

30

35

40

-37-

time. Hence, the addition of a second coil effectively introduces another dimension in which
encoding can be placed, as the polarisation has components in two dimensions rather than one.
This therefore increases the potential information content of the field. For example, the magnetic
field 104 may be in the form of a rotating magnetic field or a more complex time-varying field. It
will be appreciated that the coils do not have to be absolutely orthogonal, but the orientations
should ideally have orthogonal components. In another example, two coils are positioned co-
axially and controlled separately so that it is easier to have biphasic control of the current.

The inclusion of a second coil 304 also enables localisation from a single local unit 102. The
spatial dependence of the magnetic field from a single coil 304 is dependent on the orientation
and design of the coil 304, as described above. This means that two intersecting ellipsoids (for
example) can be generated from a single local unit 102. Given a certain set of measurements,
the location can be reduced to a certain set of points as described above. By using a third coil,
another local unit 102, or other additional information, a more precise location can be
determined. It will be appreciated that although in the above embodiments the magnetic field
shape is described as an ellipsoid, it may take any shape, which can be selectively produced by
the design of the local unit 102.

The local unit 102, of Figure 9, is similar to the one shown earlier in Figure 3 but with some key
differences. The local unit 102 comprises a main control unit 700 which comprises memory 308
and a processing unit 306. The memory 308 contains information regarding identity and
encoding of the field, as described with reference to Figure 3, but also contains polarisation
information. The processing unit 306 takes this information and determines what current needs to
be produced by each coil 304-1 and 304-2 to generate the desired field. These separate current
requirements are sent to control sub-units 1 310-1 and 2 310-2 which control the electronic
components to produce the currents required to generate the desired time-varying field. These
currents are then output to coils 304-1, 2 via their respective output units 314-1, 2. As with the
example of Figure 3, a feedback device 316 is provided which detects the generated field,
compares it with the desired field and feeds this back to the processing unit 306 to make
changes to bring the generated field in line with the desired field as appropriate (e.g. as a result
of component characteristic drift over time). It will be appreciated that the design of this and the
example of Figure 3 could be simplified by omitting the feedback unit 316. Also, as shown in
Figure 3, the local unit 102 has a localisation unit 318. This may be a GPS receiver, WiFi
module, or any component which provides the local unit with information regarding its location.
This information could then be used to generate an identity of the local unit and / or be used to
encode the signal with its location. This means that each local unit 102 would not have to be
programmed with their location separately, thus creating a ‘plug-and-play’ local unit 102. It will be
appreciated that the design of this and the example of Figure 3 could be simplified by omitting
the localisation unit 318.

In another example, a third coil, orthogonal to both the existing two 304-1 and 2, is included to
yet further increase the potential information content of the field as the polarisation is then
defined in three dimensions rather than two. In a further example, three coils orientated in a co-
planar fashion, separated by an angle of 120°, may be used. In a yet further embodiment, there
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may be four or more coils. Any arrangement that provides spatially distinct coils could be
implemented, and furthermore the coils do not have to be a similar size or shape. For example,
two coils with their axes aligned along the x and y directions, with a third coil with an axis along
the z direction wrapped around the first two provides a compact local unit. Another possible
orientation for a three-coil local unit 102 is for the three coils to be wrapped around the three
axes of a cube.

It will be appreciated that although in the above embodiments the local devices 102 are
described as being independent of one-another, they may be connected. This may be via a WiFi,
Bluetooth ® other wireless or wired connection. This would enable the local units in a particular
region to synchronise their signals so that they do not overlap (in time or frequency) or interfere
with one-another. Also, or alternatively, this link could provide real-time information to be
transmitted to the local units so that their ID (for example) can change over time. This would be
useful in situations such as when a fire alarm goes off and local units could transmit a special
and / or more powerful signal. This functionality could also be implemented as an energy saving
feature, local units are instructed to be active only during certain times of day, or when a when
instructed to by a mobile device. The synchronisation may be controlled by a ‘master’ local unit
which produces a field all other local units can detect, and subsequently produce a suitably
synchronised field. Alternatively, other synchronising means are possible as described below.

The local unit 102 may be equipped with a communication module (wired and / or wireless (3G /
WiFi) which allows for remote control, reprogramming and diagnosis. Such a facility would
enable local units to be remotely reprogrammed with new software versions (for example,
altering the particular encoding scheme adopted).

Figure 10 shows a further, yet more complex, embodiment of a local device 102 which is adapted
to perform the additional functionality described above. The local device 102 is again similar to
that described in Figure 3, but with additional components to enable additional functionality. The
local unit 102 comprises a controller 800, memory 802, output coil(s) 304, Wi-Fi communication
unit 804 and a magnetometer 806. In order for a number of local units 102 to synchronise with
each other, they must be able to communicate with a central server, or with one-another. This
may be done through a Wi-Fi connection 804 to a LAN or WAN, a ‘Zigbee’ or by communicating
with one another using magnetic fields. For the latter option, the local unit 102 comprises a
magnetometer 806. Magnetometer 806 may use similar, or the same components as the
feedback module 824. The magnetometer 806 measures the magnetic field, ideally in three
dimensions, and passes this signal to the controller 800. The controller 800 then uses the
magnetometer module 820 from memory 802, determines how to alter the signal in order to be
synchronised with the other local units 102 within range. The synchronisation module 818 is used
in this stage to generate a suitable signal so that it does not interfere with other signals. Memory
802 also comprises encoding information 816. This information 816 determines the nature of the
signal sent to the output coil(s) 304 to generate a suitably encoded magnetic field. The identity
module 822 comprises information on the local unit’s identity. This could be its location, or any
other unit-specific information such as identity code. This code may not be permanent, and could
be subject to change. The identity module 822 could be accessed remotely or locally to alter the
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local unit's identity. Localisation unit 826 may provide information regarding the local unit's
location and / or identity. This may be particularly useful where the local unit 102 is not at a fixed
location. Feedback module 824 either directly measures the produced magnetic field, or
determines this from information from magnetometer 806. It then compares this to the desired
field and feedbacks any discrepancies to the controller 800.

In this manner, therefore, the local units are advantageously able to communicate with one
another. This is particularly advantageous because it allows embodiments in which the local units
can be arranged in a self-organising network (SON) comprising a plurality of local units adapted
to communicate with one another (for example by means of the magnetic fields that they
generate) which units are adapted to detect the introduction of an additional local unit to the SON
and / or the removal of an existing unit from the SON and to adapt accordingly. For example, the
magnetic fields generated by the local units of the SON could be adapted such that the coverage
provided by each local unit is optimised, for example to avoid (or minimise) the occurrence of
coverage holes whilst ensuring that the power consumption of each local unit is kept within
acceptable limits. In this way, for example, the introduction of an additional local unit covering a
particular area could allow another local unit (that previously covered part of that area) to be
adapted to use all of its power to provide coverage in an area that previously had no (or poor)
coverage (e.g. the corner of a large conference centre, supermarket, or the like). Similarly, a
newly added local unit could use its ability to communicate with the other units to self-adapt itself
appropriately to the SON, on power-up, without the need for configuration by a skilled installer
(e.g. in a ‘plug-and-play’ type manner).

As described above, in the above embodiments the location information may be retrieved via a
communications link or may be stored locally by the mobile device 100. It will be appreciated that
this locally stored information could be pre-loaded at an earlier time, for example, when the
mobile device 100 first enters a building or area covered by a system 10, on request by a user
planning a visit to a particular location, when the mobile device is first configured, or the like. This
situation can be beneficial in certain situations as it helps to minimise the need for external
connectivity, which may be unavailable. Downloading the relevant information for several local
units in a particular local area or region once (for example, on request by a user and / or on
detection of an local unit have a particular ‘trigger’ identity for triggering a wider download) can
also help to balance the potentially conflicting requirements of battery management and
maintaining device storage capacity by minimising the need to make repeated download
connections whilst avoiding the need to store location information for all emitter devices in a
wider geographical region.

In the above embodiments, the encoding of the field by the local unit may identify the local unit
102, then the mobile device 100 looks up location-specific information. It will be appreciated that
the magnetic field could potentially encode geographic co-ordinates of the local unit or similar,
minimising the procedure necessary for the mobile device 100 to determine its position. This may
be preferable in situations where the mobile device 100 has a map, floor plan, or the like pre-
loaded onto the memory, and therefore can place an indication of the mobile device's position
relative to the local unit 102 on the map with no further data communication.
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The local unit 102 has been described above to generate the required field by calculating the
electrical signal needed to generate this. This process could be achieved by using a pre-loaded
algorithm in the local unit's memory. Alternatively, the local unit could use a look-up-table to
achieve this. This electrical signal may need to be amplified before being passed through the coil
so that a field of sufficient amplitude and hence range can be generated. This could be achieved
by passing the signal through an analogue amplifier. The signal may be in a digital form, so is
first changed into an analogue form by means of a digital-to-analogue converter (DAC), a filtered
Pulse Width Modulator (PWM) or similar.

It will be appreciated that although in the above embodiments the local device 102 has been
described to have a device-unique identity code, this may not be a globally unique identity code.
In an alternative embodiment, the identity code for a local unit 102 could potentially just
distinguish it from other local units 102 in the vicinity. The mobile device 100 can use other
means, such as GPS, mobile network or pre-loaded information to determine the correct vicinity.
This would lead to simpler identifying fields being possible, which is particularly beneficial when
using a low bandwidth or insensitive magnetometer which can sometimes be used for direction
finding in mobile telephones or the like. Moreover, simpler identification codes reduce the
possibility of incorrect identification.

It will be appreciated that although the mobile device 100 is described as a mobile telephone
(e.g. a Smartphone) it may be any suitable device for example a GPS device, a personal digital
assistant (PDA), palmtop or notebook computer. For example, a GPS device could be adapted to
detecting magnetic fields from local units 102 and have pre-loaded location information relating
to them. This will afford the advantage of having improved location coverage and seamless
location information when moving into or out of an area of GPS or magnetic field. One possible
implementation would be where an underground car-park has a number of local units 102
installed in various locations. A car is fitted with an adapted GPS unit and picks up a field from a
local unit 102 as it enters the car park. A map of the car park and locations of the local units 102
could then be downloaded from the internet or retrieved from memory so that location tracking
could continue when sufficient GPS signal is lost. The user could then be guided to a vacant
space, or guided back to her car if all ready parked.

It will be appreciated that although the above description primarily refers to embodiments where
localisation information is sent to the mobile device, it is envisaged that purely the presence /
absence of a signal could be used to indicate location. In embodiments where the mobile device
is in close proximity to a local unit 102, it is also possible to charge the mobile device via
inductive coupling. This is currently possible when the distance between the local unit 102 and
mobile device is less than 1-2m, although advances in technology will extend this.

Another potential feature of the system is that the power supplied to the local units 102 could be
increased (e.g. ramped up) in the case of an emergency to provide improved performance,
namely faster / more accurate localisation and / or improved range. Furthermore, special features
could be implemented in an emergency situation such as modified codes (e.g. longer / shorter
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correlation codes) or instructions for evacuation for example. Such modification of the power and
nature of the transmission need not be limited to emergency situations, but could be used at any
time an improved or different performance is required.

In the embodiments described so far, a local unit 102 has been regarded as a device which
generates encoded magnetic fields (a sender or transmitter), and a mobile unit 100 as a device
which senses encoded magnetic fields (a sensor or receiver). It is another potential embodiment
of the system to integrate the local unit and the mobile device to form a single device herein after
called a transceiver. The transceiver is capable of two-way communication and localisation with
respect to one or more other transceivers. A transceiver can also be used to localise mobile
devices or to be localised itself by a local unit.

A potential application of this system as described herein is in the Emergency and Rescue
services. In this context a transceiver (a ‘control’ or ‘master’ transceiver) could be mounted on a
vehicle such as a fire engine or other emergency response vehicle. In this application, the
members of the emergency service crew are each provided with a transceiver and / or local unit
and / or mobile device.

For example, the crew could all be equipped with transceivers and be able to establish the
position of one with respect to another, and also to communicate these relative positions through
the network of transceivers using the magnetic channel or other wireless technology. Their
location could be determined using a distributed (multi-hop network) localisation algorithm as
described below.

The mobile transceivers may advantageously be connected to (or integrated with) other safety
apparatus (such as remaining air level indicators and / or detectors of toxic gases) carried by the
member of the crew. This beneficially allows the position of the members of the emergency
service crew to be tracked using one of the methods as described herein, and also allows the
communication of other information such as remaining air level back to the vehicle and / or
allowing control information (such as messages for triggering an audible and / or visible alert or
command messages from a human controller) to be communicated to the mobile transceivers
from the transceiver on the emergency service vehicle. The mobile transceivers carried by the
crew may also be capable of transmitting a high powered distress signal, which can be picked up
at a receiver elsewhere (e.g. at the master transceiver or at another detector). Note that in some
instances it may be advantageous for the crew to only be equipped with mobile devices (receiver
only) or local units (transmitter only). This will allow a subset of the functionality described above.

An additional implementation of the system 10 not mentioned in the description above would be
to use the system 10 as an energy use monitor. Local units 102 could be placed within existing
circuitry so that by activating the existing circuitry (i.e. turning on a light), the local unit 102 is
activated to enable nearby mobile devices 100 to be localised, and this information can be
integrated with the energy usage of the existing circuitry (as measured by a current / voltage
probe or other sensor). Moreover, the local units could be used to monitor relative energy usage
at different locations in a building (e.g. in different offices), for example by integrating the
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monitoring functionality with the localisation as described previously and / or by integrating the
local units 102 into smart meters, smart sockets or the like. An alternative would be to use the
system 10 as a tracking system as described above so that individual users can be tracked
around a building so that devices can be activated / deactivated as a user moves around. By
tracking individual users, it is also possible to acquire a footprint of their individual energy usage
to motivate behavioural changes in energy usage. In addition, users can also be individually
charged for their energy usage. Further to this, data about space usage can be collected so that
the use of heating, lighting and other devices can be tailored to minimise energy usage. Users
can be equipped with mobile devices 100 which allow for their position to be monitored and / or
stored and / or relayed to the smart meters and / or central server.

It will be appreciated that although the server 122 is described as being separate to the mobile
device 100, it may be integrated into the mobile device 100. This may be as memory and
associated software integrated with the existing mobile device components, or as additional
components. The server could possibly be accessed via network interface 402 within a Wide
Area Network (WAN) or within a Local Area Network (LAN) or distributed across the mobile
devices 100 in the form of a distributed database or similar.

The input devices of the mobile device may include any suitable device commonly available on
such devices, for example a mouse, physical keyboard / keypad, camera, microphone, motion /
proximity sensors, localisation device, etc. The input modules may include any suitable modules
for handling inputs to the input devices and / or for displaying information on how they are
configured for use by a user. For example, the input modules may include modules for handiing
the input of images (still or moving) via a camera, modules for recognising voice inputs to a
microphone, modules for interpreting the speed and / or nature of movements, etc.

In the embodiments described above, the mobile device includes transceiver circuitry. Typically
this circuitry will be formed by dedicated hardware circuits. However, in some embodiments, part
of the transceiver circuitry may be implemented as software run by the corresponding controller.

In the above embodiments, a number of software modules were described. As those skilled in
the art will appreciate the software may be provided in compiled or un-compiled form and may be
supplied to the mobile device as a signal over a computer network, or on a recording medium.
Further, the functionality performed by part or all of this software may be performed using one or
more dedicated hardware circuits. However, the use of software modules is preferred as it
facilitates the updating of the mobile device in order to update their functionalities. For example,
an existing mobile telephone (e.g. a smartphone) having a magnetometer could be adapted for
use with the localisation system by downloading an application (e.g. a so called ‘app’) on request
by a user of the mobile device.

The functionality of one or more of the modules may be combined into a single module and in
some embodiments may be built into the operating system.
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Encoding techniques
In the description above, the local unit 102 emits an encoded magnetic field which is detected by

a mobile device 100. The following description provides a number of techniques which the local
unit 102 and mobile device 100 could use to achieve the functionality described above. These
techniques can be used individually or in combination with one another.

There are a number of methods which can be used to encode both local unit 102 ID and allow
the mobile device 100 to determine its relative position and orientation. In addition, it is preferred
that local units 102 in proximity to each other do not interfere with one another's transmissions,
as this could make localisation difficult or even impossible. Techniques which could be
employed in this system 10 are discussed below.

Contention based medium access techniques involve random access to the medium, which may
be applicable especially for transceivers as they can listen to the channel to determine if any
transmissions from other devices are underway. The advantage of contention based approaches
(such as ALOHA, CSMA (Carrier sense multiple access)) is that no prior synchronisation /
allocation is required.

Time Division Multiple Access (TDMA) refers to a technique where local units transmit their 1D
codes within distinct time-slots, and has the advantage of being very simple for the receiver to
detect the codes. In a TDMA based system, the local units 102 may require a communication
link to maintain synchronisation and if there are a large number of local units 102 within proximity
of one another, there may be a delay between transmissions from a particular local unit 102. The
requirement for strict synchronisation can be reiaxed if interference / coliision is acceptabie, in
which case local units 102 transmit their ID codes at random points in time.

Frequency Division Multiple Access (FDMA) assigns each local unit 102 a unique frequency
band. Adjacent local units 102 can simultaneously transmit without causing interference with one
another and without the need for synchronisation. However, in a bandlimited medium, for
example the bandwidth that a mobile device 100 can detect, the number of distinct frequency
bands that can be chosen is limited.

Code Division Multiple Access (CDMA) is a technique for allowing simultaneous access to the
medium. There are two main types of CDMA, namely Direct Sequence Spread Spectrum (DSSS)
and Frequency Hopping Spread Spectrum (FHSS). The idea behind these techniques is to
assign unique codes to local units 102. These codes are typically chosen to have the property
that a code has a high autocorrelation peak for zero time lag, low autocorrelation values (ideally
zero) for non-zero time lags and that cross-correlations between different codes are zero for all
lags. These are broadly classed as Pseudo-Noise (PN) codes and there are a number of
families, such as Gold codes, Kasami codes and Walsh-Hadamard codes. In a bandlimited
medium, the time to transmit a PN code can be very long (e.g. 10 s for a 1024 chip code at 100
chips / sec).

All the encoding techniques may utilise simple encoding methods such as amplitude modulation
or more sophisticated methods such as ‘Manchester coding’. Frequency Shift Keying (FSK),
Phase-Shift Keying (PSK) and combinations thereof may also be utilised.
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Magnetic Vector Modulation

Potential disadvantages associated with some of the earlier described techniques is that they
either introduce a delay or limit the maximum data rate (for instance the long pseudo-noise codes
required for CDMA) or require time synchronisation to prevent interference (TDMA) or that the
limited bandwidth does not allow multiple local units 102 (FDMA). To this end, a preferred
technique is magnetic vector modulation which exploits the vectorial nature of the magnetic field
to encode more information per unit time than existing spread spectrum methods.

In one example, the magnetic field generated by local unit 102 is encoded using magnetic vector
modulation. The information is encoded onto the signal by the direction of a magnetic vector. The
relative position and pose of the local unit 102 and mobile device 100 is corrected for using a
pre-data transmission. This affords rotational invariance between transmitter and receiver, and
subsequently data can be sent on multiple axes, thus at a higher bitrate.

In a preferred example, both the local unit 102 and the mobile device 100 have at least two
orthogonally placed coils. In such a situation, there is scope for much improved communication
rate using ‘magnetic vector modulation’. By controlling the phase and amplitudes of the currents
in each transmitting coil 304, a magnetic vector field can be generated with an arbitrary direction
(when using three or more coils) at the receiver 806. This is described below in an example
where each device 100, 102 has three coils and phase shift keying (PSK) is utilised.

The local unit 102 comprises three coils 304, oriented orthogonally along the X', y’ and ‘Z' axes
respectively. When initiating a communication, the local unit 102 sends a preamble message
energising all three coils (multichannel preamble). This allows the receiving mobile device 100 to
learn the channel transfer function (effectively the relative orientation of the receiver and
transmitter coils when other external effects are neglected). Next the incoming binary message is
mapped onto a 6 symbol representation. There are many possible ways to convert a Binary
Phase Shift Keying (BPSK) to a vector based representation. One such way is shown in Table 1:

Table 1: Coil energisations

Symbol | ix | iy | iz

0 +1]1 01| 0
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The symbol mapping shown in Table 1 dictates which coils 304 are energised at a particular time
and their respective phase relationship. Figure 14 shows a system block diagram of the
apparatus used for the mapping process undertaken by the local device 102. The data is
mapped into symbols by symbol mapping module 1400. The baseband signals are modulated
with a higher frequency carrier wave, amplified by amplifiers 1402 then applied to the transmitter
coils 304. In order to reduce the overall bandwidth, the signal may be passed through a root
raised cosine pulse shaping filter 1404.

Figure 15 shows an example transmitted waveform by the local device 102. The carrier tone
1500 is transmitted to provide phase synchronicity between transmitted and received signals. A
preamble message 1502 is then sent on each axis in turn, which the receiver uses to ‘train’ the
channel. The data 1504 is then sent, with each symbol being sent on a particular axis according
to the symbol mapping.

Figure 17 shows the corresponding received waveform to the transmitted one of Figure 15. The
carrier tone 1500 which was transmitted purely on the x axis is now a linear combination of the
received waveform in all three axes. The preamble 1502 can be determined once this carrier
tone is reconstructed. The axis that the different parts of the preamble are detected on is used to
determine the channel transfer function, H. This is a 3x3 full rank matrix, which describes the
coupling between the transmitter coil axes and receiver coil axes, in one example, H is a rotation
matrix between the two sets of coil axes. Once this has been corrected for, a signal can be sent
using the full symbol mapping with rotational invariance. This matrix could have a different shape
(depending on the number of transmitter and receiver antennas) and their relative orientation and
spatial displacement. The channel transfer function would also depend on the shape of the
generated field — for example the field generated by a substantially rectangular antenna would
result in a different transfer function to the ellipsoidal dipole approximation adopted above.

This procedure of channel training may take more time than the BPSK case as additional
preamble characters need to be sent for each transmitter axis However, due to the increase in
bitrate afforded by the increase from 2 to 6 possible symbol values (effectively providing for a
base 6 based encoding system), messages of useful length have a lower latency as is illustrated
below.

The increase in bitrate from increasing the possible symbol values from 2 (binary) to 6 (senary) is
log(6)/ logx(2) = 2.58. Due to the positional and rotational invariance provided by the adoption of
triaxial transmitters and receivers, the overall energy received by a device at a certain range is
constant.

In magneto-inductive communication systems which typically employ single axis transmitters and
receivers, a strong variation in received signal with relative position and orientation is generally
exhibited. The gain in received energy (which is directly related to the achievable bit error rate)
compared to the single axis case depends on the relative alignment of the single axis transmitter-
receiver. If the transmitter and receiver in the single axis case are coaxial (i.e. lying along the
major axis of the ellipsoid), then the increase in energy using triaxial transmitters and receivers is
1.76dB. If the transmitter and receiver in the single axis case are coplanar (i.e. lying along the
minor axis of the ellipsoid), then the increase in energy provided by using triaxial transmitters and
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receivers is 7.78dB. If the transmitter and receiver in the single axis are mutually orthogonal (i.e.
the cross product is zero), then the receiver will cut no lines of flux and detect no magnetic field
and hence communication will be impossible. However, in the case of the triaxial transmitter and
receiver, communication rates will be identical to the other scenarios.

Assuming that each character takes a time of t; to send, and there are P preamble symbols and
D (scalar) data symbols.

tscalar = ts (P + D)
tvector = ts (3P +D / 258)

For a preamble character length P of 8 bits, the vector approach is more efficient (lower latency)
when the data, D, is longer than 32 bits (4 bytes). The latency of signals when using different
encoding methods and transmitter types is discussed in more detail below with reference to
Figure 22.

In an alternative method, instead of orientating the transmitting axes along the x, y and z axes,
any three axes could be chosen. An example symbol would be i,=0.1A, i,=-0.5A, i,=0.2A. This
may be preferable when designing a system to avoid noise or interference which is directed
along a particular axis. In addition, this approach is not limited to constellations with 6 symbols,
but can take on an arbitrary number of symbols, depending on the signal-to-noise ratio in the
channel. For example, in a low noise channel, 32 symbols could be employed. Note that the
preamble does not necessarily need to communicate all 32 symbols, but can send a reduced
subset which will allow the receiver to estimate the position of the remaining symbols in magnetic
vector space. If the receiver is sensitive to the power in the received signal, symbols can also be
amplitude modulated, so that two or more symbols could lie along the same vector, but with
different lengths from the origin. This is described in more detail below.

Figure 16 shows a system block diagram of a receiver chain. Low noise amplifiers 1600 amplify
incoming signal followed by automatic gain control to maintain an acceptable dynamic range.
The modified signal is then down-mixed with a synthesised carrier 1602. This is preferably a
complex carrier so that the downconversion forms in-phase (real) and quadrature (imaginary)
components. A phase locked loop (PLL) module 1604 performs phase correction by adjusting the
local oscillator's generated frequency in order to maintain phase synchronicity. This is performed
e.g. by a Costas Locked Loop which synthesises a single carrier, not three separated ones. This
is because there is no frequency or phase shift between the three channels. The error signal
applied to the feedback loop is derived from all three input channels, giving more weight to those
with better signal-to-noise ratios. This reduces the rate of decision errors, where the incorrect
symbol is chosen from an erroneous point on the constellation diagram (Figures 18 and 19).

The next stage is timing recovery performed by timing recovery module 1606. This is similar to a
method used in a normal receiver, but the vector amplitude (i.e. Root Mean Square (RMS)
amplitude of the three channels) is used to control the data sampler, which determines at which
point a symbol sample should be taken to maximise the energy.
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During the preamble phase of the signal, the channel transfer function, H, is estimated by module
1608. Although there are six symbols, only three vector coefficients need to be stored as the
remaining three are simply opposite in sign and lie in an antipodal position within the
constellation (Figures 18 and 19). The transmitter sends a known preamble signal character on
each of the three channels in sequence as shown in Figure 15. The receiver averages the 3-D
magnetic vector it receives over the duration of each preamble character. Each of these vectors
is used to populate a column of H. Each vector is purely real as no phase shift can occur due to
multipath. This matrix H is then used to decode the symbols once the data is sent. To decode the
incoming data, the receiver chooses the symbol that minimises the Euclidean distance between
the received 3-D vector and the predicted positions of the constellation points, derived from the
known H. The senary symbols are then unmapped by symbol recovery module 1610 to recover
the serial data stream. This is explained with reference to an example constellation shown in
Figure 18. In this example, the SNR is high, so that the clusters are distinct and separated. The
constellation is established using H determined during the initial channel estimation phase. The
preamble symbols are averaged to form a cluster, where the centroid of the cluster is the
respective column vector in H. To decode a symbol, the 3-D Euclidean distance between the
received vector signal measured from all three channels, marked with an "x' in the figure, is
determined to every point in the symbol constellation. A hard decision is made based on which
point of the constellation the symbol is closest to, returning in this case, the symbol 0. Note that
soft-decision techniques such as Viterbi or Turbo coding can be used to provide forward error
correction, channel coding and to reduce bit error rates.

Figure 19 shows another example constellation diagram when the SNR is low. This could be due
to the presence of noise or interference for example. Note also the shape of the constellation has
changed; this is due to a change in the relative position / orientation between the transmitter and
receiver. The clusters of symbol points (received vectors) are more spread, which could result in
incorrect attribution of a symbol to a received vector. The exact nature of the spreading can be
used to determine what kind of noise is present, and potentially subsequently corrected for. For
example, Gaussian noise shows as fuzzy constellation points, non-coherent single frequency
interference shows as circular constellation points, phase noise shows as rotationally spreading
constellation points and attenuation makes the points move toward the centre.

The increased bitrate afforded by methods such as these can be very useful in applications such
as fast and secure Near Field Communication (NFC) payment. High bitrates afford both better
security and faster communication (which itself increases the security). Furthermore, the
localisation feature may be included to prevent ‘man-in-the-middle’ attacks. This is where a third
party intercepts the communication and retransmits it, thus enabling them to circumvent the
security checks but still controlling the communication. The third party would be in a different
physical location to the genuine user, so could be easily discovered by checking the physical
origin of the signal.

It should be noted that although the example of Phase Shift Keying has been used, the above
communication method is independent of modulation scheme (i.e. BPSK, PSK, FSK, CDMA,
OFDM can all be used within this system). Furthermore, it can work transmitting using two, three
Or more axes.
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This system provides the advantage of increased communication rate without expenditure of
additional power by varying the direction of the generated magnetic field. The signal is often
shorter using this system compared to a single coil system, so the power output may be lower.

An advantage of using three coils with orthogonal components and correcting for their relative
orientations means that communication can occur with rotational invariance between transmitter
and receiver. After this correction for relative orientation, data can be sent over multiple axes,
thus affording the possibility of data transmission at a higher bitrate. As discussed above,
rotational invariance for moving devices can also be achieved through the use of additional
sensor input from an IMU. This allows the receiver to track the constellation even if subject to
changes in relative orientation.

Magnetic Phase Modulation

An alternative, but analogous method to magnetic vector modulation is magnetic phase
modulation. In this method, rather than encoding information in the direction of a received
magnetic vector, the information is encoded using the change of direction of the magnetic vector.
This can be compared to using Differential Binary Phase-Shift Keying (DBPSK) as opposed to
BPSK.

The magnetic vector has two angular dimensions, azimuth and elevation and one radial
dimension, the amplitude. If the amplitude is kept constant, varying the angular properties allows
two different pieces of information to be encoded simultaneously. For example, a +90° change in
azimuth could mean ‘0’ and a -90° change in elevation could mean ‘1°, both rotations could occur
simultaneously, so two pieces of information can be transmitted at the same time. Using such a
method reduces the sensitivity to amplitude variations, operating in a similar way to Frequency
Modulation (FM). This reduces potential errors due to attenuation as described above. A further
advantage of using this method is that the transmitter operates at a constant power output,
meaning that the SNR is always maximised.

Similarly a symbol can be represented by the time varying trajectory undertaken in magnetic
vector space. For simplicity, the direction of the magnetic vector is represented using the two
angles in spherical coordinates (¢,8). The two angular parameters, along with a potentially time
varying amplitude are converted from spherical to Cartesian co-ordinates (x,y,z) and used to
control the currents flowing through the transmitter coils. An example symbol table is shown
below:

Symbol 0 \Symbol 1 Symbol 2 Symbol 3 T
T=0 (0,0) (0,0) (0,0) (0,0
T= (11/2, 1/2) (112, -11/2) (m/4, ) (-r/4, T1/2)
T=2 (11/2, 0) (11/2, 11/2) (311/4, 0) (11/4, -T1/2)
T=3 (0,0) (0,0) (0,0 (0,0
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At each point in time (T = 0, T = 1 etc), the magnetic vector rotates to a new direction. In the
receiver's reference frame, this traces out the trajectory over the ellipsoidal surface. As the
trajectories are different, the receiver can decode the symbols, even if a particular region of the
ellipsoidal surface is characterised by strong noise.

This method could be combined with encoding methods such as Manchester encoding, and
combine the advantages of a number of encoding methods. This technique can be further
enhanced by encoding information through the rate of change of the magnetic vector. Such a
technique would be insensitive to changes in orientation of the user.

Hypercomplex Coding

Another alternative method which also exploits the vectorial nature of magnetic fields is
‘Hypercomplex coding’. This is where a rotating magnetic vector is simulated by a local unit 102
and the identity of the local unit and its relative location can be determined using this.

It is firstly assumed that the local unit 102 is equipped with at least three mutually orthogonal
transmitter coils 304, and that the magnitude and direction of the current that flows through each
coil 304 can be controlled, such as by using power transistors or other means. For simplicity,
assume that the current through each coil can be set to +/, -/ or 0 amperes. Thus, at each point
in time, the current in each coil 304 can take one of three possible values. Given three coils 304,
there are thus 3> = 27 unique combinations of coil currents. Note that in theory, this allows
log,(27) = 4.75 bits to be transmitted at each point in time, as opposed to a single bit for binary
modulation. It is obvious that theoretically infinitely many variations of coil currents can be
chosen, but for simplicity, we restrict this to 27 unique combinations in this example.

These currents can be expressed conveniently as a triplet e.g. [+, 0, +I] representing a current of
+I through the coil aligned along the x-axis, no current through the coil aligned along the y-axis
and a current of +| for the coil aligned along the z-axis with respect to the local unit's reference
frame.

Through the principle of superposition, the resultant magnetic field experienced at a point in
space is the sum of the fields exerted at that point in space by the three orthogonal coils 304 in
the local unit 102. It is evident that for each combination of transmitter coil currents, a different
resultant field will be established. In essence, by controlling the combination of magnetic fields, it
is equivalent to mechanically rotating a magnetic dipole centred at the local unit about three
independent axes, namely the pitch, the yaw and the roll. This can be regarded as the spherical
polarisation of the magnetic dipole about an origin within the local unit. By altering the spherical
polarisation of the local unit 102 (by energising the coils 304 with a different triplet of currents) at
various points in time, the magnetic field exerted at a particular point in space will also vary. It is
this relationship which allows the mobile device 100 to establish its pose (orientation) and
position.

In summary, the local unit 102 generates a sequence of polarisations by controlling the current
through the individual transmitter coils 304. The mobile device 100 senses a sequence of
polarisations. By comparing the received sequence to the known transmitted sequence (either
pre-obtained or looked up as described above), the pose and orientation of the mobile device
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100 can be determined. Through suitable choice of the polarisation sequences, multiple local
units 102 can transmit simultaneously, without requiring synchronisation between local units 102.
This allows the mobile devices 100 to identify local units 102 and determine their relative position
and orientation.

Although there are many potential methods in which this could be accomplished, this is best
explained with recourse to the theory of quaternions. Quaternions are four-dimensional
hypercomplex numbers that have the form

g=qo+qiitqjj+ack

where the coefficients qo, qi, g and qx are all real-valued and [1,i,j,k] forms the basis of the

quaternion vector space. The number q is called the real part and ¢=qi+q;]+ Gk is
called the vector part. If the real part is set to zero, this is referred to as a pure quaternion. By
setting qi = By, q; = By and q«x = B, , where B,, By and B, are the components of the vector field

measured at a particular point in space, the vector field can be represented as a quaternion.

To match the transmitted sequence with the received sequence, we use hypercomplex cross-
correlation, which returns a hypercomplex result. Hypercomplex cross-correlation is essentially
similar to the normal real or complex form, which calculates the inner product for various lags of
the template pattern within the dataset:

N-—1

r(n) =Y f(t)glt—n)
t=0

where f(t) is the sensor dataset, g(t) is the template and 9 () represents the hypercomplex
conjugate. It is helpful to take the normalised cross-correlation, to make it invariant to the power
in each signal:

Sy fRglt—n)
1719l

Tn(n) =

where 1£] is the L, norm of the hypercomplex vector defined as:

N-1
IFl =] D F@f®)
t=0

At each point in time for the dataset, the quaternion ry(n) reflects how well the template matches
the dataset. Note that a quaternion q can be expressed in polar notation:

q=qo+q=|q|(cosO + [isin§)

where:
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=
Il
= |y

and:

la|
4o

tanf =

where qo is the real part and q the complex part, |q| is the magnitude, i is the eigen-axis and 6

is the eigen-angle. For the normalised cross-correlation, the magnitude rn| =1 for perfectly
aligned sequences and the angle 6 — 0.6 canbe interpreted as the angle between the template

hypercomplex vector and the dataset hypercomplex vector, with [z being the axis about which
the rotation occurs. It is this relationship that will be used to derive an iterative algorithm to
determine the relative position and orientation of a mobile device.

lterative determination of position and pose (orientation)

To determine the position and pose of the mobile device (e.g. six degrees of freedom), given a
set of measurements, m(t), a number of steps are undertaken. An example set of measurements
are shown in Fig. 11.

The first step is to search for the hypercomplex sequence in the set of measurements, to
determine if and when the transmission has occurred:

1) The predicted set of measurements, p(t), that would be received at an arbitrary point on a
unit sphere centred at the local unit 102 is constructed. Note that this set of
measurements consists of three components for each point in time, corresponding to B,
By and B,. This point can be expressed in spherical co-ordinates as (r, 8, ®) where r is
the radius of the sphere, 6 is the azimuthal angle and ® the elevation. As the radius is
constant, only (8, @) need to be specified. For example, the point (11,0) could be chosen.

2) The set of measurements and the predicted sequence are converted to pure quaternion
representation.

3) The absolute hypercomplex normalised cross-correlation [7n.(72)] between p(t) and m(t) is
formed.

4) If a peak is detected, this indicates that a transmission occurred at the time instant n,.
This is shown in Fig. 12.

5) Note that if only proximity information is required, no further processing is required.

The next step is to successively refine the estimated position and pose of the mobile device by
maximising the normalised cross-correlation value rn(n,). This can be determined in a number of
ways, such as through the use of a particle or Kalman filter, but a simple gradient ascent method
is presented.
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1) The normalised hypercomplex cross-correlation is maximised by searching through
combinations of (8,®) and predicting the magnetic field measurements which would be
received at that point on the sphere. This is undertaken for a particular alignment of the
sensor reference frame, which can be represented by the quaternion q,. For the initial
step, q: = [1,0,0,0] (zero rotation) meaning that the source and sensor frames are
perfectly aligned. Any suitable search algorithm can be used, such as least mean
squares, genetic algorithms or even an exhaustive search.

2) Once the algorithm has converged, or a suitable number of iterations have been
undertaken, the quaternion representing the normalised cross-correlation value is
examined. As noted previously, when the predicted and measured sequences are
perfectly correlated, both in orientation and location, the quaternion r,(n,) will be purely
real. If this occurs, then the algorithm has converged and can be terminated. Such an
example is shown in Fig. 13.

3) If there is a non-zero imaginary part, this indicates that source and sensor frames are not
aligned. The sensor frame needs to be rotated in order to align it with the source frame.
The cross-correlation quaternion indicates both the axis about which the rotation should
occur, and the angle. The angle and axis is calculated as:

where rp(np) = [ro, I« 1y, Iz]. The quaternion g; is normalised to make it a rotation quaternion, and
the new quaternion representing the orientation of the sensor frame calculated as: q,(new) = gt
gr(old). Steps 1-3 are repeated until the quaternion only has a real component (i.e. the eigen
angle is zero).

Once the algorithm has converged, a number of parameters are known. The orientation of the
mobile device 100 is precisely defined by the rotation quaternion q,. The point on the unit sphere
where the normalised cross-correlation is maximised is also known. This point lies along the line
that extends from the centre of the local unit 102 to the mobile device 100. To determine the
position of the mobile device 100 all that is required is to calculate the power in the measured
signal (essentially by computing the non-normalised cross-correlation). With this final piece of
information, the location of the mobile device 100 can be expressed in spherical co-ordinates
relative to the local unit 102, with a particular orientation.

In another embodiment, the bearings (i.e. (8, ®)) from a plurality of local units 102 can be used to
determine the location of the mobile device 100. This may be useful in situations where the
power of the signal is distorted or affected by environmental characteristics such as ferrous
objects or noise.

The hypercomplex encoding as described has focussed on the merits of using three dimensional
coding for determination of position and orientation. However, it is also possible to use the same
approach to convey modulated data, in addition to the identity of the local unit. This is undertaken
by rotating the transmitted hypercomplex template in accordance to the data to be transmitted.
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For example, a simple rotation may be effected by swapping the x and y axes of the transmitted
template. Rotations are not constrained to be in multiples of 90 degrees and can be arbitrarily
created by using a rotation matrix or a quaternion which is used to rotate the template signal
before it is transmitted. A symbol mapping could be used to translate the binary data to arbitrary
three dimensional rotations. In addition, a scaling (change in amplitude) could also be used to
convey an additional dimension of information.

Similar to the process described above, a known preamble sequence could be transmitted at the
start of the data transmission which would serve to train the channel. Subsequent templates
would be rotated in accordance with the data to be transmitted. The receiver would use the
known preamble sequence to train its symbol mapping and then decode subsequent symbols. As
described above, motion correction could be used if the mobile device was moving, to maintain
correct symbol decoding in spite of changes in orientation.

One embodiment of this approach is that all devices could use the same template and transmit
their unique identifier by rotating the template in accordance with the defined symbol mapping.
This would reduce system complexity, as only one template sequence would need to be known.

An alternative embodiment of hypercomplex encoding is to represent different symbols by
different hypercomplex templates. For example, template A could represent a '0' and template B
(which is different to template A) could represent a '1".

Data-blind localisation:

In general, the techniques discussed above have relied on knowledge of the symbol mapping or
encoding. However, it is possible to determine the relative position of the user to a local unit 102
without knowing the precise modulation scheme used. This is because the magnetic field
generated by the local unit will create an ellipsoidal shape in the mobile device's local reference
frame. The major axis of the ellipsoid (which is twice as large as the minor axes) lies along the
vector joining the transmitter to the receiver. Hence, by identifying the orientation of the ellipsoid
in the reference frame, such as by using spherical harmonics or pattern matching, it is possible to
determine the relative angular position of the mobile device 100 with respect to the local unit 102.
The scale (amplitude) of the ellipsoid is a function of the distance between the local unit 102 and
mobile device 100, approximated as an inverse cube law. As the mobile device 100 moves or
alters orientation, the ellipsoid will rotate to always point in the direction of the transmitter. By
establishing the relative angle between multiple local units 102 and a mobile device 100, the
precise 3-D position can be determined. This is a simple way of decoupling the process of
localisation from communication.

Alternatively, if only one signal from a local unit 102 is available, the position of the mobile device
100 can be inferred if the mobile device 100 is equipped with additional sensors, such as an IMU.
As the mobile device 100 moves, the time varying trajectory as generated by the IMU can be
used as a constraint to estimate the position of the user, given a set of time varying angular
measurements, such as by using a particle or information filter.

Chaotic spread spectrum
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Another encoding example is ‘chaotic spread spectrum’ encoding. This is where the receiver
synchronises to the signal buried within the noise. Higher dimensional subspaces, and hence
different vector measurements of the magnetic field, are utilised for this. This provides the
advantage of better capture of weak signals buried within magnetic noise.

A chaotic dynamical system is one which exhibits high sensitivity to initial conditions, yet is
generally specified by relatively simple equations, which typically contain a non-linear term. A
chaotic system can be represented in the form of a number of state space equations:

X f{c },é' =120

where x, € R" is the state of the n-dimensional system and f(.)maps the current state " to

the next state %1 .

If two chaotic systems have identical initial conditions, then they will evolve in the same manner
through state space. However, even if their initial conditions differ slightly they will rapidly diverge
and follow a different trajectory through state space. Some typical non-linear maps used in
chaotic dynamical systems are the logistic map, the Henon map, Lorenz and Rossler systems.

The degree of divergence between chaotic systems is defined by the Lyapunov exponent A
Chaotic equations can be used in the present invention in two different manners.

In the first application, they can be used as an alternative to PN codes (e.g. Gold or Kasami)
discussed above in Hypercomplex coding. The disadvantage of Gold / Kasami / PN / Walsh
codes is that they are designed typically for binary systems operating in one dimension, whereas
in Magnetic Vector Modulation, the magnetic vector can be arbitrarily oriented in any direction. It
is thus beneficial to generate codes which are able to control the azimuth, elevation and
amplitude of the magnetic vector (i.e. multidimensional spreading codes). Chaotic codes can be
created with arbitrary lengths and desirable properties such as a cross-correlation function
approaching a perfect impulse (dirac delta function). To generate a chaotic based code for
hypercomplex encoding, the chaotic state space system is initialised with a certain state. This
initial state defines the unique evolution of the state space system and can be regarded as the
correlation code or template. The state space system is then executed for a certain number of
steps — this defines the length of the code. The generated state outputs are used to control the
magnitude and phase of the currents flowing through the coils 304 in local unit 102. Each axis is
controlled by the value of a particular state at a point in time. Note that there may be more states
in the state space than coils to control, these are referred to as hidden states. The mobile unit
100 is able to recreate the chaotic spreading code with knowledge of the state space equations,
the initial conditions and the length. The hypercomplex correlation process is executed as
described above. By specifying different initial conditions, different lengths or an alternative set of
state space equations, unique chaotic codes can be generated by local units. Note that the code
does not need to be generated each time and can be pre-calculated.

In the second application, the ability of two chaotic dynamical systems to self-synchronise is
exploited to provide a means of communication. The transmitter and receiver both execute the
same state space equations. The transmitter communicates a “drive” signal over the potentially
noise impaired channel. This drive signal is used as input to the receiver's state space equations.
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Over time, if the noise is not excessive, the state space phase trajectory of the transmitter and
receiver will synchronise. To communicate information, there are a number of techniques that
can be employed, such as chaos shift keying (where a state space variable is modulated or
keyed in response to information to be transmitted), chaotic masking (where a message is
modulated onto the channel by altering the channel output and feeding this back into the
transmitters state equation). State space systems also have the property of having “attractors”.
These are regions of the phase space which act as stable trajectories, often exhibiting
periodicity. Whether or not the state space system has been captured by an attractor can be
used as a means of determining the presence or absence of a chaotic code. The advantage of
using chaotic self synchronisation is that it is able to detect very weak signals buried within noise.

Broadcatching
Local unit 102 magnetic transmitters may have a small bandwidth, which could be seen as a

potential drawback as this may limit the bitrate a single transmitter can send. This was one
motivation for increasing the bitrate using vector magnetic modulation and / or hypercomplex
encoding described above. However, in the situation of multiple transmitters, the narrow
bandwidth of a transmitter can lead to significant advantages.

Generally, the bandwidth of a receiver is much wider than that of a transmitter, so a receiver can
receive many different signals from different transmitters simultaneously. This is achieved by
tuning the receiver loops so that they do not have any frequency dependent response. Due to the
lumped resistance and stray capacitance of the loop, it will have a self-resonant frequency. This
can be adjusted by electrically lengthening the antenna using a parallel capacitor to tune to the
operating frequency. As the dominant impedance of the loop is its self-inductance L, the current
flowing through the loop can be determined:

V = u,NAwBcoso
V =iZ (Ohm's law)
Z = joL (when capacitance has been corrected for and resistance neglected)

wBcos@ Bcosh
oC

1o -
joL JL
Where @ is the angular frequency of the signal, B is the magnitude of the magnetic field vector,

0 is the angle between the transmitter and receiver loops and j=+/—1. Thus there is no

frequency dependent response from the receiver meaning that it is suitable for use over a wide
bandwidth.

When the operating frequency is low, it is computationally simple and feasible to simultaneously
decode multiple frequency separated data streams. Thus a receiver can ‘listen’ to many
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transmitters at the same time. This concept is termed ‘broadcatching’ as it is the reverse of
broadcasting, being many-to-one as opposed to one-to-many.

Contention free: One advantage of utilising broadcatching is that through frequency division,
contention can be eliminated entirely or greatly reduced (random channel allocation). This is
important as the high latencies of the magnetic channel will be exacerbated if nodes have to
contend for access to the medium. Interference will also be eliminated, which again is important
both in terms of latency and energy consumption, as failed packets have to be retransmitted and
hence waste energy and bandwidth. In an example system where the receiver bandwidth is 2
kHz, if channels are spaced every 50 Hz, 40 distinct frequency channels can be packed into the
bandwidth. Given the low probability of collision, nodes can randomly hop to a new channel for
each transmission. Although this introduces contention, the probability of interference is very low.
Also note that the receiver does not need to be aware of the channel hopping sequence and it
can be completely random. In terms of implementation, the number of channel decoders does
not need to be equal to the number of input channels, only to the number of ‘children’ (relevant
transmitters). Channel decoders only need to be executed when a valid signal is received. Thus,
channel decoders can be dynamically mapped to particular frequency bands. Channels with low
SNR, such as those with harmonics which closely resemble mains electricity frequencies, can be
avoided.

Network Algorithms: The second major difference is in operation of standard network algorithms,
such as tree collect and query propagation. In a mine rescue scenario as described below,
aggregation queries such as sum, max, average etc., can be used to determine the number of
people underground, the maximum methane concentration, the minimum oxygen concentration
and so forth. One example would be for a 256 bit message with a bit corresponding to each
miner. A local unit changes a bit to 1 if a message from the corresponding miner has been
received, then forwards this to the next local unit 102. It is important for a rescue that such
information can be gathered rapidly. To execute an aggregation query, data originates at the
leaves of the query tree and percolates upwards. Once each parent has obtained all the data
from its children, it combines its own sensor value with the query function, ready to send to its
parent. In conventional wireless sensor networks, this means that each child must send its data
in a time-slotted fashion to its parent, in order to prevent collisions at the receiver. Hence, the
time taken for each node to gather the data to execute the query is related to the number of
children it has. In general, if each parent has B children, and the depth of the tree is D, then the
total time taken to execute the aggregation query using conventional time slots is proportional to
DB. This implies that to minimise the time taken to execute the query, the breadth B and the
depth D of the tree should be equal. In addition, trees should be balanced such that each node
has an approximately equal number of children in order to minimise the maximum breadth.

In a broadcatching tree, the children can all send their data during the same time slot. Thus, the
number of children that a node has does not alter the data gathering time. Thus, the total time
taken to collect information from such a tree is proportional to D units of time, where D is the
depth of the tree. This is an important result, as the execution time is independent of the number
of nodes in the network and only related to the tree depth. It also shows that trees perform better
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when broad rather than deep, and that balancing the number of children per node is not
important (subject to channel availability). It is also more energy efficient to use a broadcatching
tree, as nodes do not need to stay awake to gather data over multiple time periods.
Broadcatching can also be used in decentralised algorithms which require state information to be
gathered from all their one hop neighbours. If nodes are divided into two groups, such that no
nodes which share a link are in the same group, then nodes can establish a two stage cycle,
alternating between transmitting and receiving. At the end of the cycle, all nodes will have
complete state information from all their neighbours.

An alternative to broadcatching using frequency-division is using code division. Each child
transmits their message encoded on unique orthogonal codes. This has the same effect as
frequency division broadcatching but requires slightly more complex circuitry to receive and
decode them. It should be noted that only children of the same receiver must have a unique code
or frequency band, these may be repeated in other places in the ‘tree’ where contention would
not be an issue.

Broadcatching and Magnetic Vector Modulation Combined

Advantages of broadcatching and magnetic vector modulation are shown in Figure 20. Figure 20
shows a spectrograph of two separate signals 2000, 2002 received simultaneously from two
different transmitters. These signals were received having passed through approximately 10m of
soil and rock. Each signal has a bandwidth of 50 Hz; with carrier frequencies based around 2025
Hz (2002) and 2075 Hz (2000) respectively. The signals are distinct from one another at the
receiver end, showing that two signals from two transmitters can be usefully received. Both
signals are carrying the same (repeated) message; signal 2000 was sent on a single axis whilst
the lower frequency signal 2002 was sent utilising magnetic vector modulation as described
above. The time taken to send the message using magnetic vector modulation is significantly

shorter.

Figure 21(a) shows the time taken (the latency) for messages of varying lengths (in bytes) to be
transmitted using different encoding methods and transmitter type. In this example, the situation
of two ‘children’, A and B, communicating to a receiver, C, is modelled. Each child sends the
same length message, this message length being plotted on the x-axis. The solid line 2100
indicates the time taken for both messages to be delivered when transmitted on a single channel
(i.e. not broadcatching) and using a single axis. When transmitting on a single channel, each
child has to transmit in turn, often resulting in high latencies as discussed above. As Figure 21(a)
shows, this is exacerbated when the message length is large. The dot-dash line 2102 shows the
improvement over this when using broadcatching, but still transmitting over a single axis. In the
two-child example, this results in the gradient and y-intercept of the line being halved.

Dashed line 2104 shows the latency of the signal when transmitting over a single channel, but
using three axes (i.e. magnetic vector modulation). The message length here is reduced
compared to the single axis, single channel scenario, for messages over a certain, low, length,
as discussed above. Interestingly, the single axis, broadcatching signal (line 2102) has lower
latency for signals below around 45 bytes. This shows that in certain circumstances it may be
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less efficient to utilise magnetic vector modulation on its own. Furthermore, when there are three
or more ‘children’, the broadcatching, single axis signal always has lower latency than the single
channel, triaxial signal; independent of the message length. This is shown in Figure 21(b) which
is a corresponding graph to Figure 21(a) for three ‘children’.

The largest performance gains are achieved by a combination of broadcatching and magnetic
vector modulation, shown by dotted line 2106. This has the effect of halving the gradient and y-
intercept of the triaxial, single channel line (line 2104). In the two-child example shown,
communication time for a message of 100 bytes is reduced from 53 seconds when transmitting
over a single channel and axis to 11 seconds for broadcatching and magnetic vector modulation,
and improvement of over 4.5 times.

Figure 22 shows the latency of 100 bit messages each being sent from 1 to 10 children. The
Figure shows that the latency of signals sent using broadcatching 2102, 2106 is independent of
the number of children; whereas a linear relationship is exhibited for single channel signals 2100,
2104.

Broadcatching is thus very useful in situations where multiple devices need to communicate to a
central receiver as the lag in receiving all the information is reduced greatly. Furthermore, the
distinct frequency and / or code divisions can function as an indication of origin, thus reducing the
amount of data to be sent, thus speeding up transmission times. An application in which this
would be particularly useful is in a mine where multiple miners communicate with a central
receiver, which then relays this information to the surface. This example is described in detail
below but it will be clear to one skilled in the art that many analogous situations exist.

Mining specific details

Figure 23 shows an underground scenario wherein signals from underground transmitters are
relayed up to the surface in what is termed a ‘multi-hop’ network. Such a scenario could be
anticipated in a mine collapse where wired communications may not be possible. Figure 23(a)
shows the relay method used in a traditional tree, and Figure 23(b) when broadcatching is used.
In the traditional tree of Figure 23(a), a receiver can only receive a single signal at a time, and
thus has to wait until all its ‘children’ have transmitted in turn before it can re-send the message.
The numbers at each transmitter / receiver denote at what time they can transmit their message
up the tree. In the scenario shown, it takes 9 time periods before a message can be sent to the
surface.

In the tree utilising broadcatching shown in Figure 23(b), the ‘children’ can send their messages
simultaneously. This means that the time for a message to be sent to the surface is only limited
by the longest ‘chain’ from bottom to top. This is always at least as efficient as the traditional tree,
and often much more efficient. In the example shown, a message is sent to the surface after 5
time periods. This is an increase in speed of 180%. In situations where bitrate is low, which can
be the case when utilising magnetic channels, this speed up can result in signals taking seconds
less to propagate to the surface.
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When the combination of broadcatching and magnetic vector modulation is applied to the
scenario shown in Figure 23 with a 30 byte message length, the aggregation time (i.e. time for
message to reach the surface) is reduced from 163 seconds to 25 seconds, a speed-up of over
6.5 times. In a mining disaster scenario, the difference between 25 and 163 seconds can be very
important, if not life-saving.

Figure 24 shows a communication network in a mine before (a) and after (b) a collapse. In
normal use, wired communication 2400 with short-range, high bitrate wireless communication
2408 is used by communication nodes 2402 as this is by far the fastest and most reliable form of
communication. The sensors 2404 and users 2406 communicate with these communication
nodes 2402 using wireless communication 2408 such as Zigbee ®. The messages such as
position, oxygen levels etc are collected by the communication nodes 2402 and relayed to the
surface, preferably utilising the broadcatching method outlined above with reference to Figure
23(b).

Figure 24(b) shows the network after a collapse. The wired communication 2400 may no longer
be possible as the wires may have been severed. Previously, communication in scenarios such
as these has been very limited. Solutions such as hitting rock or metal bars with sledgehammers
is often employed, but has obvious disadvantages such as being unreliable, slow and physically
demanding. Other solutions include ‘through-the-earth’ communication using low frequency
magnetic fields. This involves use of a very large loop antenna placed at the surface driven with
over 1.5KW of power. This only allows one-way communication and does not allow trapped
miners to communicate to the surface. The present solution solves at least some of these
problems.

Following a collapse, the network re-organises itself to use magneto-inductive links 2410 to re-
route around the collapse, or communicate through it. These links 2410 have a lower bitrate than
wired links 2400, but can transmit through large distances of rock and soil without significant
attenuation. When utilising a multi-hop network, signals from deep inside the mine can percolate
up the network to the surface without losing power. As the distance between devices is smaller
than the total distance to be covered, the overall energy usage of the system is lower. This
allows for smaller, more energy efficient devices to be used. Such an approach reduces system
cost and increases redundancy.

The manner in which the network re-organises itself may depend on the network itself and the
nature of the collapse. For example, the network design may have to choose whether a particular
transceiver node communicates directly with the surface, or via a multi-hop system which may be
slower, but more reliable. The network re-organisation may happen in an iterative fashion, the
network changing until an optimal network is found. This may optimise factors such as speed of
transmission, reliability, or any of these factors in relation to particular locations (e.g. trapped
miners). A similar re-organisation may occur when a new magnetic transceiver node
(communication node) 2402 is introduced in the system. This would ensure the most efficient use
of the magnetic transceivers 2402.
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Figure 25 shows a block diagram design of a transceiver node, effectively a mobile device 100
and local unit 102 combined. The block diagram of a magnetic transceiver node is shown in
Figure 25. A digital signal processor (DSP) 2500 essentially acts as a software defined radio
(SDR). Through digital-to-analog converters (DAC) 2502 and power amplifiers 2510 the signal is
modulated before generation. Analogue-to-digital converters (ADC) 2504 and Low Noise
Amplifier 2512 enable data to be received from the magnetic channel. The magnetic field is
generated and detected by a triaxial antenna 2506 (e.g. as described in previous embodiments).
The node is also equipped with a Zigbee (802.15.4) transceiver 2508 (as described previously) to
allow for short range, high-data rate communication. The transceiver node, in one example is
powered by a battery 2514. The node could also be equipped with any other available wired (e.g.
profibus, fibre optic, ethernet) or wireless (WiFi) communication module.

The magnetic transceiver nodes are equipped with backup batteries to enable operation to
continue even if power fails. The magnetic transceiver nodes can also be equipped with sensors
themselves to measure directly parameters such as carbon monoxide concentration or
temperature. They can also query wireless sensor devices and hence act as a gateway between
the surface and underground. Thus, the system aims to augment existing wireless technology by
providing a robust backup path.

The low bitrate magnetic channel has significant implications for network operation, in particular
the latency of query responses. To overcome this, methods such as broadcatching and magnetic
vector modulation can be utilised as is described in detail above.

The positions of the transceivers can be determined using manual surveying techniques.
However, given that the transceivers are able to determine their relative positions and
orientations with respect to one another, it is possible for them to execute a distributed
localisation algorithm (such as a gradient descent) to determine their positions in a relative
coordinate space. If three or more transceivers are localised to an absolute coordinate frame
(e.g. by manual surveying, GPS or other means), then the positions of all the devices in the
network can be determined. Stationary transceivers placed within the mine could refine their
locations by transmitting very long (seconds or minutes long) correlation codes. As the magnetic
channel is not subject to time variation or multipath, there is no loss of coherence and the
position can be refined to a very high degree. An alternative would be to use the standard length
correlation codes with successive averaging.

To optimise system lifetime, the transceivers can act in a self organising network as described
below, altering their transmitted power and constellations to send data along the best route with
lowest delay. For links with high signal to noise ratio, the output power of the local unit 102 could
be reduced to conserve the battery power of the transceiver.

As those skilled in the art will appreciate, the transceiver antennas can be any size or shape, and
transceivers at different locations within the mine could have different sizes or power outputs,
forming a heterogeneous network.
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The devices carried by the miners or equipped on the mining vehicles could comprise local units
102, mobile devices 100 or a combination of both (transceiver), in addition to other
communication (e.g. Zighee) and sensing modalities (e.g. accelerometers). Using such a system,
miners / mining vehicles could communicate with the multihop network and infer their location
and be tracked by the surface operators.

In addition, such a system would allow for vehicles to be remotely operated in unattended or
labour lean mining operations, as they would be able to localise precisely in 3-D, communicate
their position, and receive commands from the surface. Such a system would be advantageous
as it would reduce the need for people to work underground, which is potentially dangerous.

In addition to or instead of magneto-inductive links shown in Figure 24(b), ‘current injection’ can
be used to communicate when wired links are not possible. This is where rather than using loop
antennas as described previously, current is injected directly into a conductive medium (for
example rock or soil). Using multiple injection points (feedpoints) with current control allows for a
time-varying rotatable magnetic field as would be necessary for utilising one of the encoding
methods discussed above. For example, in an underground tunnel, four feedpoints on the floor,
roof and walls respectively would be able to generate, and rotate a two-dimensional magnetic
field. Two more feedpoints along the length of the tunnel would enable the system to generate a
three dimensional field. This could potentially replicate a local device 102 with three coils.

An arbitrary number of antennae could be used, which could make a magnetic tomography
network within the mine structure. With correct calibration, this could serve as a communications
network in the same way as a distributed network of local units such as described above with
reference to Figures 23 and 24.

Advantages of a current injection system is that long ranges of communication can be achieved
for the same power as the antenna are effectively extended by the conductive media (e.g. rock or
soil). This also allows for physically smaller antennae to be used, they just need to be coupled to
the conductive media and impedance-matched.

An alternative implementation of this magnetic inductive and / or current injection communication
is infrastructure monitoring. Local units 102 can be embedded within a structure connected to
sensors such as stress / strain meters. These can communicate wirelessly to a base station
(potentially using a similar multi-hop network as described above) to report infrastructure data
from within a building without any human intervention or invasive methods. The communication
could utilise current injection, potentially exploiting the highly conductive steel superstructure if
one exists.

An alternative implementation of this magnetic inductive and / or current injection communication
is in the construction industry, where it is desirable to know the positions of workers, vehicles and
materials. This could be combined with embedded infrastructure sensors as described above, to
monitor the construction process.
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Alternatively, large transmitter coils could be embedded within walls and floors of a building,
allowing the fabric of the building to act as a means for localisation.

Some of the many advantages of the system presented include:

1) Deployment is simple as transceiver devices are insensitive to relative orientations and
alignments

2) Localisation of devices can be performed using the multi-hop network. The network can
also localise its constituent nodes which helps to reduce deployment time and cost.

3) Higher data rates are afforded by the techniques discussed above (magnetic vector
modulation and broadcatching). This reduces the time required to gather or send
information to the network.

4) By using multiple low power links, long distances may be spanned using less power
overall.

5) The distributed network provides redundant paths.

6) The distributed nodes can be used to enhance location accuracy as multiple signals from
nodes can be combined.

Figure 26 shows a flow diagram of a method used in a mine (or other network) as described
above. The first step S1 is where the transceiver’s ‘children’ transmit their signals. These may be
sensor readings, a personnel count and / or a signal sent from another transceiver 2402. These
may be sent over different channels, such as magneto-inductive, Zigbee ®, WiFi etc as
described above. The transceiver 2402 receives these signals in step S2. This may be performed
simultaneously if broadcatching is employed.

The transceiver 2402 then combines these signals in step S3. This may comprise summing,
counting, determining max / min values, compiling or any other operation on the received signals.
This new information is then translated into a new signal in step S4. The final step is transmitting
the signal at step S5. This may be over any wired or wireless link as described above.

Self organising networks / Noise control
The constellation diagrams shown by Figures 18 and 19, as described above, represent the
points in three-dimensional magnetic field (B-field) space which are mapped to particular

symbols. In general, it is preferable to space these points evenly within the B-field vector space
to avoid incorrect symbol mapping. However, if there is directional noise (interference), adjusting
the position of the points may be beneficial. Directional noise would result in certain ‘clusters’
being distorted more than others, or being distorted more along certain directions than others. In
such a situation, the constellation points (symbols) could be spaced further apart along such
directions to counter the directional noise.

In a communication example, where the transmitter and receiver are fixed with regard to one-
another, altering the position of the constellation points could effectively avoid noise. In a
localisation example, it is necessary to overcome, rather than avoid noise in order to obtain good
measurements of signal strength and / or directionality. In this case, the constellation may be
adjusted so that more energy is placed along the axis where the noise exists.
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The process of altering the constellation in either of these examples may occur on an iterative
basis using feedback so that an optimal constellation map is produced. This could be performed
as a simulation, once during a mapping phase (pre- or during deployment of the system), or after
deployment. The feedback may be via a wireless channel (WiFi ®, Bluetooth ®, magnetic
induction etc) when optimising the constellation. Full closed loop feedback using device(s) IMU
may be utilised to optimise the system. In a mining scenario, mining vehicles and people are
constrained to move within tunnels. Their repeated paths can be used to determine the structure
of the mine, which in turn could be used to adjust the constellation to focus on frequently used
areas. This statistical approach to altering the constellation could equally be used in other
scenarios such as in a shopping centre, museum or tracking underground animals for example.

Within a building, transmitters would often be mounted in building corners or walls. It would thus
be preferable for these transmitters to alter their constellation to focus the majority of energy
within the region to be localised (i.e. forming a convex hull). Using feedback, this can be further
improved to determine areas of low signal strength, or areas that need accurate localisation, and
the constellation can be adjusted as is necessary. Iterative localisation may be employed where
a mobile device 100 instructs a local unit 102 to dynamically alter its signal pattern in order to
increase accuracy. These measures results in potentially improved localisation accuracy and
improved power efficiency for the local unit 102.

Noise sources are often directional, in such cases this can be exploited by using ‘differential
antennae’, where muitiple antennae are essentially used to beam-form (without using phase
delay, but using intersection of vectors). This improves the SNR of the signal and hence affords
longer range communication and noise cancellation. In essence spatially separated antennas
can provide information regarding not only the magnitude / direction of a magnetic field, but also
its gradient or rate of change with distance, where the distance is the spatial separation between
the antennas. Differential antennas can be used to receive a signal from a distant transmitter
while subject to noise from a nearby interferer (such as a mains, motor or transformer). The
nearby noise source will exhibit a high rate of change of magnetic field across the plurality of
receiving antennas. The distant source of information will have very little variation in magnetic
field across the plurality of receiving antennas. Hence, the information source is common to the
plurality of receiving antennas and can be extracted, whilst ignoring the nearby noise.

Figure 27 shows a feedback process which the system described above may utilise to control
noise and / or generate a more efficient network, for example, after the insertion or removal of a
local unit 102.

The process starts at step S1 where feedback is generated. This may be from other local units
102 (e.g. using feedback device 316 — Figure 3), mobile devices 100 or specialised feedback
units (during deployment for example). This information is sent to a processor in step S2. This
processor may form part of one of the local units 102 or may be a central processor connected to
all the local units 102 in the network, or a selected subset of local units 102. The feedback may
be sent using a wireless connection such as magneto-inductive link, WiFi, Zigbee etc, or a wired
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link. The feedback information could include for example: the SNR, the accuracy of transmission
(when compared with a signal with no errors), or simply a retransmission of the received
waveform.

The processor then generates a signal / noise map in step S3. This uses the feedback to
produce a map of the signal coverage of an area, and / or areas or directions which are
adversely affected by noise.

The processor then determines whether any change in signal would result in a more efficient
network in step S4. This could be performed by a computer simulating changes to the signals
from various local units 102, producing a new signal map and comparing it to the original signal
map. If a change in signal is necessary, the processor determines the signal modifications
necessary in step S5. This may include changes such as boosting power to certain local units
102 and / or changing the constellation patterns.

These instructions detailing the new signals are sent to the local units in step S6 which
implement them and the feedback process starts again from step S1. This loop continues until
the processor finds that an optimum or satisfactory network has been generated, when it is
terminated at step S7. Such a feedback process could be conducted once during deployment, at
regular intervals, or whenever a change to the network is made, for example, when a new local
unit 102 is installed.

Aid rescue

A further application of many of the apparatus and methods described herein is an aid to rescue /
localisation. In one example, the local unit 102 is a mobile device carried around by a person. In
case of an emergency, for instance when a person is covered by soil, rubble, snow etc. after an
earthquake, tsunami and / or avalanche, the trapped magnetic field transmitter 200 (Figure 2)
can transmit a signal; aiding rescue workers to locate the trapped person.

A mobile device combined with a magnetic field transmitter 200 (essentially forming a transceiver
152) could be used to detect when rescue workers are nearby (who carry a similar transceiver
device 150 — Figure 28, which would periodically emit a trigger signal), and decide when to
transmit a signal, thus conserving battery power. The format of the signal generated by the
mobile transceiver 152 could also vary according to the range or signal-to-noise ratio of the
received signal from the transceiver carried by the rescue team. For example, if a weak trigger
signal is received, then the device could send a long correlation code that simply is used to
indicate the presence of a trapped user. If a strong trigger signal is received by the mobile device
then it could use a higher bandwidth encoding strategy to send additional information. The device
152 may in one example be a mobile (cellular) telephone with hardware and / or software
installed to enable the transmission of an appropriate magnetic field, for example, one or more
coils as described above. The software could divert power to the magnetic transmitter of the
mobile telephone, or an additional transmitter connected to the mobile telephone. Alternatively, a
mobile telephone may communicate with a separate local unit 102, also about the person, via
Bluetooth ® or other wireless / wired communication. The mobile phone would monitor for the
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presence of rescuers and command the local unit 102 to transmit when a rescuer has been
detected. Alternatively or additionally, a transceiver 150 may be carried by an Unmanned Ariel
Vehicle (UAV) or autonomous vehicle / robot / Remote Operated Vehicle (ROV) rather than a
human rescuer, which receives and re-transmits emergency signals from a large area, potentially
using a multi-hop network as described above. The UAV or vehicle could move along a
predefined route, informing mobile devices of its trajectory. They could then wait until the UAV
was at its closest point at which time they would transmit a beacon signal, allowing the trapped
user to be localised. The UAV / autonomous vehicle could then deviate from its route to refine
the position estimate or obtain more information from the mobile device. It could also drop
markers such as flags or spray-paint to indicate the position of a potential victim to the rescue
team. Furthermore, the UAV, ROV, robot or similar could utilise broadcatching as described
above to avoid or eliminate potential contention in the event of multiple aid signals being sent
simultaneously. In this example, the rescuer transceiver (detection device) could distinguish
between the mobile transceivers by a device identifier in the aid signal. In one example, where
the mobile transceivers are mobile telephones, this may be the International Mobile Subscriber
Identity (IMSI) of the device. For broadcatching to work effectively, the devices ideally transmit on
distinct bands (for example code, or frequency bands). In the absence of any pre-defined
structure, random channel allocation, and / or channel hopping may be employed to reduce the
probability of contention.

Additional sensors on the mobile transceiver 152 such as microphone and accelerometer could
be used to send rescue workers signs of life, or even to communicate with the trapped person.
Furthermore, information such as a geographical location such as a GPS fix (if available), or last
known GPS fix could be encoded into the signal and used to aid rescuers to locate the trapped
person. Pre-recorded messages could be triggered to reassure the user that assistance was on
its way upon detection of a signal from a rescuer transceiver 150. Preferably, the mobile
transceiver 152 comprises a mobile telephone which may have many such features and which a
trapped person is more likely to have than a specialised emergency beacon device. This
provides an advantage over existing rescue techniques which often rely on radio transmission,
which is heavily attenuated when travelling through rubble / snow etc.

This application could utilise any modulation scheme and encoding method described above
(e.g. magnetic vector modulation, magnetic phase modulation, hypercomplex encoding,
electrostatic localisation, BPSK, OSK, Frequency Shift Keying (FSK), CDMA, Orthogonal
frequency-division multiplexing (OFDM), Manchester encoding) and transmit and / or receive on
one, two, three or more axis.

Figure 28 shows a flow diagram of the processes undertaken by the mobile transceiver 152 and
the rescuer transceiver 150. The process stats at step S1 where a rescuer transceiver 150
periodically transmits a magnetic signal. The signals are only sent periodically so that this signal
does not drown out any attempted aid signal.

The mobile transceiver 152 monitors for magnetic signals, and detects the signal from the
rescuer transceiver 150 at step S2. The mobile transceiver 152 then determines whether this
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signal is strong or weak in step S3. This is an indication of how much the aid signal will be
attenuated. If the signal is wealk, it is likely that the aid signal may be missed. In this case, a
short, high powered burst signal would be most useful, to alert rescuers to the presence of the
trapped person. This is shown by step S4a. If the signal is strong, it is likely that the aid signal
would be easily received. In this case, a signal augmented with further information, such as
localisation information may be transmitted in step S4b.

The rescuer transceiver 150 detects this aid signal in step S5. The rescuer transceiver 150 then
sends an acknowledgement signal in step S6. This could serve to reassure the trapped person
who receives it at step S7, but also to synchronise the two transceivers 150, 152 to allow for
more efficient subsequent communication. The rescuer would then be able to move closer to the
trapped person to continue communication in step S8, and complete the recovery of the trapped
person.

Electrostatic

Although the above description refers to low frequency magnetic fields being used for
communication and localisation, low frequency electrostatic fields (capacitive rather than
inductive) could be used in many circumstances. This would be possible where the transmission
media is polarisable. Sea water, for example, is polarisable, and thus a three dimensional E-field
can be generated in an analogous way to a magnetic field as described above. Furthermore, in
such circumstances, it may be possible to utilise both magnetic and electrostatic fields (i.e. 3 H-
field and 3 E-field components), thus doubling the maximum potential data rate.

One application where an electrostatic field may be preferable is during a ‘man overboard’
scenario. The person / object in the water has an electrostatic local unit with them, which
transmits a signal to a receiver on the ship / shore, preferably situated beneath the water line, for
example on the ship’s hull. The high polarisability of sea water means that communication using
electrostatic methods may be faster, more reliable and have a longer range than other
communication methods.

Another application which could benefit from utilising electrostatic communication would be a
system adapted to guide night / cave divers or autonomous underwater vehicles where line of
sight and / or illumination is not always possible to aid localisation and communication.

Another application which could benefit from utilising electrostatic communication would be for
deep sea drill chain monitoring or monitoring concrete integrity in a well / borehole. This is
especially relevant for a transceiver that is able to measure both E and H field components as it
can communicate through concrete, mud and seawater along the most optimal path, potentially
in a multihop network.

Another application which could benefit from utilising electrostatic communication would be in an
underwater multihop sensor network for measuring parameters of the ocean, such as
temperature, salinity, velocity and biological indicators such as phytoplankton density. This could
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be freely drifting, with nodes measuring the relative distances between each other using the
electrostatic or magnetostatic channel, as described above.

Another application which could benefit from utilising electrostatic communication would be for
control and localisation of underwater remote or autonomously operated vehicles.

Other applications

The communication and localisation features of the above described methods and apparatus are
envisaged to afford further advantages in a broad range of applications. Described below is a
non-exhaustive list of such applications with any additional features, methods and or hardware
required for the specific application.

Transceivers as described above could be fitted to cars so that drivers can be alerted to the
distance between cars and provides a means of communicating between cars. For example, if a
car brakes, a signal could be transmitted and received by a following car warning the driver. A
related application is in the space sector, to control docking between spacecraft. Currently, this is
controlled by visual means, requiring artificial light and a line of sight to guide the craft into the
correct relative positions. This can use a significant amount of power and can be prone to errors
in digitally processing the video. A potential solution would be to place magnetic transceivers in
each craft, which communicate with each other, relaying their relative positions to the craft
propulsion system which can correct accordingly.

The localisation feature can be applied to tracking containers and other items in the logistics
field. Containers or items can be localised individually in a warehouse, allowing for faster
identification and stock control. Furthermore, or alternatively, the ‘proximity’ feature described
above could be used to track items entering or exiting a warehouse, truck etc thus enabling
automatically logging of a trajectory of an item. Along a similar vein, luggage could be tracked
during a journey. Logged information could alert a traveller where their luggage is, for example, if
it is about to exit onto the luggage carousel.

Another application where the localisation and / or proximity feature may be utilised is in
precision agriculture. Devices which monitor soil conditions etc are buried in the soil and
comprise a local unit 102 or transceiver. A user with a mobile device 100 or transceiver can pass
overhead and receive soil condition measurements wirelessly. Alternatively, or additionally, the
buried devices could form a multi-hop network as described above, allowing the user to collect
data from a large number of devices from a single location.

Localisation of consumer products such as vacuum cleaners and lawn mowers is another
application of the present system. Currently, such control is facilitated by trial and error (moving
until an obstacle is reached) or by marking out specific areas with wires or beams for example.
The use of magneto-inductive communication could control a device accurately and map out the
exact area in question.
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The methods and apparatus discussed herein could also be applied to applications including
pipeline mapping and / or monitoring. Devices could be placed along the length of a pipe which
measure properties such as fluid flow rate, pressure and detect the presence of leaks. These
could then transmit such information to a user with a mobile device 100 nearby, or transmit the
information in a multi-hop fashion to a central receiver. Alternatively, mobile sensor devices
(pigs) could be introduced into the flow and transmit information to a user situated nearby. A
related application is the monitoring of stream and rivers. Properties such as flow rate and
pollution levels could be wirelessly monitored by sensors in the riverbed or mobile buoys floating
down the stream.

Another application which could utilise the present system is augmented reality. Images, video,
advertisements etc can be overlayed onto real life images (for example as seen through a digital
camera or heads-up display) depending on the exact position and pose of the user. Because of
the incredibly precise nature that the position and pose is determined using the present method,
a much improved experience can be afforded compared to existing systems. This could be
extended to a multi-player augmented reality gaming interface. Users all have heads-up glasses
which are accurately localised. Other users can then interact with one another in a gaming
interface whilst moving around a real landscape (or indoors). A related application is virtual
conferencing where participants can interact with one another in a virtual setting with position
and pose accurately reproduced.

Adverts may be pushed to a user device depending on location. This may be particularly
applicable in shopping centres where an advert for a particular shop can appear when the user
passes the shop in question.

Mobile bar-code scanners could be provided to customers in a supermarket for example. These
could be localised so that staff can track stock by collecting data collected when shoppers select
their items. Shoppers could pair their smartphone (via Bluetooth ® for example) with these
devices so that customers can be provided with personalised recommendations based on
purchasing history and location.

Market research / product development is another application where the present system could be
implemented. Companies often want future consumers to participate in the design of products so
that they can tap into their clients’ ideas before they realise the new version of a product. By
installing sensors in products that allow companies to monitor how products are actually being
used in practice (by the accurate localisation of position and orientation), they could then use this
data to better their design.

The present system could also be used to identify and localise individual objects in a household
scenario. This could be used to aid blind or partially sighted people locate objects. Small,
inexpensive receivers are attached to objects that are handled on a daily basis. Transceivers are
fixed around the house. When a receiver localises itself, it uses wireless communication (e.g.
radio, Bluetooth ®) to send this information to the user. Alternatively, small transceivers could be
attached to objects that in regular use. The system could be used in assisted living to monitor
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utilisation of objects and space and provide diagnostics / warnings / alarms if a patient's
behaviour deviates from the norm. This could also be integrated with smart meters and the like to
provide additional context information such as utilisation of appliances or utilities such as gas,
electricity or water. The patient could also wear a mobile device 100 to monitor their location and
behaviour / activity. This device (and other patient worn / implanted device) could also monitor
physiological parameters such as heartrate, blood pressure, activity and so forth. These data and
other information captured from a smart home could be relayed to a healthcare provider to
provide early warning of conditions or trigger alarms in the event of an emergency. Another
application of a system could be in assisted living or healthcare where a robotic assistant could
interact with everyday objects, tagged with transceivers, to assist disabled or elderly patients.
The robot itself could also be localised using the present system. A related application is guiding
robots in situations where vision would not help. These include scenarios such as environments
with smoke or where one object is hidden under another.

If a local device 102 is placed on an animal, it would be possible to track their position and pose,
even if underground or in thick vegetation. This could be useful in determining behaviour of
animals which are hard to observe in other ways. Pet owners could also use the system
described herein to track pets within their home, or a kennel for example. Kennel owners may
install such a system to track pets, thus potentially lowering their insurance premiums.

It should be noted that a person skilled in the art would be able to identify other applications
which would require little or no modification to either the hardware or software identified herein.

It will be understood by one skilled in the art that the local units 102, mobile devices 100 and / or
transceivers as described above may be integrated into other technologies to aid in deployment /
adoption. For example, local units 102 may be integrated into femtocells or routers which are
often deployed in advantageous positions for localisation and / or communication.

Various other modifications will be apparent to those skilled in the art and will not be described in
further detail here.

It will be understood that the present invention has been described above purely by way of
example, and modifications of detail can be made within the scope of the invention.

Each feature disclosed in the description, and (where appropriate) the claims and drawings may
be provided independently or in any appropriate combination.

Reference numerals appearing in the claims are by way of illustration only and shall have no
limiting effect on the scope of the claims.
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CLAIMS

1. A communication system for a subterranean environment, the system comprising:
a plurality of transceiver devices, each transceiver device comprising:

first means for communicating with at least one other transceiver device of
said plurality of transceiver devices using a first communication medium, the
first communication medium comprising a magnetic field; and

second means for communicating with the at least one other transceiver
device of said plurality of transceiver devices using a second communication
medium other than a magnetic field;

wherein each transceiver device is operable to:

switch from communicating using said second communication medium to
communicating using said first communication medium when communication
using said second communication medium is interrupted.

2. A transceiver device for a subterranean environment, the transceiver device
comprising:

first means for communicating with at least one other transceiver device of a
plurality of transceiver devices using a first communication medium, the first
communication medium comprising a magnetic field; and

second means for communicating with the at least one other transceiver
device using a second communication medium other than a magnetic field;

wherein the transceiver device is operable to:

switch from communicating using said second communication medium to
communicating using said first communication medium when communication
using said second communication medium is interrupted.

3. The transceiver device of claim 2 wherein said first means for communicating is
operable to communicate using a magnetic field having a time-varying magnetic field
vector wherein said time-varying magnetic field vector is modulated to encode
information to be communicated.

4, The transceiver device of claim 2 or 3 wherein said transceiver device is operable to
communicate information comprising locality information associated with the locality
in which said transceiver device is located using said first and/or second means for
communicating.

5. The transceiver device of any of claims 2 to 4 further comprising means for obtaining
results of measurements in an area in which the transceiver device is located,
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wherein said transceiver device is operable to communicate information representing
results of said measurements using said first and/or second means for
communicating.

The transceiver device of claim 5 wherein the measurements comprise
measurements of environmental conditions prevailing in an area in which said
transceiver device is located.

The transceiver device of claim 5 or 6 wherein the obtaining means comprises
means for receiving results of measurements is operable to receive the results from
a device comprising a sensor for carrying out said measurements.

The transceiver device of claim 7 wherein the sensor device is integrated with said
transceiver device.

The transceiver device of claim 7 wherein the sensor device is separate to said
transceiver device and the results of the measurements are obtained wirelessly.

The transceiver device of any of claims 2 to 9 wherein said transceiver device is
operable to receive information communicated by the at least one other transceiver
device using said first and/or second means for communicating and for
communicating (e.g. forwarding) said received information to at least one further
transceiver device using said first and/or second means for communicating.

The transceiver device of any of claims 2 to 10 wherein the transceiver device is
operable to detect interruption communication using said second communication
medium wherein the transceiver device is operable to initiate said switch from
communicating using said second communication medium to communicating using
said first communication medium on detection of said interruption.

The transceiver device of any of claims 2 to 11 wherein the transceiver device is
operable to initiate said switch from communicating using said second
communication medium to communicating using said first communication medium on
receipt of a signal communicated via said first communication medium or another
communication medium when said interruption has occurred.

The transceiver device of any of claims 2 to 12 wherein the transceiver device is
operable to detect, and differentiate between, a plurality of distinct encoded magnetic
fields.

The transceiver device of claim 10 wherein the transceiver device is operable to
detect, and differentiate between, a plurality of distinct magnetic fields encoded with
information to be communicated, each distinct magnetic field being emitted by a
different respective transceiver device.
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The transceiver device of claim 14 wherein the transceiver device is operable to
detect a phase, frequency and / or time relationship between the distinct magnetic
fields whereby to differentiate between said distinct magnetic fields.

The transceiver device of any of claims 2 to 15 further comprising means for
generating the magnetic field of said first communication medium, for communicating
information to said at least one other transceiver device, the magnetic field
generating means comprising at least one coil.

The transceiver device of claim 16 wherein the magnetic field generating means
comprises a plurality of coils substantially mutually orthogonally orientated with
respect to one another.

The transceiver device of claim 16 or 17 wherein the magnetic field generating
means is operable to generate a rotating magnetic field.

The transceiver device of any of claims 2 to 18 wherein said transceiver device is
operable to encode information into said magnetic field by modulating the direction of
said time-varying magnetic field vector to encode said information.

The transceiver device of claim 19 wherein the direction of said magnetic field vector
corresponds to a data symbol.

The transceiver device of any of claims 2 to 18 wherein said transceiver device is
operable to encode information into said magnetic field by modulating the change of
direction (e.g. phase) of said time-varying magnetic field vector to encode said
information.

The transceiver device of claim 21 wherein the change of direction (e.g. phase) of
said magnetic field vector corresponds to a data symbol.

The transceiver device of any of claims 2 to 18 wherein said transceiver device is
operable to encode information into said magnetic field by modulating said time-
varying magnetic field vector to produce a three dimensional time-dependent
magnetic field shape (e.g. Hypercomplex coding).

The transceiver device of claim 23 wherein the three dimensional time-dependent
magnetic field shape of said magnetic field vector corresponds to an identifier of the
transceiver device.

The transceiver device of any of claims 2 to 18 wherein said transceiver device is
operable to encode information into said magnetic field by modulating the rate of
change of direction of said time-varying magnetic field vector to encode said
information.

The transceiver device of claim 25 wherein the rate of change of direction of said
magnetic field vector corresponds to a data symbol.
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The transceiver device of any of claims 2 to 26 wherein each transceiver device is
operable: to receive respective information communicated by each of the plurality of
other transceiver devices, using said magnetic field, in a common communication
time slot; and to communicate said received information to at least one further
transceiver device in a further communication time slot.

The transceiver device of any of claims 2 to 27 wherein the transceiver device is
operable, when communication using said second communication medium is
interrupted, to determine a communication configuration suitable for communicating
with the at least one other transceiver device, and to configure the first
communicating means based on said communication configuration, whereby said
switch from communicating using said second communication medium to
communicating using said first communication medium comprises a switch to
communicating in accordance with said communication configuration.

The transceiver device of claim 28 wherein said communication configuration
comprises a communication configuration optimised to prevailing environmental
conditions.

The transceiver device of claim 28 or 29 wherein the transceiver device is operable
to determine said communication configuration suitable for communicating with the at
least one other transceiver device based on information communicated from the at
least one other transceiver device using said first communication medium.

The transceiver device of any of claims 28 to 30 wherein said communication
configuration comprises an identification at least one source of information to be
communicated to said transceiver device.

The transceiver device of any of claims 28 to 31 wherein said communication
configuration comprises an identification at least one destination for information to be
communicated by said transceiver device.

The transceiver device of any of claims 28 to 32 wherein said communication
configuration comprises an identification at least one power level to be used for
communication of information by said transceiver device.

The transceiver device of any of claims 2 to 33 wherein said transceiver device is
operable to receive information from a mobile communication device using said first
communication medium (or another wireless communication medium) and to forward
said information to said at least one other transceiver device.

The transceiver device of claim 34 wherein said information received from said
mobile communication device comprises information relating to the locality in which
the mobile device is located.
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The transceiver device of claim 35 wherein said information received from said
mobile communication device comprises information relating to environmental /
communication conditions in the locality in which the mobile device is located.

The transceiver device of any of claims 34 to 36 wherein said transceiver is operable
to obtain information identifying a position of said mobile communication device and
to forward said information identifying a position of said mobile communication
device with information identifying the mobile device to said at least one other
transceiver device.

The transceiver device of any of claims 1 to 37 wherein said transceiver is operable:

to receive information communicated by the at least one other transceiver
device of the plurality of other transceiver devices using said magnetic field,
or information communicated by another source, the communicated
information having an end destination other than the transceiver device
receiving the communicated information; and

to communicate said received information to at least one further transceiver
device wherein said further transceiver device comprises either an
intermediate destination between the transceiver device receiving the
communicated information and the end destination, or said end destination.

A method, performed in a communication system, the method comprising:
a plurality of transceiver devices, each transceiver:

communicating with at least one other transceiver device of said plurality of
transceiver devices using a first communication medium, the first
communication medium comprising a magnetic field; and

communicating with the at least one other transceiver device of said plurality
of transceiver devices using a second communication medium other than a
magnetic field;

wherein each transceiver device:

switching from communicating using said second communication medium to
communicating using said first communication medium when communication
using said second communication medium is interrupted.

A method, performed by a transceiver device, the method comprising the transceiver
device:

communicating with at least one other transceiver device of a plurality of
transceiver devices using a first communication medium, the first
communication medium comprising a magnetic field; and
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communicating with the at least one other transceiver device using a second
communication medium other than a magnetic field;

wherein the transceiver device:

switches from communicating using said second communication medium to
communicating using said first communication medium when communication
using said second communication medium is interrupted.

A communication system comprising:
a plurality of transceiver devices, each transceiver device comprising:

means for communicating with each of a plurality of other transceiver devices
using a respective magnetic field;

wherein each transceiver device is operable:

to receive information communicated by each of the plurality of other
transceiver devices, using said magnetic field, in a common communication
time slot; and

to communicate said received information to at least one further transceiver
device in a further communication time slot.

A transceiver device comprising:

means for communicating with each of a plurality of other transceiver devices
using a respective magnetic field;

wherein each transceiver device is operable:

to receive information communicated by each of the plurality of other
transceiver to receive information communicated by each of the plurality of
other transceiver devices, using said magnetic field, in a common
communication time slot; and

to communicate said received information to at least one further transceiver
device in a further communication time slot.

The transceiver device of claim 32 comprising the additional features recited in any
of claims 3 to 38.

A method, performed in a communication system, the method comprising:
a plurality of transceiver devices, each transceiver device:

communicating with each of a plurality of other transceiver devices using a
respective magnetic field;

wherein each transceiver device:
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receives information communicated by each of the plurality of other
transceiver devices, using said magnetic field, in a common communication
time slot; and

communicates said received information to at least one further transceiver
device in a further communication time slot.

45. A method performed by a transceiver device, the method comprising:

communicating with each of a plurality of other transceiver devices using a
respective magnetic field;

receiving information communicated by each of the plurality of other
transceiver to receive information communicated by each of the plurality of
other transceiver devices, using said magnetic field, in a common
communication time slot; and

communicating said received information to at least one further transceiver
device in a further communication time slot.

46. A communication system comprising:
a plurality of transceiver devices, each transceiver device comprising:

means for communicating with each of a plurality of other transceiver devices
using a respective magnetic field;

wherein each transceiver device is operable:

to receive information communicated by at least one other transceiver device
of the plurality of other transceiver devices using said magnetic field, or
information communicated by another source, the communicated information
having an end destination other than the transceiver device receiving the
communicated information; and

to communicate said received information to at least one further transceiver
device wherein said further transceiver device comprises either an
intermediate destination between the transceiver device receiving the
communicated information and the end destination, or said end destination.

47. A transceiver device comprising:

means for communicating with each of a plurality of other transceiver devices
using a respective magnetic field;

wherein each transceiver device is operable:

to receive information communicated by at least one other transceiver device
of the plurality of other transceiver devices using said magnetic field, or
information communicated by another source, the communicated information
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having an end destination other than the transceiver device receiving the
communicated information; and

to communicate said received information to at least one further transceiver
device wherein said further transceiver device comprises either an
intermediate destination between the transceiver device receiving the
communicated information and the end destination, or said end destination.

The transceiver device of claim 47 comprising the additional features recited in any
of claims 3 to 38.

The communication system of claim 1 or 41, or 46 wherein said communication
system is provided in a subterranean environment.

The communication system of claim 1, 41, 46 or 49 wherein said communication
system comprises a self organising network of said transceiver devices in which
each transceiver device is adapted to self configure and / or re-configure in the event
of at least one of the following:

a change in prevailing environmental / communication conditions (e.g. the
level of local interference);

the addition and / or removal of a transceiver device to the communication
system;

receipt of a control signal; and
the movement of a transceiver device within the system.

The communication system of claim 50 wherein said transceiver devices are adapted
to self configure and / or re-configure in order to reduce the time taken for a message
to propagate through the network of said transceiver devices by reducing the number
of transceiver devices that a message is likely to be propagated via in order to reach
a destination node.

The communication system of claim 50 wherein said transceiver devices are adapted
to self configure and / or re-configure in order to increase the reliability with which a
message propagates through the network of said transceiver devices by increasing
the number of transceiver devices (e.g. to reduce the effective communication
distance between the transceiver devices) that a message is likely to be propagated
via in order to reach a destination node.

The communication system of claim 50 wherein said transceiver devices are adapted
to self configure and / or re-configure in order to optimise requirements of: reducing
the time taken for a message to propagate through the network of said transceiver
devices, and increasing the reliability with which a message propagates through the
network of said transceiver devices.
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The communication system of any of claims 1, 41, 46 or 49 to 53 wherein each
transceiver device is operable to generate a magnetic field having a communication
band that does not overlap with a communication band of a magnetic field generated
by another of said plurality of transceiver devices.

The communication system of claim 54 wherein each communication band
comprises a distinct frequency band.

The communication system of claim 54 or 55 wherein each transceiver device is
operable to receive information encoded in magnetic fields having a communication
band within a predefined bandwidth covering the respective communication bands of
each of said transceiver devices.

The communication system any of claims 54 to 56 wherein each communication
band is encoded using a different orthogonal code whereby said communication
band does not overlap with a communication band of a magnetic field generated by
another of said plurality of transceiver devices.

A method, performed in a communication system, the method comprising:
a plurality of transceiver devices, each transceiver device:

communicating with each of a plurality of other transceiver devices using a
respective magnetic field;

wherein each transceiver device:

receives information communicated by at least one other transceiver device
of the plurality of other transceiver devices using said magnetic field, or
information communicated by another source, the communicated information
having an end destination other than the transceiver device receiving the
communicated information; and

communicates said received information to at least one further transceiver
device wherein said further transceiver device comprises either an
intermediate destination between the transceiver device receiving the
communicated information and the end destination, or said end destination.

A method, performed by a transceiver device, the method comprising:

communicating with each of a plurality of other transceiver devices using a
respective magnetic field;

receiving information communicated by at least one other transceiver device
of the plurality of other transceiver devices using said magnetic field, or
information communicated by another source, the communicated information
having an end destination other than the transceiver device receiving the
communicated information; and
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communicating said received information to at least one further transceiver
device wherein said further transceiver device comprises either an
intermediate destination between the transceiver device receiving the
communicated information and the end destination, or said end destination.
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