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Abstract-This paper describes a sdf-localisation technique
suitable for impulse radios operating indoors. Given the times of
flight (TOFs) of dominant echoes measured in self-to-self radio
channels, we present the algorithms to map typical indoor
environments comprising four wallsin relation to the radio. This
is achieved as follows: first, the type of individual echoes, i.e. a
single reflection or a double reflection, and the correspondences
among them are identified; based on these, substructures of the
surrounding environment can be reconstructed; by combining
these substructures, a complete 2D map outlining the
environment can be derived. When thereis more than oneradio,
mapping information in individual radios can be exchanged and
combined to show a more complete representation of the
surrounding environment. The technique can be extended to
solve mor e complex scenarios.

Index Terms-Radiolocation, | mpulse radio, UWB, M apping

. INTRODUCTION

The Global Positioning System (GPS),
system offering location information outdoors, suffa poor
indoor performance due to low signal availabilias GPS
signals are not designed to penetrate
construction materials. This has recently made dndo
localisation a hot research topic. Many indoor fosing
technigues have been developed, most of whicharlirxed
references to determine the location of taggedodsvjl-5].
This architecture implies that location informatidgs only
available in environments where references with vkmo
positions have been deployed. However, in many sso@n
where location information is very useful, a refere system
is not likely to have been previously deployed. Egample,
when a fire brigade is rescuing people from a sriles
building, a fireman needs to know his location idey to find
the nearest exit or corridor. Also, a fireman needsnow the
position of his colleagues in order to help or betp from
them. In this case, there is no time for the firgdde to
deploy a reference system before entering the ibgild
Therefore, an indoor wireless system providing tioca
information without fixed references would be usefu

In situations where a reference system is not avk]
individual mobile nodes need to locate themselVaerefore,
we have been investigating indoor location sensisgg
individual radio-equipped mobile nodes. This pagescribes
a technique suitable for an impulse radio to map th
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surrounding environment and pinpoint itself in tigla to the
environment.

This technique uses transmitters and their imagethe
walls as references. These images are spontaneously
synchronised with the transmitters, i.e. whenevée t
transmitter transmits a pulse, all its images ‘$rait” at the
same time. This solves the problem of synchrorsatimong
references, which is usually very costly to implemén
conventional positioning systems, e.g. the Glokitning
System equips individual satellites with atomic cél® for
synchronisation purposes.

Reducing the complexity of the system is one of rist
efficient methods to reduce the cost. To make Yses
simple, receivers are insensitive to amplitude lwage. Only
times of flight (TOFs) of echoes with energy abaobe
receiving threshold can be detected in individaalias. It has
been found in indoor multipath measurements atnge aof

the domln"’"“frequencies [6,7] that received echoes comprisemalls

number of dominant echoes from large flat surfatks
walls, interspersed with noise-like scattering framaller

through mOS{)bjects across the entire range of delays. We faneadsame

phenomenon from indoor channel measurements at Ultr
Wideband (UWB) bandwidth, which ranges from 3.1GHz
10.6 GHz, according to FCC rules part 15.517(b) 8jme
indoor channel measurements and results are destuss
section Il of this paper.

It can be expected that by suitable thresholding on
receivers, only dominant echoes including the ditiee-of-
sight (LOS), single reflections and most doubldetions are
detected. TOFs of these dominant echoes can thesdikto
map the major features of the environment. This has
similarities to image ray-tracing [9].

The calculations are not trivial, but they only dee be
updated at a sufficient rate to update the mapipiftgmation
and track the movements of radio users. This ieebgal to be
within the capacity of impulse radios and therefoesn be
done by individual users locally. The timer in tieeeiver of
an impulse radios can resolve down to near 10ps teday
[10], which means approximately 0.3cm path lengttusacy.
Based on this, the accuracy of the proposed teubnig
expected to be within a few centimetres in practie&ing
into account other errors introduced by pulse distos,
geometric dilution of position (GDOP) [11] etc. the



transmitter and the receiver in the radio are sigatiie same

most double reflections can be filtered out from{t@minant

antenna, there may be some minimum delay after theones. We are also attempting to reconstruct saendrom

transmitter transmits the pulse and before theivecdully
recovers its sensitivity. This gives a blind aréase to the
radio. Though a radio user may not be able to tetejects
within this blind area, it usually detects them dref they
enter this area. Other techniques such as infaradnar can
be used for object detection in the blind area.ré@toee, in
general it will not affect the result of environnten
reconstruction.

This paper uses 2D scenarios with a single rader us
operating in various closed four-wall environmetdsshow
how this technique can be used to map these sosnand
even more complex ones.

IIl.  THE STORY OF THIS RESEARCH

This research was originally started from mappirgyv
simple 2D indoor environments using the times oivat of
dominant echoes measured by two impulse radiogwas
radios can be treated as a subset of a radio networ
Algorithms for two radios to reconstruct a singlalvin range
and pinpoint themselves in relation to the wall ever
developed first. Basically, either radio can positthe other
one on a hyperbola by measuring the difference dmtwhe
TOFs of the LOS signal and the single reflectioonfrthe
other radio, where the foci of the hyperbola aeertidio itself
and its image in the wall.

Algorithms for two radios to reconstruct various
environments comprising two walls forming an acuight or
obtuse angle were developed and are describe@jh3JL We
then developed 2D algorithms to reconstruct typiodoor
geometries such as four-wall rooms, which are desdrin
[14], followed by a feasibility study of using twadios to
reconstruct 2.5D indoor environments with walls
perpendicular to the floor and ceiling [15].

By reconstructing more and more complex environsyent
we found that as the number of walls in the envitent
increases, the amount of information for environtmen
reconstruction increases faster than the compléxitgduced
by additional walls, though it takes more compuotatpower
to reconstruct an environment comprising more wdaher
this reason, we carried out a feasibility studg¢e whether it
is possible to reconstruct typical indoor enviromitsesuch as
a four-wall room using a single radio. Using a &nignpulse
radio to reconstruct a closed four-wall geometrgiscussed
in sections 1V of this paper.

Measurements have been carried out in order to dimd
whether, in UWB bandwidth, received echoes compese
small number of dominant echoes from large flafasas like
walls, interspersed with noise-like scattering freamaller
objects. The other purpose of the measurements jBave
the assumption that, by suitable thresholding aeixers,
dominant pulses including the LOS, single reflatsicand

INDOOR CHANNEL MEASUREMENTS

measured data and to compare the results with addtw
simulations.

A. The measurement equipment

The measurements were carried out using a channel

sounder, which adopts binary sequences to stimalateio
channel. Fig. 1 shows the fundamental architectfrehe
channel sounder at base-band. Its detailed deserigind
extensions into higher frequency bands can be fourjtl6].
Fig. 2 shows a photo of the multi-channel UWB clelnn
sounder built in a 19-inch rack, which is desiga¢dimenau
University of Technology in cooperation with MEODATY/]

in the framework of the EU project PULSERS [18].
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Fig. 1. Architecture of the real-time UWB MIMO cheal sounder
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Fig. 2. Real-time UWB MIMO channel sounder

The shift-register, binary divider and T&H of theunder
are implemented using SiGe monolithic integrateduiis. In
contrast with conventional sequential sampling ltmstopes,
synchronous digital controlled sub-sampling adoptgdthe
sounder offers extremely linear time with supejitier and
drift behaviour. The DSP module is based on stahdéi-
shelf PCB products. The sounder is driven by a 76y&tem
clock, which gives a bandwidth of 3.5GHz. It opegrin the
base-band (DC-3.5GHz) as well as in frequency Haoh
3.5GHz to 10.5 GHz and its extension to 60GH3.5GHz
has already been tested in the laboratory. The dgyun
generates 585ns M-sequences with a repetition upteo
3300 sequences per second. It offers dynamic ravge
55dB. The sounder has 2 transmitters and 4 receiver



B. Indoor channel measurement setup Fig. 6.

The measurement was carried out in an office enment As the transmitting antenna Tx approaches a wh#, t
with the channel sounder operating at the frequeneyd TOFs of the LOS signal and the single reflectioonfrthe
from 3.5GHz to 10.5GHz. The floor plan of the measwent  wall received by the receivers becomes similar.ing this,
environment is shown in Fig. 3. A mobile transmiti ~ we can easily identify the correspondences betweeninant
antenna (Tx) and a fixed receiving antenna (Rx)ewssed. echoes in a measured CIR and the surrounding veaisthe
These antennas were 1.81m above the floor. Theitipos single reflections from Wall 1, 2, 3 and 4 are aaded
were measured using a laser. The transmitting aateves  individually in Fig. 6. Fig. 6 also shows a sample
moved by a person during the measurements. In thighresholding, by which dominant pulses including tOS,
experiment, the transmitting antenna approaches fale single reflections and most double reflections barselected
surrounding walls individually, as shown in Fig.td,make it out from non-dominant ones. The method to find iable
easier to identify dominant echoes from individwedlls threshold is described in [19].
using the measured data. i
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Fedirection [m] IV. CLOSED FOURWALL ENVIRONMENT RECONSTRUCTION
Fig. 4. Movement track of the transmitting antefina USING A SINGLE IMPULSE RADIO
C. The results Being able to select the dominant echoes in receilog

Channel impulse responses (CIRs) measured by Rx areuitable thresholding, we carried out a feasibiktydy on

shown in Fig. 5. These comprise 1899 samples takina  using a single impulse radio to reconstruct clofrd-wall
constant time interval. The vertical axis repres¢he TOFs  environments, which type of geometries are the most

of received impulses in relation to the time ofmBmission, common indoors.
while the horizontal axis shows the index of theamwement For a closed four-wall environment, the total vabfethe

samples. Thus, in Fig. 5, each vertical line repmes a  four inner angles isi®2 As, in reality, corners of typical four-
measured CIR. An example of a measured CIR is shawn



wall indoor environments are either slightly greate less

than /2 instead of exactly square, there are three plessi

combinations of the four inner angles: one obtuse three
acute; two obtuse and two acute; three obtuse aadaoute.
As the total value of four acute angles is less thaand the
total value of four obtuse angles is greater thantil2ey are
not possible combinations.

When a radio user measures TOFs, because dominant

echoes usually consist of single reflections amiesalouble
reflections, it is assumed that, by suitable thoédihg, the
radio detects these echoes only, and ignores mostllo
higher-order reflections. Roundtrip delays from dinof
transmission to times of arrival of dominant echaee

number of walls but fewer TOFs available. Mappinfy o
scenarios with two obtuse and two acute inner angi# be
discussed next in sections IV.B and IV.C, where the
obtuse angles can be adjacent or opposite to etudr.o
Mapping of scenarios with one acute and three ebtuser
angles will be discussed in section IV.D.

A
Angles

1) The scenario and the delay pattern
Fig. 7 shows a single radio user (R) operating olosed
four-wall environment with three acute and one ebtinner
angle. The delay pattern measured by the userawrslin

recorded as a delay pattern, which, for the medsure Fig. 8, which consists of the TOF of nine echoegially, the

environment, uniguely corresponds to the scendribeatime
of transmission.

When a single radio is transmitting and receivimg ifour-
wall environment, any two walls forming an acutglancan
contribute a double reflection. In most closed foual
indoor environments, a wall is either roughly pegtieular or
parallel to the others. Therefore, a double refbactan be
either from two roughly perpendicular walls formiag angle
slightly smaller tham/2, or two roughly parallel walls.

When there is a double reflection around the coofiewo
roughly perpendicular walls, the two reflection mtsiwill be
very close to each other. Therefore, these two swale
adjacent. This type of double reflection is calded‘around-
the-corner’ double reflection. The number of arotimel
corner double reflections should be the same asuhwer of
inner acute angles. When a double reflection ikectfd by
two roughly parallel walls, these two walls shouldt be
adjacent, since even if there is an intersecttonill be out of
the detection range of the radio. This type of deubflection
is called a ‘bouncing’ double reflection. As mokised four-
wall indoor geometries can be divided into two paof
roughly parallel walls, there are usually two bdngcdouble
reflections.

Therefore, the delay pattern corresponding to
environment with one obtuse and three acute inngtea
usually consists of the TOFs of four single reflets, each
from a wall, three around-the-corner double reitest and
two bouncing double reflections, which is nine atat. The
delay pattern corresponding to an environment vtitio
obtuse and two acute inner angles usually consiseight

an

TOFs, as there are only two around-the-corner doubl

reflections. For the same reason,
corresponding to an environment with three obtuseé @ne
acute inner angle usually consists of seven TOFs.

the delay patter

Environment mapping as discussed in this paper use

measured delay patterns consisting of TOFs of echioe
position surrounding walls relative to the radi@musVe will

first investigate scenarios with one obtuse anéehacute
angles, where nine TOFs are available. Mappindnisfdlass
of scenarios, which is discussed in section IV.Ahid paper,
is expected to be simpler than mapping others thithsame

n
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radio user has no knowledge of the surroundingrenwient.
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Fig. 7. A single radio operating in a four-wall @mnment with three acute
inner angles
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Fig. 8. Delay pattern corresponding to the scenstrawn in Fig. 7

As three surrounding walls can contribute at mast s
echoes corresponding to a single pulse transmitedhe
user, while four walls can contribute up to nifere must be
at least four walls in the environment, assuming #iple
reflections are below the threshold.

Using TS to represent the TOF of a single reflectmd
TD to represent the TOF of a double reflection, TigF of a
double reflection reflected by walls A and B (TDati)l be
related to the TOFs of single reflections from \®a(lT Sa)
and WallB (TSb). This relation can be used to idgrtouble
reflections.

2) Partial map reconstruction
When WallA and WallB are perpendicular to each nthe

TDab=+TS& +TSE . (1)

When WallA and WallB are parallel to each other,

Scenarios With One Obtuse and Three Acute Inner



TDab=TSa+TSh. 2
As two walls contribute a double reflection only evhthey
form an angle between 0 ani®,

NTS& +TSKF < TDab< TSa+TSh. 3)
The exact value of an acute or right anglg, between walls

can be calculated using
_ TDab’ -TS& - TSK @)
a,, =arccos .
2xTSexTSk
Assume we know that a particular TD (TDab) corresiso
to two TSs (TSa and TSbh). The angle between thenalsr
from the user (R) to the two walls (WallA and W3ll&an be

calculated ag7—a,,. The distance from the user to either

wall can be calculated using

d=TSxc/2, (5)
where c is the speed of light. Based on this, ptsgositions
of walls can be derived in relation to the radig. dfining a
Cartesian coordinate system centred at the ustr,the path
of a single reflection represented by either T®idybn the
negative vertical axis, e.g. the single reflectfoom WallA,

two possible partial maps consisting of the twolsvahd the
user can be derived as shown in Fig. 9. These tapsnare
mirror images of each other.

X TShxc/2

A 3

WallB

Fig. 9 Possible partial maps reconstructed basetleoknowledge of a TD
and its corresponding TSs

In most typical indoor environments, a wall, e.gallA,
forms an acute angle with a set of more than oherowall.
As any wall from the set can be positioned in refatto
WallA and the user, a more complete map of theaiemran
be derived by positioning all walls from the setré@tation to
WallA and the user. As individual walls may formuge
angles with a set of different numbers of otherlsyaine of
them should corresponds to the largest set comgisfi most
or all other surrounding walls. This wall is calléthe
reference wall’. A possible map reconstructed basedthe
reference wall’ will be the most complete repreatah of
the scenario. This map can be presented in a Gartes
coordinate system centred at the user with the abton‘the
reference wall’ lying on the negative vertical axis

3) Accuracy
Equation (4) suggests the accuracy of reconstrunted
wall partial maps is related with the curve of aosine, as
shown in Fig. 10. From the figure, it can be fouthgt

x as it decreases from 1 to 0. This is becausdehgative of
arccosk), ___1 , decreases as x increases. According to
1-x°

(4), we conclude that the best accuracy is achievieeh the

angle @, is close ton/2, as it is the most sensitive to the

value of Thaltf -TS& -TSK
2xTSex TSt

calculated value ot is close to zero, it is less accurate.
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Fig. 10 The curve of arc cosine

4) Correspondence between double and single
reflections

Before reconstructing either possible partial omptete
maps, the radio user needs to identify whetheceived echo
is a single reflection or a double reflection anke t
correspondence between double and single reflectits
individual walls are either roughly perpendiculamparallel to
the others, the most likely value of a TD (TDab)
corresponding to two single reflections (TSa and)T®ill
fall into two very small ranges. When the two refieg walls
are roughly perpendicular to each other, TDab @adual to

or alittle greater thaR'TS& +TSKF , i.e.
TDab=+TS& +TSH NTDab>+TS& +TSH . (6)

Alternatively, when the two reflecting walls areughly
parallel to each other, TDab can be equal to d@tla $maller
thanTSa+TSb, i.e.

TDab=TSa+TSH\TDab<TSa+TSh. @)

If the value of a TOF is smaller thafrs& + TSE or greater
than TSa+TSh, it cannot represent a TD corresponding to
TSa and TSb.

5) Correspondence ambiguity
In reality, the maximum difference in angle frot2 to an
angle formed by two roughly perpendicular walls dbo
usually be the same as the maximum difference fzero to
an angle formed by two roughly parallel walls. Aliog the
same angular difference in geometry, when (6) fisfeed, in

arccosk) becomes more and more sensitive to the value ofpder to accommodate a much higher sensitivity, the



maximum possible value offpab-+Ts&+Tsg will be
considerably larger than the maximum possible vabfie
(TSa+TShH -TDab, while (7) is satisfied. This suggests
when (6) is satisfied, apart from Tab, it is veikely to find
other TDs, e.g. TDcd, to satisfy the relation of

‘TDcd—\/TSé +TSB‘ < ‘TDab— VTSE +TSE‘ max- (8)

TDcd therefore could be the TD corresponding to &B&d
TSh. This ambiguity is called “correspondence amibyg.
However, when (7) is satisfied, as the maximum ibdess
value of (TSa+TSH —TDab is small, apart from TDab, it is
very unlikely to find any other TD, e.g. TDcd, tatisfy the
relation of
(TSa+TSH -TDcd< ((TSa+TSH -TDab) .- (9)
Based on this, we designed a procedure to idertiéy

representing around-the-corner double reflectiorBy
searching for echoes from roughly perpendicular Isyal

beginning with TOFs close tgT12 +T2? , thenyT22 +T4?2,
VT2 +T6? and \T42 +T6 . VT2 +T4? and {722 +T62

are skipped, as the relations in (10) and (11) tesen found.
As expected for our example, it is found that

T3=+T1*+T2? (12)
T5=+/T2% +T4? (13)
T8=T4?+T62. (14)

The relations in (10-14) suggest that Wall2 is idyg
perpendicular and adjacent to Walll and Wall4; Wa$
roughly perpendicular and adjacent to Wall2 and I8yal
Wall2 is roughly parallel to Wall6; Walll is roughparallel
to Wall4. The exact angle between walls can beutatied

correspondences among TOFs of double and singlgging (4). The distances from walls to the radio dwe
reflections in a delay pattern, in order to effeety avoid the calculated using (5). The whole scenario can then b

occurrence  of  correspondence  ambiguity:  the \oonsirycted in a coordinate system defined usiegradio
correspondences among TOFs of single and double;ng 5 wall whose position is known in relation e radio

reflections derived from roughly parallel walls siw be
searched first, as correspondence ambiguity is uatikely

to occur in this searching; once the bouncing d®ubl

reflections derived from roughly parallel walls adentified,
they will be “removed” from the delay pattern, whitesults

in a sparser pattern; the correspondences amongs TOF

derived from roughly perpendicular walls will thelne
searched in this sparser pattern, which gives a&idahance
for correspondence ambiguities to occur.

6) Identifying the correspondence among echoes

Based on this, the radio user can start mapping by

identifying whether a received echo is a singldewifon or
double reflection and finding the correspondencenveen
double and single reflections.

The nine measured TOFs in Fig. 8 are numbered a® T1

T9 sequentially. As each wall contributes one anty @ne
single reflection, there is a correspondence beiveseh TS
and a wall. In the following discussion, a wall lwie
numbered based on the number of its correspond8)geg.
if T6 is found to be a TS, the wall correspondiogT6 is
numbered as Wall6.

Among the nine TOFs, the shorter the TOF, the rikety
for it to represent a single reflection. T1 and §fibuld be
TSs, as any double reflection should arrive latantthe two
single reflections corresponding to it. As discdssechoes
from roughly parallel walls are searched first, inegng with
TOFs close to T1+T2, then T1+T3, T2+T3, T1+T4, ¢tds
found that
T7=T1+T4 (10)
T9=T2+T6. (11)
Based on this, T4 and T6 are found to be the dilerTSs
beside T1 and T2.
representing bouncing double reflections. Therefottee

remaining TOFs, T3, T5 and T8 are expected to bes TD

and the other three walls, i.e. Wall2 or Wall4. gsiwall4
and the radio to define the coordinate system, passible
scenarios, which are mirror images of each otheg a
reconstructed as shown in Fig. 11.

M2 Ay
Walll Walll

-, 7 ||

» X X

Wall2 Wall6 Wall6 Wall2

Wall4 Wall4

@) (b)
Fig. 11 Reconstructed possible scenarios in thedimate system defined by
Wall4 and the radio

It can be found from the reconstruction that thergetry
of the environment can be determined using onlgghout of
the five relations of (10-14). This raises a sédgt issue
among them. Relations providing higher positioréeguracy
should be used. In order to achieve the best acguta2-14)
which suggest roughly right angles between waksciiosen.

Comparing the two scenarios in Fig. 11 with the mnEig.
7, it can be found that scenario (a) in Fig. 11his correct
one, while (b) is its mirror image. This mirror-ig@
ambiguity can be resolved if the user is detectechdave
moved twice in different directions. This ambiguitll be
discussed in section Il of this paper.

B. Scenarios With Two Adjacent Obtuse Inner Angles
Fig. 12 shows a single radio user (R) operating alosed
four-wall environment with two adjacent obtuse inaagles.
For a clearer explanation, acute and obtuse inngtesa in
this scenario are exaggerated. The measured deltigrp

T7 and T9 are identified as TDsconsists of eight TOFs, numbered from T1 to T8 satjally,

as shown in Fig. 13.
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Fig. 12 A single radio (R) operating in a four-wativironment with two
adjacent obtuse inner angles

(d

Fig. 14 Reconstructed possible scenarios
Four possible scenarios are reconstructed as showiy.

©

Measured Delay Pattern R-->R

ETRE A S S g T 14. All of them fit the measured delay patternsmparing
the reconstructed possible scenarios in Fig. 14 whte
: : : : : : : scenario in Fig. 12, scenario (c) in Fig. 14 isrfduo be the
0 10 20 30 40 50 60 70 . . . . .
TOA (ns) correct one, while (a) is its mirror image. The esthwo

scenarios (b) and (d) are also mirror images of amether.
By comparing (b) and (c), it can be found that tegle
between Walll and Wall3 is minus the correct angikile

Fig. 13 Delay pattern corresponding to the scersrawn in Fig. 12
By using the same method as described in sectiénthe
following correspondences between TSs and T Dsoanedf

T8=T2+T5. (15)  other walls and the radio locate at the same jomsiti This
T6=T1+T3 (16) arises because arc cosine has even symmetry. Balls w
. '2 adjacent to Walll form an obtuse angle with it. Walls
T4=T2°+T3 (17)  forming an obtuse angle do not contribute a doutflection,
T7=TR+T5? (18)  the radio knows only these two walls form an obtasgle. If

The relations in (15-18) suggests: T1, T2, T3 asdafe & Wall has an obtuse angle with both adjacent walle
TSs: T6 and T8 are TDs representing bouncing doubleScenario with this wall rotated by double its anfylam the
roughly parallel wall may also fit the measuredaggbattern,

reflections; T4 and T7 are TDs representing arcined- X : i
corner double reflBBiBRs.. Thereforer Wall? and Maire provided the rotated wall still forms an obtuselangith both
. adjacent walls. For a simpler explanation, in tb#ofving

roughly parallel. Wall3 is adjacent and roughl dicular
ughy p ) ghyestcicy discussion, this kind of wall, which can be rotatedthe

to Wall2 and Wall5, and it is parallel to Walll. &al on this, o - g L
as Wall3 can be positioned in relation to all thkeo three scenario, is called a ‘flippable wall’. This ambityis called
‘flipping-wall ambiguity’.

walls and the radio user, it is used to define ¢berdinate X
In order to be ‘flippable’, a wall needs to havetuse

system together with the radio. ; . :
Again, there is a selectivity issue among the f@lations anglgs with poth gdjacent walls both before anerdfte flip.
This is explained in detail as follows.

of (15-18), three of them will be chosen in orderachieve X L . .

the best accuracy. Relations (17) and (18) areerhass they The scenario shown in Fig. 15 describes the saemwaso

suggest roughly right angles between walls, whiehad high shovyn in Fig. ,12' !:'g' 16 shows the scenario de!nbg
flipping Walll in Fig. 15 through the vertical axigor

accuracy. One of (15) and (16), which suggestsdoguracy, . i ,
must be chosen. As the greater the angle betwedis wa simpler explanations, in the rest of the paper,ahgle from

suggests the higher accuracy, the one in (15) df) ( WallA to WallB is named agr,,, e.g. the angle from Walll
suggesting a greater angle between walls will bedus
together with (17) and (18) to optimise the recardton.
However, as a relation of low accuracy is used ojtEmised
scenario is still of low accuracy.

to Wall3 is named a#r,;. The angle from AxisX to WallA is

named a7, , e.g. the angle from the vertical axis to Wall2

Xa'!

is named ag¥, .



Wall3

Fig. 16. Scenario derived by flipping Walll throuttie vertical axis

In Fig. 15, botha,, and @, are obtuse angles, which

suggests no double reflections around either
Therefore, Walll contributes a single reflectiord @andouble
reflection in total, whose reflection paths areresgnted by
dashed lines. By flipping Walll through the vertiaais, the
reflection path of the corresponding single reftattand
double reflection will also flip through the vewicaxis, as

shown in Fig. 16. If botla,, and @, in Fig. 16 are still

obtuse, which suggests no double reflection aroeitiger
corner, the delay patterns corresponding to th@asass in
Fig. 15 and Fig. 16 will be the same. Based on tbisWalll

to be ‘flippable’, @, and @,5in both Fig. 15 and Fig. 16
need to be obtuse, i.e. in Fig. 15

a,=1l2+a, -0, >71/2 (19)
Qs =712+ 05+, > 7112 (20)
and in Fig. 16

a,=1l2+a, +a,,> 712 (21)
Qs =712+ 05 =0y, > 7712 (22)
In Fig. 15, (19) suggests

a, >0 (23)

In Fig. 16, (22) suggests

Ay >0, (24)

As dy,, dy, andQ g in both Fig. 15 and Fig. 16 are of

the same values, the relations in (23) and (24atisfied in
both figures and these are the basic requirement&/alll to

be ‘flippable’. As in common indoor geometrieﬂé:y2 and
Qs are usually small@,; is close to zero. Therefore,
generally as the angles between roughly paralldisware
close to zero, the errors introduced by the fligpivall
ambiguity are usually small.

C. Scenarios With Two Opposite Obtuse Inner Angles

Fig. 17 shows a single radio user (R) operating alosed
four-wall environment with two opposite obtuse inaagles.
The delay pattern measured by the user consistsighit
TOFs.

Fig. 17. A single radio (R) operating in a four-ivehvironment with two
opposite obtuse inner angles

By using the same method as described in sectidg I
numbering walls according to the rank order of rthei

corner corresponding TSs, it is found that: Walll and Wadlre

roughly parallel; Wall2 and Wall3 are roughly péhlWalll
and Wall2 are roughly perpendicular and adjacerdll3\and
Wall5 are roughly perpendicular and adjacent.

As each of the four walls forms an acute angle with
other walls, as discussed, any wall can be useatkfioe the
coordinate system. Using Wall2 to set up the cowmtei
system centred at the radio user with the patthefsingle
reflection from Wall2 lying on the negative verficaxis,
putting aside mirror-image ambiguity, Fig. 18 shothe
relative position of Walll, which is roughly permkcular and
adjacent to Wall2.

R X

Wall2 ai,

Fig. 18. Position of Walll in relation to Wall2 atite radio user ignoring
mirror-image ambiguity
By introducing the other pair of roughly perpendicu



walls forming an acute angle, Wall3 and Wall5, itits map,
a complete map of the whole scenario can be recmtst.
The relative position between these two pairs dfsa@n be
determined by checking the angle between roughhaligh

walls: a5 & @5, which can be calculated using (4). Fig. 19
shows a reconstructed map of the whole scenario.

Ay

b 4

Fig. 19. Reconstructed map of the whole scenario
In this case, Wall3 is not ‘flippable’ relative Wall2 on its
own, without flipping Wall5 relative to Walll, akdy need to
keep the same angle between them. Although, ibssiple
for both walls 3 and 5 to flip relative to wallsad 1, yet still
keep the same angle between them, this happens ionly

a,s = Q,3, which is very unlikely.
The reconstructed scenario in Fig. 19 can be opéchinto
a more accurate one usidlj,, a5 and the greater aff, 5

and a,5. Though the part comprising walls 1 and 2 with the

part comprising walls 3 and 5 are of high accuraity
relative position between them is less accuraterdtbre, the
optimised scenario is of low accuracy.

D. Scenarios With Three Obtuse and One Acute InneleAng

Fig. 20 shows a single radio user operating iroaexd four-
wall environment with three obtuse and one acuterimngle.
Again, for clearer explanations, obtuse and aquteri angles
are exaggerated. The measured delay pattern coo$istven
TOFs.

Wall

Fig. 20. A closed four-wall environment with 3 obéuand 1 acute inner
angle

By using the same method as described in sectidg I
numbering walls according to the rank order of rthei

corresponding TSs, it is found that: Walll and Wadire
roughly parallel; Wall2 and Wall3 are roughly péshlWalll

and Wall3 are roughly perpendicular and adjacestWalll

and Wall3 have acute angles with two other walljlev
Wall2 and Wall4 have only one, either Walll or VBathn be
used to define the coordinate system.

Using Wall3 to set up the coordinate system cendtetthe
radio user with the path of the single reflectioonfi Wall3
lying on the negative vertical axis, putting asidieror-image
ambiguity, Fig. 21 shows the relative position ofaNy,
which is roughly perpendicular and adjacent to B/all

VA

Wall3

Fig. 21. Position of Walll in relation to Wall3 atfte radio user when
mirror-image ambiguity is not considered

Wall4 is roughly parallel to Walll. Wall2 is roughl
parallel to Wall3. Therefore, Wall4 is adjacentwall3 and
Wall2. Wall2 is adjacent to Wall4 and Walll. Basau the
partial map in Fig. 21, a sketch of the whole scienean be
estimated as shown in Fig. 22.

Wall2

Fig. 22 Reconstructed map of the whole scenario
There could potentially be two flipping-wall ambities,
i.,e. Wall4 is ‘flippable’ relative to Walll and Wal is
‘flippable’ relative to Wall3. However, neither dfiese two
walls is found to be ‘flippable’, which is proved #ollows.

Apart from @, all the other three inner angles between

adjacent walls, ie.a,, , d,,, and O, , are obtuse.
Therefore,

Qo+ 0y > TT. (25)



In the coordinate system defined using Wall3 arel rddio
user (xRy in Fig. 22), the extension of Wall2 shibintersect
the negative horizontal axis, as shown in Fig. D2erefore,
Wall2 is not ‘flippable’ relative to Wall3.

As a;, andQ,, are obtuse, then
Ay t0,, > 1T (26)
In the coordinate system defined using Walll arel uker
(X'Ry’ in Fig. 23), the extension of Wall4 shouldtérsect the

positive horizontal axis, as shown in Fig. 23. Hiere,
Wall4 is not ‘flippable’ relative to Walll.

al3

Walll‘/ ay,
X

Fig. 23 Reconstructed map in the coordinate systefined by Walll and the
radio (derived by rotating Fig. 22)

Based on this, we can conclude that, for two roughl
parallel walls, flipping-wall ambiguity exists onkyhen the
side to which the extensions of these two walld intersect
is uncertain. In a four-wall environment, this reqa the two
walls both adjacent to the same pair of roughhalarwalls
form two acute angles with one of them and two sbtu
angles with the other. Therefore, flipping-wall dguity only
exists in scenarios with two adjacent obtuse iramgjles.

In Fig. 22, as there are only three acute anglesladle,

i.e. a,3, a, andd,,;, and all of them are involved in the
scenario reconstruction, there is no further omation to
improve the accuracy. As the value @f, and @ ,; are less

accurate, though the part comprising walls 2 aade3of high
accuracy, the whole scenario is of low accuracy.

E. Mirror-image ambiguity

So far, mirror-image ambiguity remains in the pbigsi
maps of the whole scenario. This ambiguity candselved if
the radio user is detected to have moved twiceifierdnt
directions. By repeating the mapping process atrwals that
allow the radio user to make detectable movemdnéspath
of the radio can be represented as a “track” iatih to the
surroundings. If the radio has turned left, therect "track”
will also have turned left, whereas the "track"tloé mirror

image will have turned right, and vice versa. & tiadio user
knows which way he/she has turned, the ambiguity loa
resolved. If the radios are carried by robots dradrtcontrol
circuits can tell which way they have turned withéns of
milliseconds, the mirror-image ambiguity will besodved
within this short period of time. Human users mdgoabe
expected to know which way they have turned, gxdonger
period of time. If the system is used to track oatthgs
without this intelligence, some other means of rueag
rotation may be needed, e.g. accelerometers.

V. MORE RADIO USERS AND MORE COMPLEX ENVIRONMENTS

Where there is more than one radio operating, eadio
may derive a different sub-set of the structurea itomplex
environment "in view". They will therefore be abke
exchange [19] partial maps to build up a more cetepl
picture of a complex environment.

VI.

This paper describes a mapping and positioningnigaie
for individual impulse radios to reconstruct a map
representing the features of its surroundings. Tddinique
has similarities to mono-static radar, but it does require a
directional antenna. By measuring the TOFs of pulse
reflected by the surroundings using a single rattits, paper
shows that, the map of typical four-wall indoor omments
in relation to the radio can be successfully retoieged. This
technigue can be extended to solve more complaasios.

CONCLUSION
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