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.Abrrrurr-Future mobile devices will increasingly have multi-  
,ple sources of location information associated with them, such as 
GPS. cellular ~ell-s~ctor ID. Bluetooth or 802.11 wireless LAN. 
I n  fdct. cellular phones with GPS receivers and 802.11 wireless 
LAN are already becoming available. However, not all location 
technologies will operate e\,erywhere (e.g. GPS typically will not 
\wrk indoors whereas 802.11 coverage may be available) and 
they typically have different accuracies and range. 

This paper presents an experimental study of the feasibility 01 
using multiple wireless technologies simultaneously for location 

We have collected signal strength information from 
802.1 1 and Bluetooth wireless network technologies, 

developed and  applied algorithms for determining location using 
data  fur each wireless technology. and then used a simple 
algorithm far fusing t h e  location estimates from both technologies 
to try to enhance the accuracy of the  location estimates. 

I .  I h " l ' l ~ O i ~ l J ( ' ' l l 0 N  

Thcrc has recently bccn a great dcal of interest in the 
Iupiiiciit of wireless geolocation tcchniqucs. driven not 

only by their commercial and military potential but also by 
regulatory prcssurcs. c.g. tlie nced to dctcmiine the location of 
ccllulai- uscrs who originate cmergcncy calls. The proliferation 
of mobile compiiting dcviccs and the development of high- 
speed. low-cost wireless networks has created ample opportu- 
nity I b I  geolocarion systcms, and a large numbcl- of techniqucs 
l i itvc bcen dcveloped [I], [2]. Howcver. most location systems 
arc dcveloped around spccific technologies. and hcncc are 
rcstricted by tlie limitations of tile tcchnology uscd. This in 
turn rcstt-icts the application set that may bc deployed on the 
system. lor  cxaniple. applications using the Global Positioning 
System [3] may not bc able to function inside buildings duc 
IO lack of coverage. 

Future mobile devices arc expected to have multiple wirc- 
lcss tcchnologics [4]. This wil l create tlie opportunity to use 
multiple tccliiiologies to infcr the location of a device. This 
sliall not only free applications f ion i  the constraints of tech- 
nology limitations. but also offcr applications the flcxibility to 
sclcct and exploit a largcr set of location information sources. 
Foi- cxamplc. cell-sector ID iiiay be sufficient to find the 
iicdrcst taxicab. but fincr granularity provided by Bluetooth 
i n a y  be required for locating a user in a shopping mall. 

I n  this paper, wc focus on obtaining and fusing data from 
multiplc wireless location cstiniation sourccs. In paiticular, 
wc investigate how location can be cstiniated in an indoor 
environment whcn the uscr's device has both IEEE 802.1 1 
wii-clcss LAN and Bluetooth connectivity. Clearly other wire- 
less technologies are also candidates e.g. Infra-Red (IR), 
ultrasound. tniagnetic pulsing. etc. Our focus i n  this paper 
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is not on the specific, wireless technology per se (although 
we necessarily have to describe and deal with the problems 
encountercd with our specific technology choices) but the 
potcntiat use of multiple wireless technologies. We have: . developed several location estimation algorithms that 

apply to both technologies. 
used a simple algorithm forfusing the location informa- 
tion from both technologies. 
evaluated the performance of both estimation and fusion 
algorithms in terms location accuracy using experimental 
nicasurements. 

To our knowledge such an investigation (especially using 
Bluetooth) has not becn previously published in the literature. 

The paper is organized as follows. Section 11 briefly de- 
scribes related work. Section 111 provides details on our experi- 
mental methodology. In Section IV we describe scveral simple 
location estimation algorithms applicable to both technologies. 
as well as data fusion algorithms that use both tcchnologies 
together. Section V presents the location accuracy results 
obtained experimentally. We end with a discussion identifying 
current liniitations and propose further work. 

11. R E L A T E D  WORK 

Almost all previous work in this area has focused on 
estimating user location with a single wireless location tech- 
nology. Examples of such indoor location systems include 
the Active Badge Location S,vstem [ 5 ]  which uses I R  beacons 
and the Cricket System [ O ]  which measures the time-of-flight 
of ultrasound to estimate distance for indoor environments. 
Various other systems using RF angulation and lateration have 
also been developed; sce [ I ] ,  [2] for a survey. Morc recently. 
the RADAR system from Microsoft [7]; the Nibble systcm 
from UCLA [XI and other location systems [9], [ I O ]  have also 
been developed; these are all R F  systems that rely on an indoor 
wircless data network. In principle. location information from 
any of the location technologies mentioned above could be 
uscd to estimate location from multiple technologies. We 
have used 802.1 1 wireless LAN and Bluetooth Personal Area 
Nctwork (PAN) technologies because of their low cost, simple 
infrastructurc and rapid proliferation for providing wireless 
data serviccs, not just for location information. 

Taking advantage of inultiple technologies simultaneously 
to pi-ovide improved location estimates was proposed in [ I I]. 
[12]. However this work provides no details on implementation 
or experimentation work. We describe specific algorithms 
for location estimation and fusion and report on detailed 
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cxpcrimcntzil nicasurctiicnts to cvaluatc the location accuracy 
that rCsultS. 

Like RADAR [7]. wc use Static Scene Analysis [ I ]  as 
the location cstiiiiiition mcthodology. RADAR is an indoor 
location tracking system that uses 802.1 I wireless LAN as 
its sc~isor technology. While our nicthodology is siniilnr to 
K A D A K .  we bclicve it differs in important details (discussed 
later) and is Iiiuch more repi-esentative of realistic situations. 

Fiiii1Ily. IBA4 Alaindcn L13] has focused on resolving con- 
Ricts bctween lo~atioi i  info]-niation generated from multiple 
witrccs. This work pruposcs at1 algorithni that sorts location 
inl\wiimtion based oii CO-lociltiiin. tinic stamping and user- 
dcvicc association. t o  select the information source at the top 
of tlic sorted list. On the other hand, we propose a simple 
algorithm that intcgt-atcs infomiittion from multiple sources 
fbr indoor environments using geometric avcraging. 

T h i s  scctioli outlines the nicthod used to co\Iect raw signal 
data for Bluctooth 2nd 802.1 I wireless LAN and discusses 
tlic use of Static Scene Analysis to smooth wireless channel 
cffccts and translate signal data into location estimates. 

A E~~peririiei~r(11 Z.~t / id  
OUI- cspcrinicnta tcstbed is located on thc fifth floor o f  a 

six-story building. The experimenval area iiieasurcs 32.2ni by 
75.7ni and consists of Bluetooth and X02.1 1 wireless LAN 
inti-asti-uctures wliicli provide owl-lapping coverage. 

'fhc Bluetooth infrastructure featui-es three stationary hose 
.siuiion.s ( s l a w  devicus). a n d  oiic mubile client (master device). 
'Jhc Bluctooth basc stations consist of thrcc laptops featuring 
it I'cntiiiiii 233 MHz proccssor arid 64MB of RAM. The 
in iobi le client i \  ii Pcntium SOOMHz. 128MB RAM laptop. The 
husc stations and client are installcd with Toshiba Bluetooth 
PCMC'IA cards wliicli providc a nominal ]range of 30m. The 
Bluctooth basc stations arc positioned to provide overlapping 
zoveragc. and foi-m mutual Bluetooth connections to aid real- 
titne data collection: 

The S02.1 I wirelcss LAN infrastructure consists of three 
Orinoco basc stations. Thc ]range o f  the network i s  nominally 
100m. The wireless LAN client consists a Pcntiuni 800 MHz 
L i l i ~ p  cquippcd with a Luccnt Silver 802.1 I wireless LAN 
eiird a t i d  the Orinoco Client Managcr software package. 

5. Stl l l i l .  SCL'IW l r l l~l l \ : .si .s 

Static sccnc analysis was used as thc location estimation 
tcclinique bccause it appcars to provide good accuracy for 
luciitioti estimates i i i  small and iiicdiuni sized locales and 
h c s  iiot requirc precise timc synchronization betwcen mobile 
cl ict i rs and basc stations. Froni the perspective of our approach 
iis ii whole. othcr location estimate techniques, such as those 
iiscd ill Nibblc and the C M U  systciii. could also be used. 

I'iir Radio Frcquency ( R F )  based technologies, static anal- 
ysis involvcs the 1 )  iiicitsureniciit and storage of ofline radio 
sigiial chziractci-istic (e.g. signal strcngth) at fixed, known 
lkxatioiis in the a r w  of ititexst e.g. floor in a building. 
lirior 11, system operation. 2 )  nicasurenient of nmrinie signal 

characteristic of an active radio connection of a mobile device 
during system operation, 3) comparison of offline and runtime 
data to find one or more fixed floor locations where the omine 
characteristic is closest to that measured at runtime. 

FoI both 802.1 1 and Bluetooth we use radio signal strength 
as the detcrniining radio Characteristic in static scene analysis 
because previous work has shown that it is better suited for 
location estimation than the signal-to-noise ratio. Nonetheless, 
radio signal strength can vitry grcatly temporally as well as 
spatially. Thus we employ thc h,-ircI~eriny heuristic to generate 
location cstitnates from signal strength: ior a given runtinic 
signal strength measurement T the database is searched to find 
the closcst offline measurement in the range T - b and r + b, 
where b is a tunable parameter called the hrizcket (with ties 
broken to favor stronger signal strengths): if none is found the 
location is assumed to have insufficiently reliable coverage and 
the measurement i s  discarded. Finally, note that a measured 
radio signal strength from a single base station may result in a 
S C ~  of several cundidute locations; these candidate location sets 
are resolved to a single location cstimiite using the algorithms 
described in Section IV. 

C. Datu Collection 

To collect offline nieasurcnieiits for static scene analysis an 
imaginary 2m x 2m grid was placcd on a scaled map of the 
experimental area and used to select 49 differcnt equidistant 
physical locations on the grid. 

I )  Blueiooth rirrfu collection: The strength of a Bluetooth 
connection is measured in tcrnis of l ink ylirrlity that vanes from 
0 to 255. Although we would have prefcrred a measurement in 
dBm. link quality was the only option offered by the available 
hardware. 

In the offline phase. 50 link quality samples were measured 
in each of four directions (north, south, east and west), at 
each of the 49 physical locations, for each of the three base 
stations. In the runtime phase, raw link quality information was 
collectcd at 18 different physical locations. These 18 locations 
were chosen at random and do not correspond to the gild 
locations where oMinc measurements were taken. Also, the 
measurements were taken at a different time than the oftline 
measurements. T h d  MI consider ( I  reulistic sitiruiion that 
takes into u ~ c o i i n t  hoth the teniporol and patio1 ilcwiubility 
of  n,ir-eless links. We chose 18 locations delibcrately so as  
to systematically cover three different coverage scenarios: at 
6 of the  location^ there was covei-age from 3 base stations. 
and another 6 there was coverage from 2 base stations, and 
at the remaining 6 there was coverage from only I .  At each 
location, 50 samples of link quality data were taken while 
lacing the north direction. Note that while the the offline 
measmmcnts were taken at multiple orientations (north, south 
cast and west), since therc is no simple way to detect a mobile 
uscr's orientation. they cannot be matched directly to the user's 
orientation. Thus we consider,. the redist ic siturrtion where U 

i ~ e r  :T orientation is i inl~nown and qlpine drrra is the averlrgt. 
qf niefi.simntent.s tuken with nziiltiple orienrirtions. 
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-'I 6117. I I dum d l e c i i o n :  The method for 802. I I data 
col lccl ioi i  x a h  similar to that for Bluctooth with the sti-cngth 
of t l ie SO?. I 1 wireless connection iiieasurcd in t e r m  of signal 
. ~ . w n g f h  in d t l i n .  

A s  discussed previously. t l ie signal strength nieasurenieiits 
for  cach wireless tcchnology arc pioccssed using bracketing. 
FOI- Sl l7.I  I the rcsult is a set of vectors < z , ~ , H , u , I ,  > 

is the location of the nicasurcmcnt i n  the Hoor 
system and .-i is the set of candidate locations 

obtainud (as ii result of bracketing) for the nieasureineiits 
taken of  t l ie  signal sti-ciigtli froin base sratioii A: similarly B 
;>rid C.' arc the candidate locntiuns obtained for basc stations 

tively. For Bluetooth we denote the vectors 
Bc. >. Note that depcnding upon the location 
~ i i r ~ m ~ i n s  are tilkcn. any of  thc  candidatc 

IoCiitioii sets inlay be ciiipty. 111 this scction we describc several 
l i c i i r i s l i c  iilyorithnis uscd to 1-esolvc t l ic candidate location sets 
iiito a <ingle location csl i i i iatc. 

:/. . h u I / c , . s r  Po/,:goii ISPI ulgorirlzm 
The Smallest Polyfoii algol-irhm scarches through a l l  poly- 

gons tliiit can be formed. wlicrc cadi vertex is from a differcnt 
candidatc location set (i.e. one each from A, U, G ) .  We call 
such a polygon a rii.srincr-iwreY poly$on. and the intention 
of iisiiiy such polygoiis is to allow a fair contribution from 
all basc stations. Sniallcst Polygon finds the distinct-vcrtex 
pnlytgi i  with tlic smallest perimeter. and I-ctums the centroid 
o i  tha t  polypon. If thcre is only one non-empty location 
XI 1i.c.. there is covcragc fi-om only a single basc station), 
Sinallcst I'nlygon drops the distinct-vertex requircincnt and 
sclccts one of tlic calldidate locations at random. Figure I 
illustriilcs an exainplc. 

H. 7 i ~ 1 ~ 1 ~ 1 ~ ~ i l ~ 1 ! i o 1 7  /T,VI ulgii.i/hm 
Ti-i;tngiil;ition is a classiciil location estimation tcchniqiie 

lliiil h;is been uscd in vai-ious location systems including the 
\\'i,lcly iicccptcd GPS. Triangulation forms. for cach base 
slation. a circle with the hasc station as tlic center and passing 
tlii-oiyli M cnndiclate location. I f  tlie three circles formed for 

tlircc base stations intersect at a single 1oc;ttion. that location 
forms the best estimate of lhe iiiobilc devices' location. 

Howcvcr. frequently circles intersect at two points or do iiot 
interscct at all. Thc heuristic we usc to rcso1vc this is that (a) 
each circle is the lai-gest possiblc, i.e.. wlmc there is a choice 
of candidate locations to draw a circlc for a given base sfation. 
we choose the candidate furthest from the base station: and (b) 
the intei-section points belonging to each circle-pair are used 
to foi-in the shortest distinct-veitcx polygon a i i d  thc centroid 
of that polygon is used as the final location estimate. 

C. .AfeiLre.sr Neighhor INN) ~rlgiir ithni 
The Nearest Neighbor algorithm is used in the RADAR 

system for 802.1 I wireless technology and operates a s  follows. 
Assume a triple (a ,  b,c) whcrc ci icl i  elenient of the triple is 
tlic runtime signal strcngtli measured for basc stations A. B. C 
respectively. The observed triple i s  compai-cd with the offline 
nicasurcnients to find tlic location I with the signal strength 
triple (a', b'; c') such that the Root Mcan Squared (RMS)  error 
r = &(a - + ( b  - b')2 + (c - c ' ) ~ )  i s  minimized: 
that looition 1 is then reken as the mobile device's location 
estimate. 

Observe that Nearest Neighbor always returns a location 
on the grid where the offlinc iiicasiireincnts werc taken wlii lc 
Sniallcst Polygon and Triangulation generally almost never do. 
A modification to Nearest Neighbor evaluated i n  the RADAR 
system is to consider not only the location with t l ic lowest 
RMS error but the locations with the k lowest R M S  errors. 
and average the result. I t  was found i n  the RADAR system that 
the Ireduction in distance error was miall. and bcyond IC > s 
the error actually increased. 

We now dcscribc a simplc algoiithin that processes esti- 
niatcs from individual sensor technologies in a bid to acliicvc 
more accuratc location estimates. 

D. Buvic (Averuging) Fimioii 
Smallest Polygon, Triangulation or Nearest Neighbor inay 

be uscd to obtain location cstimatcs for individual sensors. 
Each sensor estimate contributes to polygon foi-mation and 
tlic centroid of t h i s  polygon is proposed as the final result. In 
our case, since we liavc two technologies, we use the midpoint 
of the line connccting tlic estimated location obtained for each 
technology. 

V. PER ro i i  M A NC II EVA I.. U A S  I O N  
This section presents results of our experiments. While 

a n  extciisive expcrimental evaluation has becn carried out, 
wc only present some of the rcsults due to lack of space. 
We evaluatc: (I) how w e l l  tlic estimation algorithms work 
when using a single technology. and compare tlicni to each 
other, and (2) how well they work when using multiple 
technologies simultancously. In tlic latter case we compare 
different scenarios where multiple technologics are used. and 
the different algorithms when used in  those scenarios. The 
metric used throughout is the iiican distancc crror. where a 
location estiiiiatc, say [z',y'j is compared with the known 
true location (Z,TJ) to yield the disronce error e = J((z - 
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.1 1 + (:t, - y 1 I,.  and the niciiii ilistilncc error i s  calculated 
ci-al location estimates. 

I .  < '?,m,wril~,m o / r i w  iociirio,, eciinwtioii uigori/liiiis 
lHc~-c wc bi-iefly compare the locatitin cstiiiiation algorithms 

iii terms of ~i ica i i  distance errol- using 802.11. Figure 2 
s h o w  the i i ic i i i i  distillice erroi- for the difi'ci-cnt algorithms 
h i  loci i t ioi is whcrc tlicrc is coverage from I. 2 and 3 basc 
stiitioiis I-cspcctivcly. First we obscrvc that. as  cxpectcd, in 
cci~cr i t l  dlstancc cmor dccrc;tscs as the numbcr ol'basc stations 
coici-iiiy a lociition i i icrcx This trend i s  iniirrored in the 
~ ~ i i i i i l i t r i l  ile\~iittioii ol' the distancc el-ror in Figure 3. The 
chccpl io i i  i s  lhc NN k=2 ;ilgorithiii. for which crrtir increases 
iii going t'roni 2 to 3 base stations. 111 t h i s  case choosing ~ i iorc  
cuditlate locations (with k=21 causes locations furtlier from 
tlis i ic iu i i l  lociitiiiii to he included as candidates: with 3 base 
ht,ttiims. th is  ~I'fcct hecoiiie\ pronnuiicetl. 

Mfc iilso obscnc that iii gencral the Sm;illcst Polygoti 
d g w t l i i i i  outpc~-I'or~iis the othcr rltl-ce algorithms when using 
SIJZ. I I. by around I .X-2m (2X'%,-3 1 % )  and 4.5111 (24%-2R%) 
few 3 31id i b;tse statioiis coverage (for I base station coverage 
SI' arid TN show equal r csd ts  because wlieit  no circlc intcr- 
scclioiis arc iound TN falls beck to SP). The exception i s  the 
ciise u f 2  hasc st i i t i t i i is  wlicrc NN k=2 performs better than SP, 
bui thc impn,vcnient i s  slight iind SI' remains the best choice 
~ ) i c r i i l / .  I-Iowcvcr. [ h i s  ilnpl-ovcniciit conics at the expense of 

i c r  \'ariaice in tlic Iociition cstiiiiatcs. 
~ t r c  4 coiiipal-c> tlic ltic;itioii iiccul-acy obtaincd by  using 

t$ i t i v loo t l i  2 1 i i d  S02. I I individually for varying numbers of 
i , j i b / c  h s c  stations. lii gci icnl  iisiiig Bluetooth gives better 
i~ccu racy  than iisiiig Sl l2 . I  I liir a l l  algoritlinis except SI'. Thus 

in an environment offering both 802.1 1 and Bluetooth base 
stations. 'TN or NN would seem to be the better single algo- 
rithtn for location estiniation. Funhcrmorc. these algorithms 
sltow smaller standard deviation than SP (not shown due to 
lack to space). Thus the following discussion focusses on TN 
and NN. 

B. Locorion durn fiisioii 
We now consider the effect of using multiple technologies 

simultancously. One of  the key advantages of using multiplc 
technologies is that location cstiniation can take advantage o f  
information tliat would not be availablc othcl-wise. Intuitively, 
this should iniprovc location accuracy because information i s  
collected from tiiorc basc stations o f  different technologies. 
We quantify this improvement in Figure 5 whcre Basic Fusion 
emerges as the winner: for TN the iniprovemcnt is 1.7- 
3.3m(3h-52"/:3) and 0.2-2.5m(2-24%) for three and two bdsc 
stations coverage 1-cspcctively: for NN th improvement i s  0.5- 
2m(10-31%) and 0.4-2.3ni(5-2XU/o) for three and two base 
stations covei-age respectively. 

We now make a different evaluation of the use of inultiple 
technologies. The total number o f  base stations is kept constant 
in all cases, i.e. 3, and different combinations o f  802.1 I and 
Bluetooth base stations are. used. Figure 6 shows tlic mean dis- 
tance error obtained by post-proccssing the location cstiniates 
using fusion. Wc note tliat fusion imp]-ovcs location accuracy 
compared to using X02. I I alone, and this inipt-ovcnicnt can be 
suhstdntial - fol- 'TN the iliiprovement approxiniates at 0.(,-0.7 
m l l 2 - l 6%)  a n d  for NN at 0.4-1.5m (0.22%). On the other 
hand. the distance ci-ror compared to Bluetooth increases to 
O.+ Im (10.23%) and In1 (21"A) for TN and NN respectively. 
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We also iiote that the results are not unambiguously in favor 
of using Bluetooth over 802.1 I .  For example, the combination 
of using two 802.1 1 and one Bluetooth base stations providcs 
better accuracy (l. lni. l7'%) than using two Bluetooth and one 
X02.1 I for'". This iiidicatcs that although Fusion with data 
from Bluetooth base stations generally improves accuracy, 
the amount of improvement can vary. and the availability 
of Bluetooth in lieu of 802.11 does not always result in 
Improvements. 

VI. D I S C U S S I O N  A N U  FUR'I'HCR W O R K  

I n  this scction we briefly discuss some of the issues arising 
with t l ie usc of multiplc technologies in the light of our 
cxperiniciital obscrvarions. 

Our cxpcriniental methodology is similar to that used in 
RADAR. but with important diffcl-ences. RADAR tested the 
accuracy of the N N  algorithm by comparing an offline signal 
data with all otnine measurements. In contrast we take into 
account the real vai-iation of radio signals in space and time 
by taking actual runtime nirasureincnts. at a diffcrent time and 
at I-andom locations not on the original grid. 

Wc cxpected rclativcly better accuracy from Bluetooth than 
802.1 1 than we actually obtaincd. considering thc difference 
in ccll radius for the two technologies. We hypothesize this 
is due to our use o f  thc first version of Bluetooth PCMClA 
canls available in the niarkct. The card did not provide a true 
signal stren:rth indication ( in  dBm) but a scalar representation 
o f  strcngth called link quality. which has no units. It is not 
clair  how accurately link quality reflects signal strength. We 
also found that tlic Bluctooth link quality measure fluctuates 
fitr mo ic  than 802.1 1 signal strength even at a single location. 

A direction for futurc work is to evaluate different radio 
cliaractcristics for location estimation (e.g. signal-to-noise 
ratio i n  conjunction with signal strength, thc probability dis- 
tribution of signal strength. angle of ariival, etc.). Also, more 
sophisticatcd location cstiniation algorithms, both for a single 
tcclinology as well as for data fusion, should be developed. 
Finally. the effcct of using othcr technologies together (e.g. 
IR. ultrasound. GPS, ccllular, etc) i n  indoor as well as outdoor 
ciivirontiicnts should be investigated. 

V I I .  C O N C L U S I O N  
We have carried out a detailed experimental study of the 

fc. ns i  . '& il i ty of usins multiple wireless technologies for location 

cstimation. We conclude with the following obscrvations from 
our study: . In general Bluctooth givcs better accuracy than using 

802.1 1 wireless L A N  the algorithms. In an cnvironment 
offering multiple technologies. Triangulation and Nearest 
Neighbour work well with Bluetooth. On the other hand 
Smallest Polygon is found to work well with 802.11 
wireless L A N  at thc cost of higher variance. . Collecting signal information from iiiultiple technologies 
implies data availability from an incrcased number of 
base stations that should iniprovc location accuracy. We 
quantify this improvement showing that it can bc signif- 
icant. resulting in iniprovements of 0.2-3.3111. Thus in an 
absolute sense exploiting niultiple technologies wherever 
available is beneficial. 
In contrast to the above case, wc investigated the impact 
of fusion on location accuracy with a constant numbcr 
of base stations from multiple technologies. While our 
results are not unambiguous, wc note that fusion iniproves 
location accuracy over the sole use 802.1 I wirelcss L A N  
by 0.4-1.5m. 

In further work we propose considering more sophisticated 
estimation algorithms for single technology cstiiiiation as well 
as location estimation by fusing information from multiple 
tcchnologics. 
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