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Abstact - In this article, hybrid TOA/RSS and TDOA/RSS lo@tion estimation schemes, suitable for short-rangeetworks,
such as WiFi, Ultra-wideband (UWB), Bluetooth or Wreless Sensor Networks (WSN), are examined. Firdyndamental
theoretical bounds on the estimation accuracy of #se schemes are analyzed. Then, a practical implemt&tion of the
TDOA/RSS hybrid location estimation scheme for paiitlly synchronized WSN is proposed. The performancérade-off
involving the number of synchronized and non-synchonized devices involved, and geometric positioningf the reference
devices is finally discussed. The hybrid approactotlocation estimation has the potential of becominthe winning strategy
for the design of positioning systems for WSN.

Index Terms— Location estimation, TOA, RSS, TDOA, short-rangaetworks

INTRODUCTION

The dominant location estimation techniques used in Wirdedlslar Networks (WCN) include time of arrival
(TOA) and time difference of arrival (TDOA) [1]. AlthohgReceived Signal Strength (RSS) measurements are
easily available [2], the RSS-based location estimation has bemmuented in WCN. The reason lies in its
dependency on the distance of the located device to the referent®(pei base stations); namely: the farther the
located device is from the BS, the lower the accuracy. In shioge networks, the distances between the devices
and the reference points are typically by an order of magdmismaller than in WCN. For example, the transmission
range of WiFi, UWB and WSN is around 30 meters; for Blottpit is 10m. At this range, the performance of the
RSS-based location estimation is improved. Moreovecesshort-range networks are characterized by high device
density, the likelihood of a located device being in very cfosaimity of a reference point is substantial. Hence,
exploiting RSS in short-range networks could provide-tmst improvement in the location accuracy.

In this paper, hybrid location estimation techniques, basethe combination of RSS measurements and either
TOA or TDOA measurements, are studied. The objective is poowe the accuracy of the location estimation in
short-range networks by taking advantage of easily availab® R&surements. Indeed, the results indicate that
hybrid schemes improve overall location estimation accuracy sigmificantly improve the behavior in the
proximity of the reference devices with respect to TOA-amlgt TDOA-only schemes.

In [3], the authors established the feasibility criterialf@ation estimation in wireless networks, in terms @& th
relationship between the number of reference devices andntiteenof devices whose location is being determined
(blindfolded devices). They also computed the Cramer-Raond®oyCRBj for TOA-based and RSS-based
estimation for arbitrary number of reference points awdtér devices. They did not consider the case of location
estimation based on the combination of different location tqubs. Here, these results are extended to the case of
the TOA/RSS and TDOA/RSS hybrid schemes.

THE CRB OF TOA/RSS AND TDOA/RSS LOCATION ESTIMATION SCHEMES

Consider a wireless device whose location is being estimatediedeas D-0, and a set of reference poiNfs,
which are within the range of D-0. Subsets of referemdet® capable of performing TOA and RSS measurements
are denoted a0, andNgss, respectively. A reference point can be in either of the tsets, as well as in both,
i.e.N= Nroa O Nrss.

1 CRB is the statistical term for the lowest acht#eanean square error
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Assume that the actual location coordinate of D-@&is [Xo, Yo]. The location estimation problem then consists in
finding the estimate of the coordine, given the coordinate vector of the reference paires([6s,...,0cdn)],
wherecard(N) denotes the cardinal numberhf

The CRB of TOA/RSS scheme

The TOA observations are commonly modeled as nomasadlom variables- N(d, ,/c,0?), where di,ois the

separation of D-0 and reference paint is the speed of radio-wave propagation ands the parameter describing
the joint nuisance of the multipath nature of thepagation channel and the measurement error. 88 R

measurements are log-normal random variable§(P,(dB),o2), with R (dB)=R(dB)-10n, log,d,; ), where
P,(dB) and R (dB)are the decibel values of the mean received poweértiae mean transmitted power of D-0
respectivelyn, is the propagation exponent, aazj, is the variance of the lognormal shadowing.
The CRB, i.e. the minimum achievable mean squaoe ef any estimato!éO is:

Ol = n}!n E[(% = %)% + (Yo = ¥o)°]
Using the tools of statistical inference [4], thRE can be derived from the known statistical prtpsrof the TOA

and RSS measurements. The expression for the CRBeovariance of the TOA/RSS location estimationesce
was derived in [5]:

card(Nroa) +b Zd—z
i0

2 .2
O'éRB = T ! ARZSS A 5 (1)
1 2 b J 2 ]
— A+ —+Db ’
(020-1?)2 iDNZTOA _j%‘:)A : CZO‘? iDNZTOA jD%F;S d120 iDNZRS JD%F‘:S di,odi,o
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10n 2 _ doxi,jdi,j . . . . L.
where b= —F* | ,A; =———= is a unitless parameter, representing geemetric conditioning [3] of
o, 1og10 ’ d; od; o

devicesi andj with respect to D-0, andy; is the length of the shortest distance between @n@ the line
connectingi andj. The A;; in fact represents the area of the parallelografined by the devices D-0,and],
normalized byo|i’O [d,,- The concept of geometric conditioning is illusdain Figure 1.
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FIGURE 1 GEOMETRIC CONDITIONING OF DEVICES 1 AND 2 WITH REECT TO DEVICE 0

It is worth to analyze the expression (1). Thetfiesm in the denominator represents the contidoutif the TOA
measurements to the CRB. It depends only on thebaumf reference devices and their geometric ciorditg
with respect to D-0, regardless of their separafidre third term in the denominator representscthvribution of
the RSS observations. Due(t@m mjvo)Z in the denominator of this term, the contributafrthe RSS measurements

to the location accuracy is determined by the sdjmar of D-0 from the reference points, as expediatiucing this
separation (e.g, by increasing the node densityeases the RSS contribution. The above remarkst e terms
in the denominator are also valid for the first dhd second terms in the numerator, respectivdtgrdfore, the



TR2004-096 MERL- MITSUBISHI ELECTRIC RESEARCH LABS
http://www.merl.com

analysis of the expression (1) confirms the follogviwo statements:

- the accuracy of TOA-based location estimation ddpeon the number of reference points and their
mutual positioning, but does not depend on theadist between the located device and the reference
points;

- the accuracy of the RSS-based estimation is grekpendent on both the number of the reference
devices and the distance between the located damit¢he reference points.

The ability to perform TOA observations implieslfaétwork synchronization. Therefore, the TOA/RS8esne is
applicable to synchronized short-range networky.ohhis requirement is very stringent, and can ddaxed by
using TDOA/RSS scheme, discussed in the followagien.

The CRB of the TDOA/RSS location estimation scheme

The lack of synchronization in short-range netwaska major obstacle for the use of location ediipnetechniques
based on the TOA, where transmitters and receinexsd to have synchronized clocks and bi-directional
communication. Global synchronization is a serighallenge in short-range networks, due to the requents
related to highly precise central clock in wirelegevices and low-network installation cost. In diddi, even if the
synchronization is achieved, at least three symibeal stations must be observed within the radieerame of the
located device for trilateration. Due to short res\gthis drastically increases the required nurobsynchronized
devices in the network.

The lack of synchronization can be mitigated bylaeipg TOA measurements with TDOA. One TDOA obstora
is the difference between TOA observations of teference points, which allows elimination of thé&miown offset
between the clocks. Usually, one of the refererietp used to obtain the difference between TOAeolaions is
fixed, and can be assigned index 1. TDOA obsematioan than be modeled as normal random variables

~N((d;, —d,,)/c,207). Note that reference point with index 1 cannotvjite independent observation, hence

card(Npoa) = card(Nroa) — 1. Therefore, in order to cope with the laclsgfichronization, the TDOA sacrifices one
observation and doubles the variance of the remguard(Nros) — 1 observations.

The computation of the CRB of the TDOA/RSS was dor{é], and the closed-form expression is:

card ( NTDOA) 1 -2
- cosy, +b ) d,
coi ool g00WH T 20 @)

A'j(dyg +dg)+
1
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where J4; is the angle betweed,; and dy;. The comments made on the expression for the CRBOA/RSS
scheme, eq.(1) also hold for eq.(2). The only ftgve the second term in the numerator and thenfof the first
term in the denominator, which emphasize the gegnwtdevices performing TDOA observations, sindeOA
observation are more geometry-dependent than TOA.

Comparison between TOA/RSS and TDOA/RSS

For CRB computations, the channel measurementtsegivien in [3] are used, obtained using a widebdinelct
sequence spread-spectrum transmitter and recditertransmitter outputs a 40MHz signal with codegth of

1024 and 10mW of power. The measured channel gaeasnarec,, /n, =2 and Co; = 1.8. Four reference
points are first placed in the corners of an 18mi.8m square, and the CRB for every coordinate @ tthgion for
TOA (Fig.2) and TOA/RSS (Fig.3) cases is compufdtreference points are capable of performing bBb®A and

RSS observation, hencard(Nop) = card(Nrss) = 4. In the TDOA/RSS case (Fig. 4), the refergoaiat with index
1 is placed in the center of the area aa(Ntpon) = 3. In order to maintain the central symmetrytiod plot,
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circular area with radius of8/+/77 =10m is used, thus preserving the same size of the @sen the TOA and
TOA/RSS cases. The other three points are placgidistantly around the circle.

The comparison between Fig.2 and Fig.3 revealsTst/RSS has better overall location accuracy thea. In
particular, the use of RSS measurements mitigatedifficulties in locating the devices in the piraky of the
reference points, which are inherent to the TOAedaschemes. The accuracy of the TDOA/RSS schergedjis
inferior to TOA/RSS, as expected, due to the saeribf one TOA measurement. However, it also exhibi
smoothened accuracy around the reference points.

Fig.5 shows the mean CRB over the entire area showkig.2-4, for varying sizes of the area. MeanBCRr
TDOA is also added, for comparison with TDOA/RS®e-axis shows the radius of the circular region for
TDOA and TDOA/RSS scheme. For TOA and TOA/RSS sehetime mean CRB is computed over the square
region having side equal tgJ/77, so that the corresponding area sizes are idémtical four cases. The benefit
from the use of RSS measurements, in conjunctith WOA and TDOA, becomes evident at ranges belosugb
30m, for the given channel characteristics. Thithésrange a typical short-range wireless netwsukh as WiFi,
UWB and WSN. For longer ranges, TOA/RSS and TDOAR®rform essentially the same as TOA and TDOA,
respectively. It is interesting to examine the effef the number of reference devices and theimuadypositioning
onto the location accuracy. This aspect will bedksed in the following section.
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FIGURE 2 THE CRB OF THE TOA SCHEME ESTIMATION WITH FOUR
REFERENCE POINTS IN THE FOUR CORNERS,{/n, =2 AND co, =18).
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FIGURE 3 THE CRB OF THE TOA/RSS SCHEME WITH FOUR REFERENCE
POINTS IN THE FOUR CORNERSA; /n, =2 AND co; =18).
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(04/n.=2AND cg, =18).

A HYBRID LOCATION ESTIMATION SCHEME (H-LES) FOR PAR TIALY SYNCHRONIZED
WSN

In this section, we propose a practical locatidtinegtion scheme for partially synchronized, heterogpus WSN,
comprised of sensor nodes (SN) that have very srarsmission ranges (e.g., 30m) and no sensenofdj relay
nodes (RN) that have simple routing capabilitiesl ame not synchronized with the network, and muijual
synchronized absolute position routers (APR). TNis San be corresponded to the RN- devices in thBe& [7]
standards, and the RNs to the RN+ devices. Theopaabhybrid location estimation scheme (H-LES)dsedal on
the combination of TDOA measurements between the &M the APRs that SNs can hear, and RSS measuseme
between the SNs and their neighboring RNs. The TD@¢hnique is used in order to mitigate the lack of
synchronization between SNs and APs. The advarthgee H-LES is that it exploits both TDOA and RS3we
TDOA measurements are used to provide accuracgcatibn estimation in an unsynchronized networkijevte
use of RSS measurements at RNs enhances the gcuwiittsio the neighborhood of RNs. In the H-LESisieasy to
quantify the trade-off between the number of syantmed routers, the density of relay nodes andatiféevable
location estimation accuracy. This gives an angwean important design consideration.
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Another advantage of the H-LES is that it takee Baxtcount the heterogeneity in communications raf@etwork
devices. The location estimation schemes availabthe literature are based on the assumptionathaihe nodes
have the same radio communication range. In otloedsy if node-A can hear node-B, node-B can also hede-
A. This is not realistic, because of the differesahsmission powers, battery capacities and oveoatiplexity of the
devices. Also, APR nodes are mutually synchronizddle RN and SN are not. In the following subsewes, the
description of the H-LES scheme is given. The CRBte estimation accuracy of this scheme is diszligs the
light of the performance trade-off between the naménd density of APRs (i.e. TDOA measurements) RNg
(i.e. RSS measurements) involved. Some thoughtslsmededicated to the prospects for future work.

Description of H-LES

The hybrid location tracking system, as illustraitedrig.6, consists of three device types: SNs, Bi$ APRs. The
SNs are simple sensor devices with a radio cirgwifrvery short communication range (e.g., 10-3Qers). They
are only capable of listening to and forwardingnsig. The RNs are low-cost devices with simple ingut
capabilities and ability to measure the RSS ofivecksignals. They also have a very short commtioicaange
(e.g., 10-30 meters). The APRs are stationary knloeation devices with a precise central clock. The
communication range of the APR is very long (elf)Q meters or longer). They are responsible folectihg
messages from RNs and mobile SNs, and forwardiegitto the Central Monitoring Unit (CMU) through an
aggregation point. The APRs also distribute commaneceived from the central monitoring unit to the
corresponding RNs and SNs.

Message Types and Messaging

Figure 6 illustrates signaling and timing of messagmong system components for tracking the latatfoSNs.

The numbers inside the parentheses indicate threednter of the messages. The indexes assignee #@RRs are
used to identify them; and 0 index is used for @iNeto be tracked. The following routine explainsvhimessages
are initiated and forwarded in the two APR casee Eltension to the cases involving three or mor&§\Bs

straightforward, in which one extra message woulty& to the SN from each additional APR. For tlaes of

clarity, the scheduling of the broadcast beacams fthe APRs is left out of the scope of this paper.

Ménitored region

== APR 0 RN ® SN
FIGURE 6 MESSAGING IN THE H-LES

The two APR caseMessaging

1: The APR-1 broadcasts a beacon with a uniquessegunumber, message (1). The sequence numbedisaus
prevent duplicate processing of the same mess&gebibadcast may be event-driven and instructatidy
CMU, or it may be periodic.
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2: The APR-2 and the sensor node SN-0, which att@mthe coverage area of APR-1, receive messgge (1

3: The APR-2 modifies message (1) by appendingyits ID, but maintaining the original sequence numbe
Afterwards, it broadcasts the modified message, (2)

4: Upon receiving a message from an APR, the Sh&é€ris its ID in the header, and forwards the nieEstaits
neighboring RNs, because it may not reach the AiRRtly due to its shorter communication range. The
destination address for this message, (3), is MelC

5: The one-hop RN (could be one RN, like in theufeg or more) that receives message (3) insert®it® the
message, and the RSS level of the signal. It tleewards the message, (4) for the CMU, through other
intermediate RNs. These intermediate RNs do nad teenodify the packet, but simply forward it urititeaches
the destination. Note that by moving the RSS coatmrt to the relay devices, mobile sensors areespfiom
measuring the RSS of signals from routers.

As described before, there are four different mgssaThe content of each message is given below.

The two APR caseMessage Contents

1: Message (1) contains the time stamp of depafitone APR-1, the ID of APR-1 and a unique sequemgaber to
identify the broadcast beacon.

2: Message (2) contains the time stamp of depaftone APR-1, the time stamp of departure from APRk2 1D
of APR-1, the ID of APR-2 and the same sequencebeunm message (1).

3: Message (3) contains the time stamp of depafttane APR-1, the time stamp of departure from APRR2 ID
of APR-1, the ID of APR-2, the same sequence nurimberessage (1) and the ID of mobile sensor SN-O0.

4: Message (4) contains the time stamp of depaftane APR-1, the time stamp of departure from APRR2 1D
of APR-1, the ID of APR-2, the same sequence nurnmberessage (1), the ID of mobile sensor SN-0 aBpdRSS
of message (3).

Timing Diagram

Table-I presents the notations that are used urstitition of the timing of the messages in Fig.akifg the
difference of the arrival times of messages (1) @)dt SN-0 yields, ,+t,, +t, ,-t, ;, which is an observation that
is free from the unknown time offsgtorr. The CMU knows a-priori what, , is, and can derive the processing
delay t., from the difference of timestampsand t,. So, the CMU can filter out,, and t,,, and retrieve the

observation of thelifference of the propagation times t; o andt;, i.e. Tij = t o — 0. Note that withm APRs andh
RNs,m-1 independent TDOA observatiolig andn independent RSS observations are available, régglgc

TABLE-I
TIMING NOTATIONS OF THE MESSAGES

t; Timestamp of departure at AHR-

ti; Time for the signal to traverse from ARRs APRj

tpi Processing delay at APR-

tio | Time for the signal to traverse from ARR SN-0
ty orr | Time offset between APRs and the SN-0

di; Distance between APRand APR}

do | Distance between APRand SN-0
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FIGURE 7 TIMING DIAGRAM OF MESSAGES (1) AND (2)

The actual derivation of the location estimate mitted here. Essentially, any estimator based a@n ahove
described set of TDOA observations and RSS obsensttan be used. The Maximum Likelihood Estimator
(MLE), for instance, could easily be obtained aldhg lines of the derivation in [3]. The minimumhésvable
variance of any given estimator for H-LES was dedliin Section 3.2.

CRB analysis

The CRB of H-LES will correspond to the CRB of flROA/RSS scheme, derived in Section 3.2, vedhd(Npoa)
=m-1 andcard(Nrss) = N, respectively, wherm is the number of APRs amdis the number of RNs involved in the

scheme. Figures 8-12 sho\\/\ﬁfor the H-LES, computed inside the 50m by 50m sgueagion. The figures are

produced using the same channel model as in Se@t®rThe RNs are located inside this square, whidgeAPRs
are located on the outer 100m by 100m region. Ahgmint inside the inner square, the SN is assuméed able to
hear the signals of all APRs and the RNs.

The figures clearly show the difference between PFD@nd RSS observations, and the benefits from their
combination. TDOA observations are virtually indegent on the distance to the APRs (except in tlosecl
proximity of APRs), and hence provide an almostfami contribution to the estimation accuracy withhreir
coverage region. The number of APRs involved ingst@mation has major effect on the performandd-@ES. By
comparing Figures 8, 11 and 12, one can infer thptacing two RNs by two APRs reduces the minimum
achievable CRB in the region by roughly three tink®SS observations, on the other hand, have signifieffect on
the accuracy only in the proximity of RNs. Therefathe number of APRs and the density of RNs lasenetwork
design parameters that can be fine-tuned to aclifeveesired trade-off between the network indiafacost and
the achievable location estimation accuracy.

Allocating one APR to mitigate the lack of synchation, the case of two APRs is the most ineffitisince 50%
of APRs are not exploited for measurements. Howesiace only one APR needs to be sacrificed regasdbf the
total number of APRs used, the efficiency of the lEs will get higher as the number of APRs in théwoek

increases. It will asymptotically reach the CRBtlef TOA/RSS location estimation scheme in a figchronized
network in which the noise of the TOA observatigmsloubled. Note that for a direct use of the T@Aaifully

synchronized network, the SNs must be able to tireommunicate with the APRs. On the other hahd,H-LES
removes this constraint.

It is evident from the comparison of Figures 10 &fdhat the impact of geometric conditioning of RAith
respect to APRs is measurable to the impact ofitimeber of RNs involved. Hence, the mutual placeméAtPRs
and RNs is an additional tool that can be usedduige the desired location estimation accuradh@network,
even if the number of RNs and APRs is fixed. Furtmaalysis of the impact of geometric conditionaftAPRs and
RNS onto the location estimation accuracy in WS3\$eé topic for future research.

10
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CONCLUSION

The hybrid approach to location estimation pavesaihy to take advantage of the benefits of TOA-thdseation
estimation, while taking advantage of the shorgeaccuracy of RSS measurements. The analysig) badbe
computation of the CRB for the TOA/RSS and TDOA/RE8rid schemes, indicates that the two schemesd®o
improved location estimation accuracy with respecfOA and TDOA schemes, for communications ranges
comparable to those in short-range wireless netsvdrkaddition, they remove the inherent difficedtiof TOA and
TDOA schemes with respect to locating devices endlose proximity of the reference devices.

The contribution of the hybrid location estimatiecheme (H-LES) for WSN, studied in this paper, withpect to
the existing location estimation techniques coasistaking into account the heterogeneity of senstworks, in
terms of communication range, time synchronizasind routing capabilities of network devices. H-LiE®ased on
the heterogeneous network architecture, which sthsi long-range fixed position routers, relay emdnd sensor
nodes. The scheme requires full synchronizatiog among the fixed position routers. This hybridestie could be
a good candidate for a positioning system for WSN.

The future work will focus on the investigationtbe effect of mutual geometric conditioning of fikeouters and
simple relay nodes from one hand, and the charvaghcteristics on the other hand, on the achievabéion
estimation accuracy, and the ways to its optimizati
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