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ABSTRACT

Over the last few years, many positioning systems using wireless LAN have been developed. Some systems use signal
strength for positioning. But the distribution of received signal strength depends on orientation of mobile terminal.

In this paper, we examine the differences of received signal strength distribution to each orientation and propose an
orientation estimation method using the divergence of received signal strength distribution. With our method, users
can determine orientation only using a wireless LAN adapter. Evaluation results show that the accuracy of 2-way
estimation is 92% and 4-way estimation is 83% under six seconds observation of four access points.

INTRODUCTION Figure 1 shows an outline of the observations. To avoid

In recent years, many places, ranging from universities, coti€ effects of multipath, interference, fading, and any other
panies, and homes to railway stations, airports, amusemBAgSible interruptions, we performed these observations out-
facilities, and shopping malls have introduced wireless LARoors in good weather and collected received signal strength
and established wireless LAN facilities. Therefore, in th@istribution for two minutes to 8-way orientation?( relative
future we expect wireless LAN to become available anytinfé?Ch) at a position 10 m from the access point. To survey
and anywhere. In addition, a considerable number of studid4man effects on received signal strength distribution, we
have been made on positioning systems using wireless LAN:)_nducteq two types of observatlons._ First, .rece|ved S|gnal
[LI121131141[5][6][7][8][9]. Some existing systems use received_?’”er_‘gth is observed when a person is holqmg the terminal
signal strength information for positioning. But, received sig? his hand. Secondly, we placed the terminal on a round
nal strength is empirically known to vary according to th&ble and observed rec_elved signal strength. In ad_d|t|on, we
relative position between terminals and access points. Sirted three kinds of wireless LAN cards to investigate the
differences of received signal strength at the same locatigififerences of received signal strength distribution among
affects positioning accuracy, it is important to examine sudfém-

distribution differences to each orientation. In this paper, we Figure 2 shows the average value of received signal strength
examine the difference of received signal strength to eatf €ach orientation with humans. In Fig. 2, the distance
orientation and propose an orientation estimation meth&@m the middle of a circle shows the average received signal
that uses divergence of received signal strength distributisiifength, and each axis shows the relative angle between the
Our method estimates orientation to define divergence amdfgminal and the access point. From Fig. 2, we obviously see
received signal strength distribution and uses the informatiéf difference of received signal strength for each orientation.
of the divergence of multiple access points. We implement&@F €xample, in wireless LAN card A, the terminal observed
this orientation estimation system and conducted evaluatii¢ highest average at relative angtewhen the user is facing
experiments on our campus and confirmed our methodRe access point. Even in the same location, received strength
effectiveness. This paper is presented in four parts. First, #gnal varies according to the wireless LAN card.

survey how received signal strength varies by each orientatiorfigure 3 shows observation results without human. Fig. 3
and describe our orientation estimation technique. Third, v@&d Fig. 2, which is the distance from the middle of the circle,
explain our experimental setup and details. Then, we preséRfW average received signal strength, and each axis shows

the results of each experiment. Finally, we introduce relatéde relative angle between the terminal and the access point.
work and present conclusions. Fig. 3 (observed without human) shows a slight difference of

received signal strength in comparison with Fig. 2 (observed
DIFFERENCE OF SIGNAL STRENGTH

In this section, we examine the differences of the received
signal strength distribution for each orientation. Some wire-
less LAN based positioning systems use the received signal

strength information for their estimation. But, it is empirically ‘;:2’
known that received signal strength varies according to the « :i
relative angles between terminals and access points. For the 10m

survey, we observed received signal strength distributions for

each orientation at identical positions. Fig. 1. Observation of 8-way received signal strength
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For more details, Fig. 4 shows the received signal strength
distribution for each orientation in the observations. There
are six figures in Fig. 4. The three figures on the left show
the observation results for three kinds of wireless LAN cards
with human. The three figures on the right show observation
results without human. The horizontal axis shows the value of
the received signal strength, and the vertical axis shows the
probability density in a particular orientation. Each line shows
received signal strength distribution.

The top two figures of Fig. 4 show the wireless LAN card
A results. In comparison with the top right figure (wireless
LAN card A, without human) at relative angle30°, the top
left figure (wireless LAN card A, with human) shows low
received signal strength distribution. The user was standing
between the terminal and the access point, which caused the
obstruction and these differences. One further difference must
not be ignored: despite the same location, received signal
strength varies from around -70 to -50 dBm.

The middle of Fig. 4 shows the results of wireless LAN

Fig. 2. Average received signal strength for each orientation (With human . . .
g g g 9 ( 3ard B. The terminal observed received signal strength around
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-60 dBm at relative angld80° in the middle of the right
figure (wireless LAN card B, without human). But the terminal
observed received signal strength around -68 dBm at relative
angle180° in the middle of the left figure (wireless LAN card

B, with human). Wireless LAN card B observes a more similar
range of received signal strength distribution than wireless
LAN card A.

On the other hand, wireless LAN card C has good receiver
sensitivity compared to other cards. These surveys show clear
differences of received signal strength distribution to each
orientation and each wireless LAN card. The above positioning
systems, which will develop in future ubiquitous environ-
ments, have to consider the differences of received signal
strength distribution to each orientation and each wireless
LAN card. Such consideration of the differences of received
signal strength caused by these effects is one important key for
useful positioning systems in ubiquitous environments where
each user accesses her own terminal. We will continue these
surveys to develop our orientation estimation method.

Fig. 3. Average received signal strength for each orientation (Without human) METHODOLOGY

In the preceding section we pointed out the variations in

with human). However, we can see differences of receivégceived signal strength distribution according to terminal
signal strength in a particular orientation. To take a simpRdientation. Based on our observations in previous section,

example, in wireless card A, the terminal observed an aver

@ propose an orientation estimation method by verifying

-71 dBm at relative angle5°, which is 10 dBm lower than the difference of received signal strength distribution. Our
the total wireless card A average. Another example is wireleQdentation estimation algorithm consists of the following two
LAN card C, where the terminal observed an average ofPhases.

48 dBm at relative anglé35°, which is 8 dBm higher than .
the total average of wireless card C. One cause for these
differences may reflect the attached place of the wireless LAN
cards (for example, wireless LAN cards for PCMCIA slots or
built-in wireless LAN cards) and the shape of terminal. These
influences cause different received signal strengths for each
orientation and generate directional characteristics.

Survey Phase: A user terminal with a wireless LAN
adapter employs our survey software[4] to observe each
access point’s received signal strength at a certain state.
Observed and received signal strength distributions are
registered in a database. The system uses registered data
in the estimation phase as pre-observation study data. We
assume two methods to construct an observation database
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in the survey phase. Service providers conduct pre-
observation in their service area and construct a database.
Another method is user collaboration, such as Place Lab
[6] and Locky.jp [19]. Each user collects wireless LAN
observations in each environment and accumulates these
data in a central database. Each method has to consider
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Fig. 4. Received signal strength distribution in each observation

the difference of received signal strength distribution
among wireless LAN cards to share information. This

problem is a work in progress. In the evaluations exper-

Received Signal Strength (dBm)

iment, we examine estimated orientation accuracy when
using the same wireless LAN card in the survey and
estimation phases.

Estimation Phase:In a particular state, a terminal that
wants to know its orientation makes an observation for
a given short length of time. The terminal estimates its
orientation using the received signal strength distribution
observed in the survey and the estimation phases. For ori-
entation and location estimation in daily use, a user does



not conduct the survey phase. Instead, she downloadprabability Po, (|3, s;) using expression (5). Fror®; and
received signal strength database in the survey phase ahg we also define\, As, and setQ.
only conducts the estimation phase.
A1 = Observed set a from (3 in Oy. (7
Each phase in orientation estimation
In this section, we describe the details of the survey and
estimation phases. _ Ao = Observed set a from (3 in Os. (8)
1) Survey Phase:n the survey phase, a terminal pre-
observes received signal strength distribution at each state, and
the pre-observation data is registered in the database as a pre-

observation model. First, we define state Setn which S is Q = {qlqeA1UA}. )
defined by a set of statg where users observed the received N 3
signal strength of an access point in a survey phase. . From (7), (8), and (9), conditional probability can be ex-

pressed as follows:
S ={s1,52,83, ..., Sk }- Q)

Each states; shown in (1) consists of three elements:
is orientation, andr,andy, are terminal coordinates, given
by our wireless LAN and Bayesian based location estimation Po,(Q) = Po,(a|B, s;). (11)
system [3]. (k is the number of states).

PO1(Q) :PO1(a‘ﬁasj)' (10)

Using expressions (10) and (11), and Jensen-Shannon Diver-
si = (0 Tp, Yp)- @) gence [10], we define the divergence of each received signal

Second, we define observation g8t where O consists of Strength distribution.

each observation. In certain state;, a terminal observes the

received signal strength of each access point. Each observation JSDU;Ol (Q), Po,(Q))
o consists of MAC addresg and value of received signal —  ~[D(Po, (Q)||ave

strengtha (n is the number of access points, andis the 2[ (Fo, (@l For (Q)"PO?(Q))

number of observation counts). +D(Po,(Q)|lavep, (qQ).ro, @)l (12)
O = (01,02,03, ..., 0mn). 3) In expression (12),avep, (q).ro,(q)is the average of
Po,(Q) and Po, (Q).
0; = {(51,0111')7 (527 0121‘), (ﬁ:s, 0432')» ceey (5n, ani)}- (4)
From expressions (3)(4), we can calculate conditional proba- Po,(Q) + Po,(Q)
p (3)(4) P avep, (Q),Po,(Q) = 5 . 13)

bility P(al|S,s;). P(a|B,s;) is the conditional probability in

a certain state; whereby the user can observe received signal
strengtha from MAC address@ chance ofP(«|53,s;). The ) ] ) )
conditional probabilities of each access point are collected asP is defined by Kullback-Leibler divergence [12].
pre-observation data and accumulated in the database.

Po, (Q)
P02 (Q) .

P(al, s:) D(Po,(Q)]|Po,(Q) = 3 Po, (¢)log (14)

Number of a from 3 observed in states; (5) =y

Number of 3 observed in state s;

2) Estimation Phasein the estimation phase, a terminal ror eyample, itPy, (Q) and Po,(Q) have identical con-
observes the received signal strength of access points. Ydeonal probability,JéD(Pol(Q),]2302 (Q)) equals0. In our
define this state as;, which consists of terminal orientati®h)  method, the system calculates the JSD value to each access
and coordinates;,, y,. (z, and,y, are given by our location yint with (12), (13), and (14). The sum of all access point JSD
estimation system using a wireless LAN.) values is considered the divergence of a certain observation.
(6) The system defines state as having a minimum (15) value

(that is, the highest degree of similarity) as the result of
In states;, a terminal observes received signal strength foratientation estimation.
given short length of time. This observation is definedas

sj = (05,7p,Yp)-

From observatiorO,, the system calculates conditional prob- Divergence(Oq,03)
ability Po, (|3, s;) shown in expression (5) to each access n
point. Next, we define observatiai,, which is each state; = ) _JSD(Po,(Qs), Po,(Qs))- (15)

in the survey phase. Then the system calculates conditional p=1
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Fig. 5. Received signal strength distribution in 8- and 4-ways

EVALUATIONS

In accordance with the orientation estimation algorithm that
uses the divergence of received signal strength distribution
described in previous section, we implemented our orientation
estimation system on a Java2 Platform Standard Edition 1.4.2.
To verify our method’s effectiveness, we conducted an evalua-
tion experiment on our campus where more than three hundigfteless access points have already been installed in the

access points have already been placed, allowing users acgg@iglings on our campus. The access point’s beacon interval
to wireless LAN everywhere on campus. When examining g 1 sec.

the results of received signal strength distribution, we S€_ A cess Point: Colubris Networks CN-320 CN-300

similar received signal strength distribution in 8-way (top of ' ) ) T

Fig. 5). The button of Fig. 5 shows received signal strength2) Overall View of Experimental Environmentigure 6
distribution in a 4-way. There are sharp differences to eaBRESENts an overall view of the experimental environment in
orientation. Location and orientation based application ne¥gpich stars denote the location of each access point and circles
4-way estimation at most. Therefore in this paper, we examifgnote that a position survey phase was conducted. We defined
the accuracy of estimated orientation in 4- and 2-ways. ~ the orientations)° to 360° clockwise.

3) Survey Phase:We conducted 4-way received signal

strength pre-observation at each point represented by the
1) Hardware: We used the following hardware listed belowcircles in Fig. 6. At each point, we observed the received

In this experiment, we used the same terminal in the surveignal strength for two minutes in each orientatigh:=
and estimation phases and compared the accuracy of estimatgd0°, 180°, and 270°. In this experiment, a user held the

orientation of our method. laptop, as shown in Fig. 7, and observed received signal
« Laptop: Toshiba DynaBook SS3500 DS/EP/2 strength distribution.

o Wireless LAN Card: PROXIM ORINOCO 11a/b/g 4) Estimation Phase:ln the estimation phase, we con-
Combo Card ducted three types of experiments to examine the effectiveness

Fig. 7. Holding laptop in experiments

A. Experimental Setup



of our method and compared the accuracy of orientation ' [mm 2w eimaion

estimation. oy esimaten
« Impact of request period 5 % 1
« Impact of access point allocation
« Total accuracy of location and orientation estimation. 5 | |
Experiment 1: Impact of Request Period :
The first experiment verified the request collection time for 2 1 |
2sec ‘ 4 sec ‘ 6 sec ‘ ‘

f estimated orientation (%)

orientation estimation. Since our method uses the differenc
of received signal strength distributions between the surveys
and estimation phases, it is important to verify how long it
takes to collect requests needed for practical use: a system
that needs 1 min to request collection data for orientation
estimation is too long. We conducted experiments with four Time period of request
time intervals: 2, 4, 6, and 12 sec for one request and compared
orientation estimation accuracy according to the request collec-
tion time. Furthermore, we compared the estimated orientation
accuracy in 2-way(°, 180° or 90°,270° in Fig.6) and 4-way
(0°,90°,180°,270° in Fig. 6) estimation. The allocation of e : &=
access points was AP2, AP4, AP5, and AP7 in Fig. 6. The =
total number of requests was 8,320.

Figure 8 shows the results of experiment 1. The horizontar
axis shows the request period, and the vertical axis show
the accuracy of estimated orientation in 2- and 4-ways. In
two-second request collection experiments, we obtained 889
orientation estimation accuracy for 2-way and 77% for 4-way
estimation. In four-second request collection experiments, wi
achieved 90% orientation estimation accuracy for 2-way and
79% for 4-way estimation. In six-second request collection™ ‘
experiments, we attained 92% orientation estimation accu
racy and 83% for 4-way estimation. Finally, in 12-secondL L
request collection experiments, we achieved 95% orientatiol
estimation accuracy for 2-way and 88% for 4-way estimation.
When the system increases the request period for orientatic - S B o " :
estimation, estimated orientation accuracy also increases bo|: Ej ng ‘ - ng
2- and 4-way estimation. Since the allowable request periot i l ev ]
differs by service, each service has to consider this pointi; el BT 1, el | Experment 24
For example, a service that forces users to frequently change
orientation has to set a brief request period. In the results,
the accuracy of estimated orientation decreases. If a service
allows a long enough request period, a terminal can estimate
orientation with high accuracy.

Experiment 2: Impact of access point allocation In this experiment, we set the request period to six seconds

. . . and conducted 5120 orientation estimation requests.
The second experiment relates differences among wireless

access points. In some spaces, the user cannot collect enoudfigure 10 shows the results of experiment 2. In experiment
received signal strength information. For example, a giveéhl, we obtained 94% orientation estimation accuracy for
location may get received signal strength information fror2way and 85% for 4-way estimation. In experiment 2-2,
eight access points while another might receive only twahich used four fewer access points than experiment 2-1, we
Therefore, to compare the differences of access point settingshieved 92% orientation estimation accuracy for 2-way and
we experimented with the following four types of access poi@2% for 4-way estimation. In experiment 2-3, with only two
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Fig. 8. Orientation estimation accuracy in each request period
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allocations (Fig. 9). access points, we attained 85% orientation estimation accuracy
(Exp 2-1) Using all access points information. for 2-way and 68% for 4-way estimation. In experiment 2-4,
(Exp 2-2) Using AP2, AP4, AP5, and AP7 information which also used two access points but with different allocation
(Exp 2-3) Using AP2 and AP7 information than experiment 2-3, we achieved 83% orientation estimation

(Exp 2-4) Using AP4 and AP5 information accuracy for 2-way and 65% for 4-way estimation.
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Experiment 3: Location and Orientation Accuracy

Thirdly, we examined location correctness and orientation
estimation only using a wireless LAN adapter. For positioning,
we used our wireless LAN based positioning software [3].
We did location and orientation estimation experiments from ¢
points A to H in Fig. 6. In location estimation, if location
estimation error is within 2.5 m, we consider it the right
answer. In orientation estimation, if the system estimates real
orientation, we consider it the right answer. We set the time

Correctness of estimated location and orientation (%)
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Fig. 11. Correctness of estimated location and orientation

access point's MAC address and location data. However,
this system suffers problems with location estimation
accuracy.

TDOA (Time Difference of Arrival) System: In this
system implemented on Air Location [18], multiple ac-
cess points receive echoes, which are transmitted by the
terminal. Each access point then calculates the received
timing error and clock error. Finally, the system esti-

period of requests to six seconds, and the allocation of access Mates the terminal’s location. This system requires single-

points was identical to experiment 2-1.

Figure 11 shows the results of experiment 3. The horizontal®
axis shows the location at which estimation was carried out,
and the vertical axis shows estimation accuracy. (Location
estimation results only show accuracy of location estimation.
Orientation estimation results show the total accuracy of both
location and orientation estimation). For example, location A
has good total accuracy because both location and orientation
estimation have good estimation accuracy. However, location E
has only 75% location estimation accuracy and 69% accuracy
of 4-way orientation estimation; total accuracy equals 51%. An
indoor experiment environment is likely related to this point.
Because of multipath and other effects, radio wave conditions
vary widely in each location. Under such circumstances, our
method achieved 81% total location accuracy and 2-way
orientation estimation and 70% total accuracy in location and
4-way orientation estimation.

RELATED WORK

In this section, we describe related work in existing location

estimation systems using wireless LAN and orientation-based
services. Location estimation systems using Wireless LAN can
be classified into the following three categories.

o Cell-ID System: This location estimation system uses
access point communication areas (called cells) and con-
siders access points at which a terminal connects to be the
user’s location. It is easy to establish this system because
the terminal can estimate its location with only the

purpose access points.

Received Signal-Strength SystemThis location estima-
tion system depends on received signal strength. It can
be further classified into more groups depending on how
the signal strength is actually used.

The RADAR [1] system observes signal strength from ac-
cess points whose location is known. Then the system es-
timates positions using values and ideal values. They pro-
posed both an empirical and a radio propagation method.
In the empirical method, they consider user orientation.
But they use received signal strength instead of received
signal strength distribution. As mentioned earlier, the
received signal strength of wireless LAN varies widely
because of multipath, interference, reflection, refraction,
and absorption by humans. Therefore, it is important to
use received signal strength distribution for estimation.
Our method is different because it considers this point.
The WIPS [2] system assumes that all devices with wire-
less adapters (including access points, terminals, etc) are
equal and estimates terminal locations to determine radio
wave distance characteristics. Since the above systems
estimate location using radio wave distance character-
istics, they face multipath problems caused by interfer-
ence, reflection, and other unpredictable interruptions.
The Ekahau [5] and the PlaceLab [6] [7] systems estimate
location by measuring signal strength preliminarily. The
Ekahau system saves these data in a location estimation
server, which then estimates the location when users



make requests. They propose location-aware-services but

not orientational-location-aware services that use orientgy;

tional information.

The wireless LAN based positioning systems listed abovg;
have to consider the difference of received signal strength
distribution caused by orientation, user, and wireless LAN card

differences, as pointed out in this paper.
o Active Belt: Active Belt [13] is a novel belt-type

(3]

wearable tactile display that can transmit directional4]
information. This tactile display, which enables users to

intuitively obtain directional information, is a belt-type

wearable device optimized for mobile use, and it is very
interesting because a user can feel physical signals frof?l
the belt and can receive orientation navigation services.

o« Azim: Azim [14] [15] is a pointing-type, azimuth-

based position estimation system proposed for use witl!
orientational-based services. It calculates user position

from marker and azimuth information from directional

sensors. This pointing system is intuitive and easy to use.
Its designers propose an interesting directional applicem
tion that transfers images to multiple displays to point to

specific objects

8l

We introduced related work on orientation-based services

that use the above particular hardware and direction sensors.

However, we don’t know of a wireless LAN based orientationyg;
estimation method using divergence of received signal strength

distribution.

(10]

CONCLUSIONS

[11]
In this paper, we proposed an orientation estimation method
that uses divergence of received signal strength distributiﬁa]
and enables users to obtain orientation and location informa-

tion with only a wireless LAN adapter. Our results show:

(13]
1) There are differences of received signal strength distri-

bution to each orientation because of human absorpti
effects of the terminal itself, and the differences o
wireless LAN cards.
2)
its orientation and position with high accuracy usin
only wireless LAN cards.
Since a wireless LAN has a wide range of receiv
signal strength values at the same location to ea

3)

4]

By using the above differences, a terminal can estimlﬁ]

6]

orientation, it is better to increase the request period for

estimation accuracy.
4)

(17]
If a user only has a wireless LAN card instead of a

particular direction sensor, she can estimate orientation

and location with 80% estimation accuracy.
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