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Abstract - We have investigated the indoor geolocation based
on signal strength modeling. Linear, compensated linear, and
multiple regression methods have been applied to set up signal
strength models by using simulated data. We have also analyzed
this modeling method to better understand the relation between
the location error and the signal strength error. Some
important results have been obtained to help us determine
proper placement of Access Points (APs) and evaluate the range
of location error. A simulation experiment has been conducted
based on typical parameters of IEEE802.11b MAC.

Index terms - WLAN, geolocation, signal strength, IEEE802.11b.

|. INTRODUCTION

With the developmemnof WLANSs (Wireless Lod Area
Networks) thee is a1 increasig levd of intereg in
devebping the tedinology to "geolacaté WLAN users,
especially in an irdoar environment Postioning ard tracking
of an indoa user bas# on radb signak wil encaunte a
considerald degee d technicé difficulty becauge varbus
objecs sut & floors walls ard human bodies within a
confinal space wil contribute o a rathe complex form of
attenuation ard fading o the rado signas o be use for
geolaaion.™ A majority of wireless geol@ation techniques
are basd on sud informaion as TQOA (the time d arrival),
TDOA (the time differece d arrival), ard DOA (the
diredion of arrival). Bu geolcaion basd on these
techniqus is rdiable ony when line-of-sigh signat are
dominant herce it will not be gplicable b an indoor
environment Furthermorga TQA or TDOA basa apprach
requires accura¢ g/nchronizaéion betwea transmiters and
receivers.

We therefoe explore a dternative geoloction method,
tha is, a signd strengh basd apprach Insead of
measumg the time a angle o signd arrival, the spnal
strengh metlod maks ue d the leve of signd powe (or
energy sensd by an MS (nmobile stdaion) regardirg the
signak transmited by referemwe base stions a APs (access
points in the IEEEB02.11 terminobgy). This sign& strength
basel apprach may be al® passibk in a reversd situdion,
whete the signdfrom an MS is sensé by muitiple APs This
secord apprach would rdieve an individud MS from the
tak of computirg its position or processing ard transfering
relevan information to sone BS (bag stdion) or AP, as
would be requir@ in the firg approach However a sé of
signak from differen MSs mu¢ be designd in such a
manne tha APs can distinguish tk signas from different
MSs.

As early as in the 1960's the signé attenuatio modd has
been proposed a an appr@adc to locak vehicle in motion on
the street @  Neverthelss the sign& strength based
geoladion is dill an unexplord technique for locaing
WLAN uses in an indoar environment In ou researd we
use as ou stating point, a recebhwork reported by BaH and
Padmanabharf®! Before reviewirg ther analysis we first
introduwce a simp sgnd propagdion modd which is based
on a signé predicta variable whee theobserve variabe is
the sign& strength (in dBm), ard the predicto (or contrdled)
variabk is the distance frm a referencepostion (al® in
logaiithm), ard the man paramete to be estimatd (i.e,
regressin coefficien) is the eyponen value a that
determins pah loss d the sgnd when the distance frm the
signd souice s given Then we u® Bahls empircd signal
propagaion modd which is al® basd on a linea regression
analyss ard in which the observe variabe d signd strength
has been compensatefor the dtenuaion causd by the wdls
intervenirg betwea the MS ard AP befoe gplied to the
regressian analysis.

We then exterl this linea regressio modd to a mutiple
regressim modd by adding anothe predicta variable i.e.,
the wdl attenuation factor, denoted WAF [dB]. There may
exig walls interveniig between a possibe MS locaion (to be
estimate in geoleation) ard a given referee postion. We
then evalua¢ the improvemdnof this mutiple regrasion
modd over the linea regressia modd by comparirg their
codficients o determinsion ard standard devins In
ordea to cary ou this staisticd analysis we resor to a
simulatian technique.

In the lag sedion, we discss hav the staisticd modd for
signd propagaion devebpel in the precedig setion can be
utili zed to asess the aror in geol@ating an MS by this signal
strengh basd method The magnitude Dlocaion eror is a
function of the postion of an MS ard the sé of AP postions.
Herce ths aror analyss can be furthe useal to determine
optimd locations o the sé of APs.

Il. RADIO PROPAGATION MODELING

A.  ASmpleSgnal Propagation Mode

If we can assure thd the sgnd strengh is relate only to
the distance betweethe transntier ard the receiver the
following simpk sign&propagaion modd may hold.

P(r)[dBm] = P(r,)[dBm] —10a log(r/r,) , (2)

PThis regard has been sugorted in part by grans from NTT DoCoMog, Inc., NJCW (the New Jersg Cente for Wireless
Telecomnunicaions) Panasomi Tedinologies Inc., aml Propa 6993104 supportd by NSFC.
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where P(r) is the power received by a given MS whose
distance from a given transmitter or AP is r (meters); r,, the
reference distance from the transmitter; and P(r,), the signal
power at this reference point. The parameter a, called the
exponent value, indicates the rate at which the path loss
increases as distance r increases.

This model does not take into account walls that may exist
in a building. Therefore, if we rely on this simple model to
calculate the signal strength received at a given indoor
position, the signal strength may be significantly
overestimated, especially in a building with many rooms
isolated by walls.

B. AnEnmirical Sgnal Propagation Modd
An empirical model of signal strength is introduced in [3].
P(r)[dBm] = P(r,)[dBm] —10a log(r/r,) — | OWAF , (2)

where | is the number of walls between the transmitter and
the receiver; and WAF is the wall attenuation factor.

C. Linear Regresson Analysis

We can estimate the unknown parameters P(r,) and a by
applying linear regression analysis. In the simple signal
propagation model, the measured signal power is treated as
the observed variable. In case of the empirical signal
propagation model, however, we first determine WAF [dB] by
comparing the average strength of a signal subject to
intervening walls with the signal strength that would be
observed in a line-of-sight environment. If we modify each
value of the measured signal strength by compensating for
the signal loss caused by the intervening walls between the
transmitter and the receiver, linear regression analysis can be
used. By compensation we mean that (2) should be changed
to

P, (r)[dBm] = P(r)[dBm] +| (WAF 3
= P(r,)[dBm] -10a log(r/r,). )

Let us define
p, =-10log(r, /r,),i=1,2,---, m, 4

where m is the number of samples. We then have the

following estimates

5 > lp = PIR (1)

- 5)
> (P =p)
and
P(r,)[dBmi] = R, [dBm] -dp , (6)
where
p==50. ™)
m &
P, [dBm] = ii R, (r,)[dBm] ®)
meé

The coefficient of determination, R?, represents the
goodness of regression. It is defined as follows:

_ Variance of signal strength explained by regression
Total variation of signal strength

_YulR@)-RT
S LR =R

The standard deviation of the predicted signal strength is
given by

RZ

©)

— 1 m D 2
UP-\/EZJF’W(VJ Rv(r)]” . (10)

D. Multiple Regresson Analyss

Multiple regression is an extension of the simple regression
analysis to take into account effects of more than one
predictor variable on the dependent variable. As shown in (2),
we now intend to determine the three factors (i.e., P(ry), a,
and WAF) simultaneously using the two predictor variables
(i.e., the distance r, and the number of walls, ). Assuming
that m independent samples are taken to construct this
multiple regression model, we now have, instead of (2), the
following matrix equation.

P=Gp, (11)
where
P(r,) O o -10log(r,/r,) -I1,0
0 o [P0
_ rz) _ _10|Og(r2/ro) - _ O
[ amd I o
P8 i 1090, ) -0 EATE

The least-square estimate of the unknown parameter vector
B is given by

B=(G'G)'GP, (13)
and the coefficient of determination is
R? = w (14)
PP-mP
where
ﬁwm:iimmmmm (15)
m 4
The standard deviation is given by
1 ] AI r
o, =1/—(P -B'G"P. (16)
m

E. Smulation Experiments

In order to evaluate the feasibility and effectiveness of the
proposed statistical model, we conducted a simulation
experiment as our first step. The system parameters designed
in the simulation are as follows:
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P(ro) = 160W=52dBm, ard a = 2.

As for the range o distarce we assumg 70 diginct values
with the minimum & 1m ard the maximum & 35.5m. We
assume thd there isa wdl at evely 7m.

As for the WAF we assumg tha percentag d the signal
enery tha goe thiough a wdl is uniformly distributed
betwea 30% ard 70% This translatesot the loss fctor
WAF [dB] to be betwea -10log03 = 523dB ard -10log07 =
1.55dB.

In addition we assume the atretion of powe P(r) [dB] is
subjed to randan eror of Gaussia distribiion with zero
mean ard 2.51B standad devidion.

The estimate bfactors goodnes d regression ard the
standad devidion for the thee regresicn metlods are
compare in TABLE |. Fran the resilts we find tha the
multiple regressio modd can improwe the g@odness of
regressin ard decreas the devition of predictal values.

TABLE |
COMPARISON OF DIFFERENT REGRESSION MODELS

. : Edimate d factors
Regresia Analysis P(0(@Bm) o |WAF(B) R2 Op
Linear 59.84 3.26 - 92.13%| 3.39
Compensated Linear 53.52 215 - 88.63%| 2.74
Multiple 53.36 212 309 |94.85%| 2.74

Compariso of the simulatd signa strengh dat verss the
predictal ore is show in Fig 1. In mudtiple regressionthe
cune is linea only within thog MS postions encountering
the samenumbe of walls intervenilg between the MS and
the AP. When the numbe of walls increase by ong the
signd will drop its powea levd and reman linea till
enmunterirg the nex wall.

(a) Linear Regression
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Fig. 1. Simulatd dat vs predictel signa strength
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I1l. ESTIMATION OF LOCATION ERROR
A. Analysis Methodology

We now investigag¢ the reléion betweea the locdion aror
ard signa strengh eror. By applying a differerial operdion
to boh sides d (2) with resgd to two coordinate x ard v,
we have:

100; ,X—X;

| 1
In10( ri2

dR (x,y) = - ax+ 2Py, i=12, N, (17)
f

wher P(x, y) is the strendt of the sign&from AP, received

a (x, y); (%, Y), the mordinae o AP;; a,, the exponen value

of path loss fa the signd coming from AP;; r;, the distance

betwea MS ard AP, i.e., 1, =4/(x=x)?+(y-y,)* ; and N,

the numbe of APs.

The sé of (17) can be wiitten in matrix fom as

dP =H Or , 8)
where
I:J_l(k:l1 X=X _1&11 y-y, U
P, O In10 r? In10 r? 0
ad 100, X=X 100, y-

P reixO L 2 2 _ Y Y. O 19
dP=§ijdr=%,y%H=m no 7m0 7 C¢9
0. 0 E : : E
mPND B_lmN X=Xy _1mN Y= Yu O

g In10 r} In10 rZ E

Then by applying the metlod o least-squar estiméon, ¢
we find tha an eror in powe estimaion, dP, will result in
the fdlowing estimation blocation aror:

dfF =(HH) ™ H'dP. (20)

We assune thd signd strengh edimation eror has zero
mean ard variarce o2, ard theg arors for differert AP's are
independenwith ead other i.e.,

s, i=j ..

E[dR]=0,cov@R,dP)=0 " =~ i,j=12--N,(21)
00, i#]

whe g; is the standat devidion of predictal signd strength
derived from (10) ard (16) Then the covariase matrk of
the eror estimae dr is given by

~ 2 1| -1 Dj—f 02
covdr)=o (HH) =, 5 2)
xy Jy

C
C.
C
The standat devidion dof location aror is finally edimated

as
o, =,o;+0;] .

B. Geometrical Distribution of Location Error

(23)

The simuldion condtion for locaion eror analyss is the
sane & thd set fo regressio analyss exep thata data
smoothing metlod is aloptal to decreas the variance in



simulated data when we take multiple measurements of signal
power at a given sampling location.

We assume that there are five APs installed in a building
with their coordinates being AP; (15m, 15m), AP, (15m, -
15m), AP, (-15m, -15m), AP, (-15m, 15m), and AP; (0.1m,
0.1m). If an MS at a given location receives signals from
these APs, its position can be determined by triangulation or
least square estimation.

Contour of Location Error Standard Deviation (meter)
3.68 7

Y -axis (meter)

X-axis (meter)

Fig. 2. Geometrical distribution of location error (3 APs)

Contour of Location Error Standard Deviation (meter)
15
AP4

Y -axis (meter)
o

X-axis (meter)

Fig. 3. Geometrical distribution of location error (5 APs)
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Fig. 2, 3 shows the contours of g, when three APs (i.e., AP,
AP,, and AP;), five APs (i.e., AP, through AP;) are used for
geolocation, respectively. As shown in TABLE II, the
location accuracy may be improved if more APs are deployed.

The location error is found to be greater along either of the
baselines. The reason isthat when the MSisaong abaseline,
the two circles (with their centers at AP, and AP,) in
determining the position of the MS will not intersect with
each other, but touch each other at the position of the MS.
Then the horizontal error dx can be very large although dy is
small. Use of the third AP (e.g., AP;) in triangulation should
help decrease dx, but its effect is minimal in the region close
to AP,, because the signal from AP; is weak.

TABLE I
COMPARISON OF LOCATION ERROR

Location Error (meters)

Deployed APs Maximum | Minimum
AP1, AP2 15.98 2.75
AP1, AP2, AP3 5.64 2.12
AP1, AP2, AP3, AP4 2.80 2.06
AP1, AP2, AP3, AP4, AP5 2.80 141

IV. CONCLUSION

From our mathematical analysis and simulation
experiments, we are reasonably confident that the indoor
geolocation based on signal strength should be feasible as
long as we can construct a sound method for signal
propagation in the indoor environment. Our analysis shows
that the location error of an MS can be controlled by three
factors, i.e., (1) the goodness of regression analysis, (2) the
number and proper placement of APs, and (3) the geometrical
relation among the positions of the MS and APs. The
relatively high location accuracy obtained in our simulation
and analysis is very promising. We believe this signa
strength based indoor geolocation will be useful not only in a
WLAN environment, but also as an augmenting technique to
enhance the existing geolocation technique, especially GPS-
based geolocation, which is known to be unreliable once an
MSisinside abuilding.
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