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Abstract7 It is shown analytical and measurement results in
order to compare five different indoor path loss propagation
models in industrial environments. one-slope; dual-slope;
partitioned; Cost-231 multi-wall model and average walls. It is
concluded that the dual slope propagation model allows a
better estimation among the selected models because the
propagation loss rate increases abruptly beyond a certain
distance from the transmitter in large industrial environments.
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. INTRODUCTION

The economy in the globalized world is highly dynewnd
competitive. Therefore, it is necessary that thedpction lines
in industrial facilities can be easily changed, eand added.
This market pressure has driven an increasing deman
implement robust wireless networks to control andnage
industrial processes. However, the lack of humath eepital
resources can hinder implementation of wirelessvords in
small industries. To turn over this situation, tederal
University of Rio Grande do Sul in Brazivyww.ufrgs.b) has
been developing multidisciplinary research acegtto develop
a simple, fast and inexpensive methodology to petvireless
networks that attend capacity and coverage issDesign,
implement and optimize industrial wireless netwogkuire a
deep understanding of radio wave propagation inodnd
production facilities, which proves to be a harsaevironment
than offices due to steel constructions that cresftections and
the obstructing machinery (that also can be a sowt
electromagnetic interference).

This contribution focus on a comparative analyzepath
loss propagation models in indoor industrial envinents at 2.4
GHz Industrial, Scientific and Medical (ISM) bandrive
propagation models have been selected a prioristope; dual-
slope; partitioned; Cost-231 multi-wall model angemage
walls. This paper is organized as follows. Sectiodiscusses
related works on this arena. Section Ill summariregath loss
indoor propagation models investigated in this dbation.
Section IV describes the experimental set up aagtbcedures
used to determine the parameters of the investigatgagation
models. Section V shows a comparison between noatemd
field results in small and medium industrial plartcusing on
the tradeoffs between accuracy and complexity. i&ecVI
compares site survey and numerical results. Fin8kygtion VII
presents our final remarks.

Il.  RELATED WORK AND MOTIVATION

There have been intensive research activities aoacterize
the wireless propagation channel in industrial emments.
One of the first concerns deals with the impact thé
electromagnetic noise radiated from industrial nreety on

wireless communications. Fortunately, field measwaets have
shown that this electromagnetic interference idigiede above
1.5 GHz [4]. Hence, the 2.4 GHz ISM band was chdserarry
out the field measurements presented in this paper.

It was verified in [2] that the presence of largestah
obstacles encountered in typical industrial envitents (as
machines and production stocks) can cause an siogeef the
signal strength in its vicinities due to the counstive effects of
stationary waves. Field measurements were perfoimgg] to
investigate the impairments in the wireless range do
multipath propagation in industrial environmentsrtEnately,
the simulation and tests results showed a goodragee since
the reflected signals can cover areas behind ts&ades. The
one-slope path-loss model [5, p. 75] was used Jing4redict
the coverage in industrial environments. Interginit was
noticed that even with the changing of the recegvamtenna
height between 0.5 to 2 m, the network range do¢imange
significantly. However, it was not investigatedttie one-slope
model would be the most suitable one for indoorustdal
environments among other indoor propagation mgaelposed
in the open literature.

The main objective of this paper is to choose apigcal
propagation model to provide first order coveragedjction
results in indoor industrial environments using ign and
inexpensive tools. The cited previous works [1-2&di software
tools based on ray-tracing technique to predictstgeal levels.
Although this method is more accurate than theistitzl
propagation models, it demands a costly designrteffehich
may not be easily available for medium and smalustries.
On the other hand, many excellent contributionsehfacused
only on the one-slope propagation model [4]. Thiepgr
analyzes comparatively, besides the one-slope mfmelmore
propagation models. One selected model is the slape model
[5, p.80], which offers a better accuracy than tme-slope
model in office environments. The partitioned medkeht has
been used for micro-cells planning [5, p.79], Boahnalyzed in
this paper. Propagation models that consider thdlswa
attenuation in an explicit way are also taken xtoount, as the
widely used COST231 multi-wall model [6]. Another
investigated model is the average walls model, Whias
proposed in [7] to minimize the design effort ofreless local
area networks (WLANS).

Il. PATHLOSSPROPAGATIONVIODELS

A. One-Slope Model
The path loss in dB is given by
Lag = Lo,ap + 10nlogyo @

wherel, g is the path loss obtained at distancel & mfrom
the transmitter and the path loss exponenis determined
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experimentally using a linear interpolation procedi, p. 75].

B. Dual-Slope Model
The path loss in dB is given by [5, p.80]

10n,log,,d,

Im<d<d,
Lap = Loas + 10n,log,ody, + 10n,log,, (f), d>dy,
P

(2

where the path loss exponents and n, are determined
experimentally. Basically, this model divides thistahces into
line-of-sight (LOS) and obstructed LOS regions. Bheakpoint

determine the parametér,, each wall obstructing the direct
path between the receiver and the transmitter aagemust
have its loss measured as follows. The loss ofithewall in
dB is given by (8), wherky 4z is the path loss in dB obtained at
1.0 mdistant from the transmittek; denotes the measured total
loss in dB atl.0 m distant from the first obstructing wall.
Ly =L —Loap — 20log10d;. ®
The loss in dB of the second obstructing wall inested by
Ly =L —Logp —20l0g10d; — Ly, C)

whereL now denotes the measured total loss in dB.@tm

distanced,, takes into account that in indoor environments thegistant from the second obstructing wall. Noticat the loss of

ellipsoidal Fresnel zone can be obstructed by #iéng or the
walls, anticipating the LOS region. It can be estied
analytically using (3), wherdy, and h,, denote the shortest
distance from the ceiling or wall of the accessp¢AP) and
station (STA), respectively.

d — 4hphp,

bp P

where/ denotes the wavelength.

C. Partitioned Model
The path loss in dB is given by

©)

( 20log,,d, Im<d<10m

| 20dB +30l0g,,(-%),  10m<d <20m
Lap = Lo,ap + { d :

| 294B +60log, (%), 20m<d<4om

\ 47dB +120l0g,, (%), d > 40m

@)
This model uses pre-determined values for the pask |
exponents and breakpoint distances, accordingetaqurs field
measurement campaigns [5, p.79].

D. COST 231 - Multi-Wall Model

The path loss in dB for environments with just dloer is
given by (5), where the integky, is the number of wall types;
ks and L, denote the number and loss of itte wall type,
respectively [6].

Las = Loap + 2010g10d + T, KyyiLoyi. (5)
The free-space path loss (FPL) in linear scalévisrgby
2
Lo = (), ©)
For 2.4 GHz ISM bandA£0.125 m) andd,=1m, then the

FPL in dB,Ly 4s is equals to 40.2 dB. For practical reasons, the

wall types are divided in only 2 categories, asssh Tab. I.

TABLE 1.
WALL TYPES FORCOST23IMULTI-WALL MODEL.
Wall type Description Value [dB]
Ly Light wall: plasterboard, particle board or thin (<10 3.4
cm), light concrete wall.
Ly Heavy wall: thick (>10 cm), concrete or brick 6.9

E. Average Walls Model

This model is based on the Cost-231 multi-wall, epted
that the loss due to obstructing walls is aggrebatgust one

the first wall was also taken into account to daiaeL,.
Inducing this process, tli wall loss is given by

Ly =L—Logp —20log,od — Zﬁ-;llL', (10)

where the sum spans the losses of all walls olatgineviously.
After all wall losses of the environment had bebtamed, then
parametel,, is estimated as the arithmetic average of all wall
losses.

I1l. MEASUREMENTPROCEDURES

A. Facilities Description

The site survey measurements were conducted in two
industrial plants, both metalworking processingtddes. Fig.
1la shows the smallest facility: it is a single ding with an area
of 650 nf. A black dashed line symbolizes a path that has on
obstructing wall. Fig. 1b shows a larger plant, séndotal area
is approximately6630 m. The black dashed line shows that
there are paths with at least four obstructing svaBoth
buildings exhibit similar constructive propertiesincrete floor
and metal ceilings supported by steel truss wohle Walls are
made of thick concrete masonry witf-20 cmwide. The height
of each building is approximateR8 m Most of the industrial
inventories are made of metal: milling machinesthda,
grinding machines and stocks made mainly of irod ateel

material.
=

Figure 1. Measure points used to determine the parametemnisslope
and dual-slope path loss models: (a) small anth(gg facilities.

B. Measurement Set Up

The transmitter is an access point (AP) rouBet,ink DI-
524, with one transmitting antenna configured to aedix
transmitted power. This transmitter, as shown ig. A, was
mounted in a fixed location at different heights éach one of
the two buildings2.0 m(AP1) and4.85m(AP2), respectively.
The receiver consists of a laptop equipped witl8@211a/b/g

parametet.,, [7]. Therefore, for a single floor environment the card adapter. The receiver was BD m height and the

path loss estimated by (5) is modified to

Lap = Loap + 20l0gy0d + kyLy, @)

measurements were collected at different distarficea the
transmitter. The measurements were performed usirgy
following conventional laptop use: the AP’s antenmdocated

wherek,, denotes the number of penetrated walls. In order tat 9¢° from the ground and the notebook is parallel te th
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ground, facing the AP’s direction. The free softvar 100
Netstumbler installed in the laptop was used to measure 00 = Measurements =
automatically at each second the Received Signangh One-Slope 4
Indicator (RSSI) in dBm of the beacon frames tratisch by 80- Dual-Slope
the AP. It was performed@0 sample measurements with small o 70l L Partitioned .
displacements in order of the wavelength 5 0.125n) to z . Al
estimate the mean received power in dBy) @t each selected 8 60 P R i
point. The path loss for each distance is given by E 6 =

Lys = EIRP — P, 12) * -~
where EIRP denotes the AP effective isotropic radigpower 0
in dBm. By measuring the received power levél, j at1 m 30

from the receiver antenna, then the téyp is equal t¢40.2 dB
(free-space path loss in dB g as defined in item D d3ection
lII). Therefore, the EIRP for each AP can be comphyed.1).

C. Estimation of the Path Loss Models Parameters

To determine the parameters for thee-slopeand dual-
slope propagation models, the measured points (depiated
white circles at Fig. 1) were separated among tfrem 1 to 5
meters. In the presence of large obstacles, likehinas, stored
materials and walls, the respective measure wase migtht
behind it.

To estimate the parameters for theerage walls modelt is
necessary to measure the path los$ at after each wall that
obstructs the LOS path, as described in SectianFibr the

1
Distance in meters

Figure 2b. Large facility.

Figure 2. Measurement and numerical results for one-slopai-slape
and partitioned propagation models.

It is necessary to determine the breakpoint diganset up the
dual-slope model. However, estimating the breakpdistance
using (3) is not adequate for indoor environmerdapse the
network users (laptops and industrial machines)aliysiare
located in low heights (i.e., up ® m at most of the cases).
Changing the receiving antenna height frorfito 2.0 m then
the breakpoint distance would increase four tingesording

COST 231 modgthe concrete walls were considered as heavyVith (3) This result contradicts the praCticaleS obtained in

walls, as described in Tab. I. The parameters epéititioned
modelare pre-determined, according to (4).

IV. NUMERICAL AND MEASUREMENTRESULTS

The average measurements of the selected pointnsino
Fig. 1 and the numerical results of one-slope, di@be and
partitioned models are depicted in Figs. 2a anébRlthe small
and the large facility, respectively. The path limsdB is plotted
as a function of the transmitter-receiver (T-R}atise.

The one-slope model is given by (12) and (13) foalsand
large facilities, respectively. A linear interpadat procedure
was used to determine the parameters: the indimatenotes
the path loss exponentand the intersection at the distancd of
m corresponds folg gs.

Lqp = 38.66 + 13.55l0g40d. (12)
LdB = 2823+ 34l0g10d. (13)
80+ = Measurements
One-Slope
704 Dual-Slope
Partitioned
8 60 B
” T e S
ES] _— Dl
© g
o "
40 -/ "
30

. ) 10
Distance in meters

Figure 2a. Small facility.

[4], where it is shown a very limited effect on theceived
power for this amount of receiving antenna heigatiation.
Therefore, it is used the the following procedurestimate the
breakpoint distance [8]: it consists on finding thenimum
residual sum of squares between the dual slope Imode
prediction resulted by the estimated breakpoint trel data
measured. For the small facility the estimate hpeak
distance isl7 m This breakpoint was not taken into account
since this point is near the farthest distance ftbm AP, as
shown in Fig. la. Hence, the resultant model cts$ a
unigue slope, as given by (12). For the large itscithe
estimate breakpoint distance is 20 m, in agreemith
measurement results shown in Fig. 2b. Therefore, dhal
slope model is given by

18.14log,d,

11.57 + 84.42l0g,, (),

Im<d<20m

LdB:42.52+{ 4> 20m

(14)

Comparing (13) with (14), it can be seen that tammeter
Lo gg Obtained in the one-slope model results resutieal lower
value than the one obtained using the dual-slopgemdlotice
that, as the first segment inclination in dual-slomodel
considers only measurements for the closest distanthe
interpolation procedure gives a lesser path logpemant value
for the first segment in (14) than the one obtaifedthe one-
slope model in (13), whose computation takes imtmant the
measurement results for all distances. This diffeeen the path
loss exponent explains the discrepancy on the eethigalues
for the parametet, The path loss exponentin (14) is less
than 2 for the first segment, resulting in a better prayigm
path loss than the ideal free space chamwe?)( as obtained in
[2].

Tab. Il shows the mean errors and standard deniatio
between measured and numerical results for theslope, dual-
slope and partitioned propagation models.
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Analyzing the results show in Fig. 2 and Tab licdn be
inferred that the dual-slope model responds for best
estimation in relation to the first three analyzeddels. It is
interesting to observe that for AP2, where the kpeant
distance is inside the building, the partitioneddel (whose
parameters are pre-determined) allows to obtaisetegrror

slope for the first segment in (12) and (14). Tiieater
exponentn value contributed for an overestimated path loss
prediction in most measured locations. In synthesis both
environments the dual-slope model allows a bet#mation of
the path loss statistics. Notice that the standardation of the
prediction error, as shown in Tab. IV, complies hwithe

values than the commonly used one-slope model @hosshadowing margin, usually around dfo dB for indoor

parameters were obtained from the best lineardiirest the
measured values at the site). These results remfbat a better
accuracy is achieved using multi-slope models.

TABLE 1.
STATISTICAL DATA PATH FOR THREE LOSSMODELS ONE-SLOPE, DUAL
SLOPE AND PARTITIONED.

Model Mean Error (dB) Standard Deviation (dB)
AP 1 AP 2 AP 1 AP 2
One-Slope 3.14 5.22 1.9 3.84
Dual-Slope 3.14 2.81 1.9 2.92
Partitioned 8.30 3.45 4.77 3.15

Figures 3a and 3b show measurement and numerigal (d
slope, COST 231, average walls) results for tha fzets indB
as a function of T-R distance for small and largeilities,
respectively. Instead of using all the measuredtpdd plot the
measurement data, it is used only the points ckl&deone
particular radial direction of each AP (depicted asblack
dashed line in Fig 1a and 1b).

The parameters for the COST 231 in (5) &ig: both
facilities have concrete masonry walls with widtheast15 cm
which are considered asy, wall type with6.9 dBattenuation
for each obstructing wallji) the number of walls in the paths
analyzed (depicted by the dashed line in Fig. Dnis and four
for the small and the large facility, respectively.

For the average walls model, the aggregated wsdiLlg is
experimentally determined in according with themitde of
Section lll. This procedure results in the datavsthan Tab. 11l
Different attenuations among the walls due to thstirgt
surroundings are verified. Even negative valuespassible to
be obtained (as in walls 1 and 4 for AP2 in Tap They do not
represent a signal gain. They infer that the expbme2
assumed by this model overestimate the path losthat
particular distance. Nevertheless, the mean wal$ lalways
results in a positive value [7].

TABLE lII.
WALL LOSS FOR THE AVERAGE WALLS MODEL
Wall AP1 AP 2

1 0.83 dB -1.71dB
2 12.11dB
3 9.06 dB
4 -4.52dB

Mean 0.83 dB 3.67dB

Using the values shown in Tab. lll, the averagdsaabodel
for small and large facilities is given by (15) ard6),
respectively.

Lgp = 40.2 + 20log,od + k,, - 0.83.

(15)

Lag = 40.2 + 20log;od + k,, - 3.67. (16)

environments [5, p.78].
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Figure 3a. Small facility.
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Figure 3b. Large facility.
Figure 3. Measurement and numerical results for dual-slop@ST 231
and average walls propagation models.
TABLE IV.

STATISTICAL DATA PATH FOR THREE LOSSMODELS DUAL-SLOPE, COST
231AND AVERAGE WALLS.

Standard
Deviation (dB)
AP1 AP 2
1.9 2.92
3.85 5.08
3.80 3.45

Mean Error

Model (dB)

AP1
3.14
12.73
6.67

AP 2
2.81
8.56
4.95

Dual-Slope
COST 231
Average Walls

V. SITE SURVEY

Fig. 4a shows the coverage map for the small argkla
facilities based on RSSI. The circles (dashed Jis&nd for the
dual slope estimation for the following received weo
boundaries:50 dBm -70 dBmand-80 dBm Fig. 4a shows that
the measured and numerical results match well Her gmall
facility. The dual slope circle estimates adequyatéhe
attenuation from the nearby obstacles that reddkedsignal

Tab. IV shows the mean and standard deviation errogyengih. However, it does no predict the acceetlattenuation

between measured and numerical results for dupesiGOST
231 and average walls models. Analyzing Fig. 3 Baldl. 1V, it
can be concluded that the COST 231 and average walilels
do not allow a good agreement with the measured. diith

in the Water Closet (WC) walls, approximately ®fdB The
walls next to WC present a greater attenuation tbtrer
building walls because inside them there are pgrabedded
[7]. Also, it can be seen that for paths wheredl&rabsence of

models considem=2 (characterizing a free-space channel)gpstructing objects (the dotted line labeled asbstracted path

whose value is greater than the exponent obtaigetiddual-

in Fig 4a), then the signal coverage reaches fadmances,
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emphasizing the effect of attenuation from indasiriventories

(4-5 dBof loss has been observed on the measured data).F

large facilities, Fig. 4b also depicts that a readbe agreement
between the dual slope estimation and the siteegupxcept for
the office room where the RSSI was greater thamlighed.
However, this result is expected because officéarenments do
not provide large metal obstacles that could redheeRSSI,
allowing the signal coverage reach farther distance

[l 1 -30. -50 dBm] [] [ -50. -70 dBm]
[ 1-70. 80 aBm] [ < -80 dBm

Figure 4. Coverage maps obtained by the site survey: (a)l smdl(b)
large facilities.

Fig. 5 shows the prediction error for a significamt of
measured locations. It can be seen that the piedietrrors
respect the minimum shadowing margirl6fdBas proposed in
[4] over several industrial topographies (even dagk brown
bars do not surpass this value in Fig 5). This magsgincluded
in the link budget to account for the effects chddwing fading
and temporal fading.

Error (dB)
Error (dB)

Figure 5a —AP1: small facility. ghire 5b —AP2: large facility.

Figure 5. Errors between received power between dual slopeéemo
estimation and site survey measurement.

We investigate in [9], using analytical and meamest
results, the same five different indoor path lossppgation
models in office environments: one-slope; dualsjop
partitioned; COST-231 multi-wall model and averagdls. Fig.
9 shows the prediction error when it is used theraye walls
and dual-slope models. Although, the dual-slopeehptesents
a good accuracy, the average walls model has thierbsults
when testing its scalability in office environmeras shown in
Tab V. The present contribution shows that dugbelonodel
has the best results for industrial sites. Howevernot
necessarily might allow an accurately predictionddferent
types of indoor environments where the walls can the
predominant obstacles [9].

TABLE V

MEAN ERROR AND STANDARD DEVIATION FOR DUAL-SLOPE AND
AVERAGE WALLS PROPAGATIONMODELS AT25 SELECTED POINT49].

Mean Error (dB) Standard Deviation (dB)
AP 1 AP 2 AP 1 AP 2
2.67 7.52 2.56 6.84
6.41 9.25 4.73 7.89

Model

Average Walls
Dual-Slope

20

16

2
0
8
6
4
2

o

(a) Average walls model for AP1. (b) Dual Slopedeidor AP1.
Fig. 9 — Errors between received power betweemesitn and site survey
measurement [9].

VII.  CONCLUSIONS

This paper analyzed comparatively the accuracy ivé f
propagation models (one-slope; dual-slope; pantiiy Cost-
231 multi-wall model and average walls) for indaodustrial
environments in order to determine a simple prodor
industrial WLAN planning using inexpensive resosicé has
been concluded that the one-slope model respomdihdobest
agreement for the small facilities, where the festhdistance
between the transmitter and receiver is ara2@an For larger
industrial environments, the path loss rate in@eas distances
greater thar20 mand the dual-slope model proves to be more
appropriate to estimate the path loss. In relatinthe models
that consider the wall attenuation, like COST 28l average
walls model, the path loss prediction is overedtiichecause
industrial environments are usually large roomsretvealls are
not the predominant obstacles, as the industriadhinas and
stored materials are. In synthesis, the dual stopdel allows
first order results to optimize the APs placemeaducing the
WLAN installation cost.
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