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A New Statistical Model for Site-Specific Indoor
Radio Propagation Prediction Based on Geometric
Optics and Geometric Probability
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Abstract—The ray-tracing (RT) algorithm has been used for ac- channel has a tremendous amount of impairment and variability
curately predicting the site-specific radio propagation character- [1], [5], [6], large-scale deployment of these services provides
istics, in spite of its computational intensity. Statistical models, on a major challenge to the network designers. For this reason, it
the other hand, offers computational simplicity but low accuracy. . . . - '
In this paper, a new model is proposed for predicting the indoor IS Imperatlve. to develop deployment tOQ'S' where eﬁ'?'ent but
radio propagation to achieve computational simplicity over the RT ~accurate radio channel models are required. The efficiency of a
method and better accuracy than the statistical models. The new model is measured by the computational complexity, whereas
model is based on the statistical derivation of the ray-tracing oper- accuracy is measured by the estimation error. Ray-tracing
ation, whose results are a number of paths between the transmitter (RT) [1], [14], [20] is one of the most popular techniques for

and receiver, each path comprises a number of rays. The pattern S . .
and length of the rays in these paths are related to statistical pa- predicting radio channels used in the deployment tools. The

rameters of the site-specific features of indoor environment, such Main characteristic of the RT is the computational intensity,
as the floor plan geometry. A key equation is derived to relate the which is the main reason for the prediction tools to be slow
average path power to the site-specific parameters, which are: 1) jn spite of its accuracy compared to the tools based on the
mean free distance; 2) transmission coefficient; and 3) reflection statistical model. This has motivated a significant research

coefficient. The equation of the average path power is then used ffort t It fi thods includina th led
to predict the received power in a typical indoor environment. To efiort to pursue alternative methods Including the so-calle

evaluate the accuracy of the new model in predicting the received Fast RT [2], [21] in an attempt to expedite the computation
power in a typical indoor environment, a comparison with RT re-  time. Still these alternative methods require more complex

sults and with measurement data shows an error bound of less than flpor-plan databases and the need to trace all rays regards of
5dB. their significance to the received power.

Index Terms—Power coverage, power delay profile, probabilistic The purpose of this paper is to introduce a new model for
geometry, rattracing, site-specific channel model, statisticalindoor  statistically predicting the indoor radio propagation in order to
radio propagation, wireless deployment tool. contrive a more computationally efficient method for predicting

the received power within a building.
|. INTRODUCTION The paper is organized as follows. Section |l states the theory
- . . . behind the new model and presents a key equation for estimatin
E ARE living with ever increasing demand on telecom—ath power. Section I shgws a metho?:ll V\?hereby the total re-g

munications speed and ubiquity. The advent of thp ived power can be estimated. In Section 1V, the prediction of

Internet and data networks has escalated this demand. The . ..o power using the new model is compared to the pre-

?eiwgt{(ggiga;etﬁznrit)aslia;ﬁnorggﬁ? Z\gﬁﬁii;(;:?;?‘ug'?g%ction of RT software and data collected from measurements
P y a typical office environment.

to deploy. Personal communications systems (PCS), wireless
local area networks (WLANS), wireless private branch ex-
changer (WPBXs), and Home Phoneline Network Alliance II. POWER OF APATH WITH A GIVEN LENGTH
(HomePNA) are the services that are being deployed in indoor

areas on an increasing scale. The latter application is proving tdXT approximates the radio propagation in a finite number of
have a large market since it will be integrated to the emergifigys originated from the transmitter. Each ray encounters reflec-
Digital Subscriber Loop technologies (ADSL, VDSL, etc.). Théion and transmission upon intersecting with an obstacle (such
market of these services will try to reach out to offices, schoo@s Walls, doors, windows, etc.) The pattern of ray propagation

hospitals, and factories [10], [12]. Because the indoor radi®dictated by the geometry of the floor layout and the materials
from which these obstacles are made. Hence, as an alternative,

the statistical characterization of radio propagation can be re-
Manuscript received December 1, 1999; revised February 1, 2001; acceqigfbd explicitly to the statistics of these patterns [4] The statis-
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A. Path Power and the Number of Reflections and Path-2 has:
T .. 5 Transmissions (g=0.625)
ransmissions 3 Reflections (p=0.375)

When a path arrives at a point, it has already gone throug Length =L+4,

many reflections and transmissions (object-intersections). Co
sequently, the path power tends to decay rapidly with distanc
more than the inverse-square distance law for the free-spac N |
Each path is traced throughout its entire trip from the transmitte AV “~Rx
to the receiver. Each time there is an object-intersection the r: / Ll —
loses a certain amount of power while the propagation loss i TY | T
between intersections will maintain the free-space rate, i.e., it R
verse-square distance law. The intersection loss is either d \
to reflection or transmission, since other mechanism, such i
diffraction and diffused scatter, can be ignored in indoor propp, . o . Path.1 has:
agation [9]. Each loss can be expressed in power formulatic2 Transmissions (g=1) 3 Transmissions (g=0.75)
as a multiplication by a loss coefficient. Hence, after traveling © Reflections ! Refection (p=0.23)

. .. . Length =L Length =L+A,
meters from the transmitter (Tx) and undergoinigtersections
(m reflections andn —m) transmissions), the path powerisex-

pressed *All paths have a reach of L.
*Each path has a length of (L+4))
— — v i i i ith unif d f 50%
P(l, n, m) =Pl 2R2mT2(n m) (1) The dimension of the rectangles is 10x5 with uniform randomness o 4

, . _ Fig.1. Th I | find PD p.
whereR andT are the meanvoltage reflection and transmis- ' 9 e rectangular model used to find PDRaindyp

sion coefficients, respectively, is the free-space power at dis- _ _ . .
tance 1 meter, which is expressed by wherel/X is the mean free distance between two intersections,

which depends on the floor layout Mean Free Distance. Itis de-
e \2 fined as the mean distance a ray can travel before it intersects
P, = GG, <m> : with an object. This parameter is estimated within a given shape,
which is assumed to be rectangular due to the adoption of the
Where GG, and G,. (= 1 for isotropic antenna) are gain ofrectilinear model. In Section I1I-C, a method for estimating this
transmit and receive antennas, respectivelyis the speed parameter will be presented using probabilistic techniques. The
of light in free space, and is the frequency of the radio method estimatel/ A from knowing the width and length of the
signal, which is 900 MHz in this paper. For rest of this paperectangles of the floor plans. The second functfetvn|n, ),
the assumption is that the transmit and receive antennas @tiehe other hand, gives the probability of having exastlye-

isotropic; i.e., omni-directional propagation. flections andn — m transmissions in path length As men-
The mean path power can be expressed as follows: tioned earlier, these are independent and exclusive, hence bino-
o n mial PDF fits these conditions [18]. Then
P(y=PI72Y "> fn,m)RZ =™ (2) n
e Rty = (1) o000 ©

V\/frtler::-f(n,l'm|l()j.|stthebP|.3t|; of a fﬁ’at?. that mterseatsofuects wherep(l) andg(l) are the probabilities of reflection and trans-
aner. ravelln%h "Q’f a”nc with m [_e ec;rlpnlsagrllzo(n_”—l;n)d_rans- mission, respectively, for a path of lengthNote thatp(l) +
ir:IZSelt?:lrilI& n the following section, this will-be ISCusseq(l) = 1. After a few manipulations on (2) we obtain the fol-

lowing results (see Appendix A for derivation):
B. Calculation off(n,m|l) P(l) = Pl 2c N M@ +pR?) ©)

One can think of the process of hittingobstacles as a com- ) i ) . , ,
bination of reflections and transmissions. These two events ard 'S €quation gives an explicit relationship between the av-

independent and exclusive in one path at one instance. Herfd@9€ power of a path with site-specific details and the building

F(n,m|l) can be decomposed as a multiplication of two fund@Y0ut via(A), and the floor materials viai{ andT). By esti-
tions mating the values of these parameters based on the location of

both transmitter and receiver, (6) can be applied to predict the
Fn,m|l) = fi(n|l) fo(m|n,1) (3) power of a path versus distance.

wheref,(n|l) is the PDF for a path that has underggngin- C. Calculation ofg andp

tersections after traveling distanken [13], it has been demon- 1o yse (6) for predicting the power of a multipath arrival
strated through a Monte Carlo simulation that this function isk:'howing the location of the transmitter and the receiver, it is

POiSSOI’l diStI’ibutiOI’l fOI’ the indOOI’ enVironment. Hence important to knOW hov\p andq Change W|th path distande
AD™ _y In order to do that, leL denote the Transmitter—Receiver dis-
fi(n|l) = 4)  tance, thereford,= L + A, whereA is the difference between

n!
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Probability of Reflection in 10x5 rectangular layout model (with 50% randomness)
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Fig. 2. The probability distribution of reflectiofp).

the total path length and Transmitter—Receiver distance. Herize General Formula for Path Power
p(L) = 0, because LOS can not undergo any reflections. ForSubstituting (7) in (6) yields
large excess path lengths, reflection and transmission events are

taken to be equally likely; i.ep approaches 0.5. Therefore, one

can conjecture that this behavior can be exponential, i.e., P(l) = P72 Ne

M(T24+R2) A(T2—RZ)e—BA
2 e 2

(8)

Note A serves as the time delay of the profile since A/c,

1— e A wherec is the speed of light. Hence
p(l) =p(L+A2) =p(A) = ——— = ¢(8)

—AA
S i (7) P(L.7) = PoL + or) 2 MIrben) P

2 AML4erWT2=R2)e— AT

xXe 2 . (9)

A Monte Carlo simulation has supported this conjecture
where the recta_ngular shape model is employed. The simulatioq-his equation represents an “average” power delay profile for
can t_me summarized as fo.”OWS: The_rectangular model_ofaflolﬂ oor radio channel. To visualize the significance of the pa-
plan is taken to be 1@.5 with 50% uniform rand_omness I both 5 meters to the shape of the profile, Fig. 3(a)—(d) show profiles
Iength and .W'dth' This mean.s that. the widthbis- Svy rwhtzre where one parameter is made variable while the others are held
bw s a “”'fo”.“ random varlablle n the range [of2.5, 2'.‘)]' constant. The most influential parameter is the Tx—Rx distance,
and the length '3r0f &1, wheres;, is a uniform random variable whereas\ ranks second!’ and R have a roughly similar effect.
in the range off5, 5]. A numerous number of rays that have e that wheri — L, then (9) will give the expected value of
undergone through intersections are generated. For each r

. . ) R e power for the LOS ray

the type of intersection (reflection or transmission) is recorde
at each intersection as seen in Fig. 1.

The reach and length of each path are then computed, where P(L) = P,L™ 2 0-T7), (10)
the reach of a path is the direct distance between Tx and Rx
(L), while the path is equivalent tb + A. Hencep andq are Clearly, LOS power is inversely proportional to squared
assigned for each from which the PDF op(A) is estimated. Tx—Rx distance (free-space component), and exponentially
Fig. 2 shows the result of this simulation. In this figure, botto transmission loss in this distance. Note that 772 is the
the PDF’s derived from simulation and the best exponential fiverage transmission loss (no Reflection coefficient exists
are plotted together. The value(df/)\) estimated is very close since it is LOS), and\L is the mean number of transmission
to the “mean free distance” of a rectangle with the dimensiatcurrences withirl.. Since the LOS ray is nothing more than
of 10 x 5 as can be calculated using the formulas presentedtlire line drawn between Tx and RX, this portion of signal power
Section IlI-C. can be replace by the deterministic power calculation. If there
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Channel profiles of the new model, r=0.8, t=0.4, 1=0.5, Rx-Tx Distance=(

5,15,25,35,45)

Ch‘annel profiles of the new model, r=0.8, t=0.4, A=(1.5,0.3,
10 r T

115

0.45,0.6), Rx-Tx Distance=10

10 T T T T T T T T T T T T T T
~ -.- Distance 5 m -.- A=0.15
~ - - Distance 15 m ~ --A=0.3
» ™~ o - Distance 25 m L -~ — o - A=0.45
10°k ~ . +-Distance 35 m .l T +-4=0.6
™ - Distance 46 m .-, Tl -
. ~ . 102 T T T 1
el ~ ol % T .
10° e T o T Tl T
3 AR ~ E +o ~ Tl -
g - 3 w, T
= 2 . T Tl
=3 3 “ Te Tl
£ K ~ .. .
5 £ 0% * - S
o P S .. -
= > AN Se. 3
5 3 e A
e @ h T
s ¢ +\>¢_\ AN
4 ..
4 RN A
107 S 3
S
+.
.
+.
10- 1 L L I I i1 it i 10-5 L Il 1 L L L I L
¢} 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time in 5 nsec bins Time in 5 nsec bins
a-Tx-Rx Distance is variable b- A is variable
_Ehannel profiles of the new model, r=(0.7,0.8,0.9), t=0.4, 1=0.5, Rx-Tx Distance=10 Channel profiles of the new model, 1=0.7, t=(0.3,0.4,0.5,0.6), A=0.6, Rx-Tx Distance=10
10 T T T T T T T T T 0 T T T T T T T T T
+-1r=0.9 +-1=06
--r=08 e-t=05
e-1r=07 --t=04
o --t=03
1078 24 J
24 st~ -2~k
10 F s 0~ 4 R N
\‘\‘\:*\* \13:3;\+
3 RSN g S
2 T 2 0% S, )
= . . = >N N
g ., TN, 2 ~ \\f:.\:*\+
< 10°} e T ;< RN
o .. - +. o NI kL
2 ol TRy 2 RN
! ST e g 10" Sl :
= T S~ +\\+\ ' \\\\o\‘\_)(\
\\.\ RN T+ \\\\\‘-\+\\.§\
-4 e T T Tl T
10 '+ Y N E RO N
~ ~ -5 ~ ~9
o T 107 .
'\\
'\
10‘5 i L 1 1 1 L i L ) 10’6 1 L L I 1 L i 1 L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Time in 5 nsec bins

c- R is variable

Time in 5 nsec bins

d- Tis variable

Fig. 3. The model parameters and their effect of predicted channel profiles.

aren object-intersections along this line, then the correction to No close form could be found for this integral, thus, it has to

(8) and, therefore, to (9) will be as

AM(T24+R2) M(T2_R2)e—4A
2 2

P()=P,[ 172 Ne e

_["2oAL(-T?) + En: L_QTZ?

=1

IIl. THE MULTIPATH RECEIVED POWER

simply defined as the sum of the their individual power regard-

less of the phase of the individual paths [19]; i.e.,

oo

J-

P(L) P(Dydl.

L

(12a)

be computed numerically as

P(L) = f: P(L +i6)

(12b)

(11) whereé/cis the bin time unit. In (12b), it is assumed that a path
exists in each bin, which is 5 ns in this case, since the band-
width is 200 MHz. The result from (12b) will be compared to
the power estimation using RT results as well as measurement
data. In the following two subsections, methods for determining

In this section, the total power received from multiple path§ie three parametersi, 7', and)\) are presented.

will be estimated based on the key equation derived in the pre-

vious section. For a wideband receiver, the multipath powerAs The Area Wher&®, 7" and \ to be Estimated

For a given pair of (Tx, Rx), we need to identify the neigh-

borhood; i.e., obstacles surrounding Tx and Rx, that influences
the estimation of the received power by determining the mean

value of R, T', andA. To identify these obstacles, maximum path
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length can serve as an indication of how far the inclusion of t These ane extendid walls (sith T= ] end £<) in
obstacles should be. pomplese the ecmngelar 5|‘|.1|:l|!5

The path power is assumed to reach a threshold (say 10 ]
below the strongest ray arrives at Rx) under which the ray wi
be neglected. The shape of area that the maximum path len
traverses before its power drops below the threshold is natura
ellipsoid. Within this ellipsoid shape, the path is expected t
have the lowest power when it undergoes only one reflectic
out of n intersections. This is true on a statistical basis, since
generalR?T»—1) < R¥m72(n—m) (assuming thal’ < R).
As depicted in Fig. 4, the locations of Tx and Rx serve as tt
foci of the ellipse whose boundary acts as the farthest reflect
on which rays bounce with the same length. The idea of co
fining the area of interest inside an ellipsoid shape has be
presented in the literature primarily for studying the mulitpat|
scattering [15]. Rectilinear partitioning of the floor plan simpli-
fies the issue of deciding which spaces that the ellipse overls
have to be included in the estimation of the three model paral
eters. During rectilinear partitioning process, fictitious exter

These rectangulor spaces confined

. - . T Il i pach lengih i
sions will be drawn and assign€d—= 1 (no transmission loss) withiin the: Elligse by the ellipse are incladed for

and aR = 0 (no reflection). These extensions will be includec estinmating T, R, and J,
during the estimation of the average model paramefgrand
R)' see Flg. 4. If the maXImum path |ength |S denotedlw(’ Flg 4. An illustrative eXampIe for maximum path Iength relative to the

then the threshold is computed as ellipsoid shape.

Poox floor layout.) R; andZ; can be calculated through the following
Py, =10 -logy, <P(l )> (13a) expressions [1]:
where Py« is the maximum power of a ray that travels from ““Z‘— “_mzz, Horizontal polarization
Tx to Rx, which can be derived from (8). Fét, = 10 dB,  Ri(e, ) = f‘_”.:_%
then P(l,ax) = 0.1 - Ppax. One method for determininig, m, Vertical polarization

is to use the following equation$,.,,. = 3L for LOS and
lmax = 1.5L for OLOS, wherel is the distance between Rx
and Tx as seen in Fig. 4. These two equationd.fqr, are de-  7i(e,8) =y/x(1 — R?) (15b)
rived from numerous evaluations of (8) for various values of its

parameters. Another alternative is to use the ad hoc model #éleree = &, + ;600 is the complex permittivityg, is the

rived from measurements for the received power; such as J¥élative normalized dielectric constant,is the conductivity,
or wall-dependent [1], as follows: and x is a coefficient that accounts for the transmission loss

and it is usually taken to be 0.5 [9]. Note that (15a) is a func-

- tion of incidence angle; which is a uniform random variable
Py = 10alog <T> (13b) over [0, 7 /2]. Therefore, for a given material, one can find the
mean value of the reflection and transmission coefficient by av-
where the decay parameters [1]. eraging (15) ovef0,# /2], i.e., R = 2/= j'(f/Q R;(e,6)df and
T = 2/x [T Ti(e, 0)db.

B. Estimation ofR andT

Once the ellipsoid shape is determined, the reflection afrd EStimation ofA
transmission coefficients for all objects (sagbjects) enclosed The same shape used in the previous section will be used to
in it will be collected. Thenk andZ’ are estimated as follows: estimate\. In order to estimate the mean value of arandom vari-
able(\), the probability distribution function (PDF) of the ray
length is required. Appendix B shows the geometric probability

k
- sk 5, - Z sift; and distributions of a ray within the rectangular shape, which was
kZ::L Z:I shown to have three different types of rays. The mean free path
Y ST ; :
T :Ezil idi Z ;T (14) 1/ can be estimated as follows:
2ic Si i=1 1 4 1 1
T = zPat Zpw + Zpr (16)

whereR;, T;, and.S; are reflection, transmission, and size co- A6 6 6
efficients, respectively, for obje¢t In a two-dimensional (2-D) whereg 4, pw, andgy, denote the mean length of rays between
case,S; is the length of the object (such as wall length in thadjacent sides (four cases), opposite width sides, and opposite
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‘ mEEmssssssss ® Transmitter A in proportional to its area overlapping with the ellipse, as in-
® Receiver dicated in Fig. 4. Hence [16]

== Brick wall
== Plaster wall

—Dgor (Metallic) 1 _ Z::l i_j 18
b 320CWINS )L e e P S 18)
whereq; is the overlapping area of rectandl®, whose area
is A;(= a; x b;). The assumption is that the ellipse confines
complete rectangles. A part from the having only rectangular
5 _iz_o_c * shapes, there could be, within the confining ellipse, parallel lines
/ ® o o o o0 o o o alongz ory axis, such as a portion of a hallway. In this case, the
o 7 ' mean free distance is computedlas\; = pw or 1/\; = pi,
o respectively.
o I8
ol= IV. VALIDITY OF THE PROPOSEDPREDICTION MODEL
8 of® © 0 0 o In this section, the results of power prediction using the new
O< oj® o o o L model are compared to the power predicted by the RT software
S 0" © o o0 S and the measured power in a typical office environment. The
1 o .21 o o0 2 second and the third floors in Atwater Kent (AK2 and AK3,
OEE ¢'% o o respectively) Laboratories are taken as case study to check the
ofle © o o validity of the new model.
.m e o 0 o Throughout this work, we maintained the following parame-
\,- ° = ;= ters for both cases (AK2 and AK3) [7], [8].

(
Co
N
®
®
[ ]

« The center frequency of the channel is 1 GHz, and the
bandwidth of 200 MHz.

« The number of profiles is 620 taken from different loca-
tions in the second floor at the AK Labs building.

|

b
it
n [}
[ "

A. Comparison With the Results of RT

In this section, the results of the previous subsections will be

j used for estimating the power in AK3 and then compared with

cccccccoco= the results obtained from the RT software. In order to do that,

the three zones LOS, OLOS1, and OLOS?2 are treated individ-

Fig. 5. AKS3 floor layout. ually. On this floor, walls, doors, and windows are considered

to be highly dielectric materials, nearly perfect conductors, and

length side. They are computed, with assistance of Appendixlﬁy\’ diglectrig materials, respectively. Walls are f';\ssumed to have

as follows: a 10 dielectric constant and a 0.001 conductivity, therefBre,

andT; coefficients are (0.75,0.48), which are the average over
the incidence angle range [of 7/2]. These coefficients are as-

sumed to be (0.95,0.01) and (0.1,0.9) for doors and windows,

2 bt JaZ 2 b2 o respectively [3]._ _
Pa :% n L) + 6a In <%> 1) LOS: In this case, all Rx’s are located in the same room
@ “ (number 317) where Tx is as seen in Fig. 5. This room is about
n a? + b2 (17a) 9 x 8 m%. The distance between Tx and each Rx is in the range
3 from 0.2 to 6 m implying the ellipse for each Tx—Rx combina-
- b2 a4+ /a2 + b2 a2 — 2h2 3 2p3 tion embracing this room as seen in Fig. 5 and portion of the
pw =_In b t—32 V@tV +55  surrounding hallway (OLOS1) and Room 318.
The first step is to estimat& and 7" using (14) using the
(17b) . L - . .
) ) ) 5 reflection and transmission coefficients given above. The size
oL Y, b+ va* 4 b n b —2a T Zi. coefficients are determined for walls as folloves;, ;s = 0.80,
b a 362 302" doorssgoers = 0.05, and WINAOWSS ,indows = 0.15. Hence,

(17c) Rros = 0.7, andTLos = 0.5. The second step is to estimate
A from the dimensions of Room 317 and its adjacent vicinities.
For rectanglé in the floor, a mean free distantg); is com- OLOS1 is a hallway; which is about 2 meters wide. The ellipse
puted based on its lengtla) and width(b). Any rectangle in- only includes about 5 meters of the two parallel walls of OLOS1.
cluded inside the ellipse will be used to estimate the mean vallieerefore, the dimensions of OLOS1 portion are al2oui m?.
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Notice that in this case equation (17b) or (17c) is used to find TABLE |

. Using (12) in conjunction with (13) yields the estimation of PARAMETER ESTIMATION FOR LOS ZONE

A as seen in Table I. R S R R T A
2) OLOS1: Similar analysis can be done for this case. A vell ] T | oo

can be seen in Fig. 5 there are left, right, top, and bottom are Room 317 0.8 0.15 05 0.74 048 |0.14

whose parameters are unique because their neighbors are
ferent. The most influential neighbor is Room 317, which pos °
sesses about 70% of the ellipse area for this case. Heisc®@  Room 318 085 |02 .05 0.68 049 |0.17
the range of 0.2 to 0.25 for left, right, and bottom areas. On tt
other side, the bottom area is shadowed deeply by Room 318.

The ellipse in this area embraces parallel walls of Room 318 TABLE I

along the width, with size about4 3. In this case) is about 0.3 MODEL PARAMETERS FORAKS IN THREE ZONES
using (17b). The upper boundary of the top area has small rooms
(Room 319, Room 320, and the entrance of Room 320-CWINS.)
Roughly, their sizes are in the order ok2; which cause\ to LOS 07 |05 Jois
be in the range of 0.5 to 0.6. Furthermore, the ellipse does not
confine Room 217 entirely, so thais higher than 0.14 as found

in LOS. Itis estimated to be 0.22 by using (16). Therefore, the OLOSL | Top 07 |05 ]os
average\ for the top area is in the range 0.4 to 0.6.

3) OLOS2: It consists of a row of offices, most of them of
size 3x 2 except Rooms 311 and 301. By inspecting Fig. 5, OLOS2 | Room 31l 07 |05 |06
Rooms 301-310 seem to have comparable parameter values-
Room 311, on the other hand, is deeply shadowed by Room 318.
If we assume that 50% of the ellipse resides inside Room 31
25% inside LOS1, and 25% inside OLOSZ2. Then for the Roorr
301-310\isinthe range 0.25to 0.3. Room 312, however, is it
adeep shadow due to Room 318. Also, the receivers in this roc
are the farthest from Tx. The ellipse at the most two adjace
walls (top and right ones) caus&go be calculated using (17a)
when the two adjacent walls are included. Table Il summarize |
the parameters that will be used in (11) for all Rx locations il
the AK3 experiment to estimate the received power.

4) Results of Power Prediction From the new Model anc g .
RT: Fig. 6 shows the scatter plot of power estimated using tr
new technique versus RT results. The similarity is appare =
between the two cases indicating that the new model is a val
technique for power prediction. LOS case shows agreeme% -80r
to all points: i.e., the pattern of power change is very similaig -100 : : ‘ ‘ . s ‘
OLOS1 has the same trend except some points located at % 20 20 20 260 280 300 320 30 360
intersection of the top with both left and right area of this
zone. In the case of OLOS?2, the periodical decay is not ag 6. Power predi_ction using thg new model and RT data versus location
deep as the RT results. This is due to the fact that parame'?g?x ALAKS (operating frequency is 900 MH2).

A is assumed equal throughout Rooms 301-310. The reality

is that the Rooms 308-310 should have a gradual increas&Vhen power-distance relationship is drawn with both axes
to this parameter to account for the gradual increase in tAEe logarithmic, as seen in Fig. 8, the shape of the relation is an-
effect of Room 318 shadow. Generally, however, the standdigiPated to be slowly decaying approximately in the first 10 me-
deviation of the prediction with respect to RT estimation {€rs and the decay becomes much steeper [9], [11] . In[11], em-
about 5 dB over all zones. However, the standard deviation fjfically this relationship was fit to an exponentially decaying
the individual zone is as follows: 1.2 dB in LOS, 5.9 dB jfunction; i.e.,e=*!/I?, which is very close to our theoretical
OLOS1, 5.5 dB in OLOS2. derivation as showed in (6).

This is a remarkable achievement considering the fact that the
piecewise-linear statistical power modeling [1] had a standard ]
deviation of more than 10 dB. Fig. 7 shows a scatter plot of tfe Comparison Between the Results From the New Model and
predicted power for the three zones. Itis apparent that LOS cadgasurements
shows the highest match, whereas results of OLOS-2 show thdo compare the prediction of the received power with those
lowest match. obtained from measurements, the frequency-domain measure-

LOS1 0.85 0.1 05 0.62 056 038

R T 2

Left, Bottom, and Right 0.7 0.5 02

Rooms 301-310 0.7 0.5 0.25

Power estimation Comparison between the RT and the new model
-20 T T - : T . T .
| ¢RT % std=1.2dB

L o New model
-40} N

Relative Power in dB

Relative Power in dB

60+
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Relative Power in dB

Fig. 7. Comparison of power

Relative Power in dB

-100

Fig. 8. Power prediction using the new model and RT data versus Tx—Rx distance at AK3 (operating frequency is 900 MHz).

Power estimation Comparison between the RT and the new model

& «RT

T 4 T T T T

o New model

OLOS2 Zone

! I

prediction using the new model and RT data at the three zones of AK3 (operating frequency is 900 MHZ).

=90 +

10 12 14
Tx-Rx Distance in meters

Power estimation Comparison between the RT and the new model

T T

@]
* o RT Result

*O

s o New model

10™

10° 10' 10°
Tx-Rx Distance in meters
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ments for AK2 used in [9] will be employed here also. A simAKS3 floor, the value ofR is the same, whereds is slightly

ilar analysis is carried out to the locations (see Fig. 9) to find tisenaller due to the fact that this floor has more metallic doors.
three parameters in each location. The materials of walls, wifike receivers in Room-1, where the transmitter is located,
are associated to the four surrounding spaces according to
The estimation of the three parameters as done in Séeir closeness to these spaces. The fifth space consists of the

dows, and doors are similar to AK3 floor mention above.

tion IV-A is repeated here, as seen in Table Ill. Compared teceivers in Room-4.



120 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 1, NO. 1, JANUARY 2002
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Fig. 9. AKS3 floor layout.

The result of the power prediction is depicted in Fig. 10. Theg,

TABLE Il
MODEL PARAMETERS FORAK?2
R T A
Location of Rx
Room-2, Room-1 (space adjacent to Room-2) 07 (04 017
Room-3, Room-1 (space adjacent to Room-3} 07 |04 {018
Room-4 0.7 104 |022
Room-5, Room-3, Room-1 (space adjacent to Room-5) 07 |04 1032
Room-6, Room-8, Room-1 (space adjacent to Room-6) 0.7 104 | 021

rectangular shape in the floor plan. This operation is per-
formed once for each floor plan under study.

3) Locate the Transmitter (Tx) and Receiver (Rx) in the floor
plan.

4) Draw an ellipse, whose foci are the locations of Tx and
Rx as explained in Section IlI-A.

5) Find the overlapping area between the ellipse and the
floor plan. This step identifies the inclusion of all rect-
angular shapes (rooms) that will be use in the next step.

6) Compute the average valuesiof7’, andA for the over-
lapping area identified in the step 5) using(14) and (18).

7) Use the parameters computed in the step 6) in (11) and
(12) to estimate the multipath received power.

Note that steps 1) and 2) are considered as preprocessing opera-
tions and performed once for the floor plan. Steps 4) and 5) are
computationally more involved than the rest of the steps in this
algorithm. Specifically, step 5) requires answering the query of
owing the rectangles that the ellipse overlaps in a floor plan.

standard deviation between the predict?on and measuremenfis, prute-force method results /2 queries for checking the
about 2.87 dB and the mean error is 2.77 dB, compargferiap with all the rectangles in the floor plan for each Tx—Rx

to a standard deviation of 2.4 dB when using RT [3]. Fig. 1F’_lI

air. This complexity can be improved by using a spatial data

shows the power levels obtained from three methods; i.e., M&,ctyre [22]-[24] for relating the rectangles in a floor plan with

surement, RT [8], and the new model at AK2.

V. THE COMPUTATIONAL COMPLEXITY OF THE NEW METHOD
COMPARED TORT

each other. This data structure reduces the query time Ngn

to £7, which is the number of the rectangles that overlap with
the ellipse in the floor plan. In practicé, is determined by the
Tx—Rx distance and the size of the rectangles. The rest of the
steps are straightforward and are computationally simple, since

According to the new method, the multipath-received powépmputation of?, 7, and X is performed only once for each

is estimated using the following algorithm.

A. Algorithm

rectangle as indicated in step 2. Furthermdteand are the
average value computed over the angle rajige /2], for the
rectilinear wall model that is assumed in this paper as explained
in Section III-B.

1) Perform the rectilinear partitioning (rectangulation) of There are two methods to implement RT; image technique
the floor plan. The result is that the floor plan is partiand ray shooting [23]. The RT tool starts with shootifly)

tioned approximately in tdV/2 rectangles, wheré/ is

the number of walls.

rays from the transmitter to all direction around. Each ray will
be traced under it reaches the receiver after undergoing through

2) Calculate the propagation parametdts{’, and)) as ex- n wall-intersectionss reflections anch — m transmissions).
plained in Sections llI-B and & andT represent the av- Upon each intersection, the ray splits into two “child” rays, a

erage over the incidence angle rangg0ofr /2] for each

reflected ray and a transmitted ray. Hence, the number of op-

wall, door, and window using (12).is computed for each erations in the brute force ray shooting RT is proportional to
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Received power comparison between the measurement and the new method (AK2)
‘30 T T T T T T

o Measurement P 4

o New Model P2 B
G|P{P2* =2.87dB

mean error, |z 277dB

IP-P
1 2

0 100 200 300 400 500 600 700
Location index

Fig. 10. Power prediction using the new model and measurement data at AK2 (operating frequency is 900 MHz).

Received power comparison between the measurement, the new method, and Ray Tracing in (AK2)
'30 T T T T T T
* Measurement
o New Model
Ray-Tracing |

Relative Power (dB)

L L ! 1 ! 1

0 100 200 300 400 500 600 700
Location index

Fig. 11. Comparison between power prediction using measurement data, ray-tracing, and the new model at AK2 (operating frequency is 900 MHz).

O(M - (2n*+1 — 1) - N)t for 2™ distinct paths and without ray tion can be performed in much less thahoperations. On the
splitting [23]. Using triangulation as a data structure, the ragther hand, the brute force implementation of the image tech-
shooting was expedited such that the query of ray-wall intersetegue results in a computational complexity proportionah®

[23]. Beam tracing [24], which is a variation of image tech-

1) factor accounts for that the process is repeatetimes for each shooting Nique, is reported recently to have a complexity proportional to

angle around the transmitt¢p,+* — 1) factor accounts for the number of rays y7+1/2_ |n practice, the parameterd andn are usually as-
due ton intersections (each intersection spawns 2 rays),arfdctor accounts .
for walls; i.e., we requireV searches to find the ray-wall intersection in thesumed to be 180 and 3, respectively. These parameters, for each

brute-force tracing. Tx—Rx pair, will entail 2700 rays, each one requires power cal-
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culation at the intersection with a wall. The new model, how
ever, requires a number of computations [using (14) and (18 ‘W
equivalent to the number of the rectangles that overlap with tf
ellipse. In the two floor plans (AK2 and AK3) that this study is
based on, the total number of rectangles is less than 50; whi
implies that the computation ratio is better than 2700 : 50. Fu
thermore, the new method predicts the average received pow?
thus, the prediction is less sensitive to the sampling artifact [2
compared to the RT method. We expect that the new model ¢
be useful in optimal placement tools [2]. . » x

VI. CONCLUSION Fig. 12. A rectangle with different rays between two sides.

In this paper, a new model for indoor radio channels is pre-
sented. The model relies on the geometric probability of the
layout of the indoor environment from which a simple equa- 00
tion for power delay profile was derived. This equation has three P(l) = P,1=2¢=N Z
key parameters, which are directly related to the geometry of the n=0
floor layout and the materials of its walls, doors, and windows _ o ) ]
through simple equations. The model was, then, used to predict NiS summation is Taylor expansion ef, hence, it can be
the power received in two office floors, AK2 and AK3 at Wp|ewritten as follows:
and compared with the results obtained from running the RT 2 2
software I[e)md measurement data to check the validity (?f the new P(l) = POZ_QG_MGM(q(l)T ), (A-5)
model. It was found that the new prediction had an error bound
of 5 dB respect to RT and measurement data. This model can
be accepted to surrogate the use of the brute-force RT technique APPENDIX ||
for prediction of radio propagation in indoor environment. The |n this appendix, the Geometric Probability of a ray inside a
advantage will be in terms of computational simplicity whefectangle will be presented. A number of PDF’s will be derived
compared to RT. As a future work, this model can be extendgfld to be used for estimation of the mean free distandeav-
further to include diffracted paths, which can be applled to n’@-hng inside a re(ﬁang]ﬁect(i), arayp can be envisaged ge-
crocellular environment where reflection and diffraction are thﬂ'netrica”y as its hypotenuse between two intersection points_
dominant propagation mechanisms. Furthermore, the analysigginally, this ray either came from a reflected parent ray (in-
can be extended to three-dimensional geometry, which enaligfe Rect(4)), or from a transmitted parent ray coming from an

Substituting this equation in (A-2) yields

(X?n (e +pHR?)".  (A-4)

us to predict power coverage in multistory buildings. adjacent rectangle, such Bsct(i — 1). Therefore, a path from
Tx to Rx can be decomposed into a set of these consecutively
APPENDIX | linked rays. From the basic literature of “Geometric Probability”

[16]-[18], the probability distribution function of the ray length
can be derived. The derivation of the ray length probability dis-
= L (A" n tribution is based on the assumption that the two terminal points
P(l)=P,I™? Z Z N < )pm(l)q"—m(l) of a ray are independent random variables (RV). Moreover, the
coordinates of any point in a rectangle have a uniform PDF with
x R¥m2n=m) (A1) respect tdengthandwidth of that rectangle [16]-[18]. Fig. 12
shows the possible types of rays, i, o1, andpy are typ-
By taking out all the factors that are not function:efandm ical examples for these rays. The probability density of the ray

Substituting (4) and (5) in (2) yields

gives length(r) is split into three cases.
1) Rays between adjacent wallgs1, p.42, pasz, andp,4 in
_ -2 -\l = ()\l)n n2n - n Flg 12
Pl) = Pol™e z_:o n 2 T z_:o <m> In this case the ray length is expressed as

r = /22 + 4?2, note thatf(z) = 1/a, and f(y) = 1/b.

-1 m —1\2m
x (p(Dg™H (D) (RTTH)™. (A2) Then the probability distributions is expressed as [16],

17
The inner summation of (A-2) is the binomial expansion of (7]
(1 4+ )™ simplified as follows: Flrlpa) =
n 2ab 0<r<b
" _ m _ =L (b b<r<a
m (p(l)q l(l)) (RT 1)2m ab Sin (7) < < .
r;o = [Sinf1 (19) —sin~! (—”21_”2)} a<r<+va?+b?

= (1+pO)g (ORT?)". (A-3) (B.1)
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2) Rays between opposite sideddth case) pyw in Fig. 12: [
In this case, the ray distanceris= \/(z1 — x2)? + b2
and has a PDF as follows: [10]
[11]
2 N2 b2 .
flrlpw) = (@ ; ) 27 = b<r< Va4 b2
a 2
T @2 02
3) Rays between opposite sidéangthcase)py, in Fig. 12. 13
This case, the ray distanceris= \/a? + (y1 — y2)?
and has a PDF as follows:
(14]
2(b — + /2 _ 42 .
frlor) = ( b; ) 27 b2 a<r<Va2+p2 19
e —
B.3
(B.3) 116]

After knowing all the possible types of rays in a rec-
tangle, the PDF of the length of a ray irrespective to its[17]
relation to the rectangle sides is determined. The proba-
bility of having a specific ray type for rays between adja- [18]
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