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A New Empirical Model for
Indoor Propagation Prediction

Kwok-Wai Cheung, Jonathan H.-M. Sau, and R. D. Murglember, IEEE

Abstract—In this paper, a new empirical model for indoor the uniform theory of diffraction (UTD) and invokes detailed
propagation prediction is presented. The inspiration for our sjte specific information about the particular building [5]-[8].
model is to enhance existing empirical models for indoor propaga- In principle, propagation predictions can be performed with-

tion prediction by incorporating additional phenomena suggested . . .
by electromagnetic techniques such as the uniform theory of out first performing propagation measurements. Furthermore,

diffraction (UTD), but still retain the straightforwardness of the ~ the predictions based on ray tracing can predict intricate
empirical approach. The advantage is that computation time for propagation phenomena such as diffraction and reflection.

indoor propagation prediction is low without greatly compromis-  However, computation times on personal computers can be
ing prediction accuracy. Comparisons of our predicted results 1506 and, hence, the predictions cannot be performed in-
to measurements indicate that improvements in accuracy over ¢ t | ’ 'th’ lqorith f timizi b tali
conventional empirical models are achieved. erac_ Ively or with algorithms tor Op_ IMIZIng base-station
locations [9]. Another area for concern is that although the ray-
tracing techniques are based on formal electromagnetic theory,
tweaking of the permittivity constants is employed in order to
I. INTRODUCTION get a good match with the measurement results. Thus, in effect,

. : . h models hav nr n empirical model, ther
HERE HAS been considerable interest recently in prot-ese . odels have been reduced to an empirica ode ’.t ereby
. e . . rendering the advantages over empirical models questionable.
agation prediction for indoor environments. The reason : - .
In this paper, we propose a new empirical propagation

Is that |_ndoor propagation prediction is bgcomlng_ very useﬂrjrllodel, which incorporates much of the propagation phe-
to mobile telephone operators that provide services in Iarﬁg

cities, where many subscribers are pedestrians demanding ena that is suggested by electromagnetic theory such as

coverage be provided within buildinas. shopping malls. and’ 2 but still retains the straightforwardness of the empirical
9 P 9s, pPIng ' approach. A potential advantage of this is that the empirical

train stations [1], [2]. Combine this with the extremely hIgI}actors required in the model can be related closely to theo-

density of subscribers within these cities (making the radigQ.. . o S
. retical derivations so that fitting or optimization of the model
spectrum resource very scare), and it can be deduced t[hat

mobile operator profit margins depend highly on maximizin O propagation data will not necessarily be required. Another

i . . gdvantage of this is that computation time can be kept to a
capacity and, hence, performing accurate indoor propagation

rediction minimum so that predictions can be performed interactively
P . . . . ..on a computer without a significant reduction in prediction
Previously, two approaches to indoor propagation predictign
’ . : curacy [9]. In a sense, our model can be thought of as
have been investigated. In one approach, propagation mocgacis . . S .
- . eing in the middle ground between empirical and ray tracing
related to those for describing free-space propagation are, ~.
empirically or statistically fitted to measurement data [3], [4 gchn|qugs. .
' In Section Il, we provide the necessary background for our

The resulting models are generally straightforward to aIOIOIéfevelopments. In Section lll, the details of the new empiri-

and prediction results can be computed quickly. A limitation : : -

; ) .~ Cal model are given. Propagation predictions from the new
however, is that measurement data must first be obtained in . .

C ; model are compared to actual measurements in Section IV.

order for the empirical parameters to be determined. A furth&r

Index Terms—indoor radio communication, propagation.

T . n addition, discussions on the significance of the results and
limitation is that the propagation models can generally on

. . -_1their performance compared to an existing empirical model is

model propagation phenomena which does not depart radically . . . i .
T provided. Conclusions are included in Section V.

from propagation in free space.

In the alternative approach, electromagnetic theory is ap-
plied more rigorously using ray-tracing techniques such as Il. BACKGROUND

We define path loss in decibels as
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Empirical or statistical approaches to predicting path losse breakpoint, and/(-) is the unit step function defined as
then take the form

0, d<0
1 d> 0. (4)

U(d) = {

7

d n r Q

PL(d) [dB] = 10log <d—) +>  WAF(p)+Y _ FAF(g) (2)
0 —1 —1

g ! The additional parametets,,, 71, andn, we have introduced

whereP and(@ are the number of walls and floors between thcan b_e obtained fr_om the use of Fresnel ZOnes. By considering
. . . .. the size of the first Fresnel zone, a distantdrom the
transmitter and receiver, respectively [3], [4]. The empiric

parametersn, WAF(p), and FARg) are termed path_lossfi‘ransmltter and determining at what distance it will become

. : obstructed the breakpoinf,,,, can be calculated [7]. The
exponent, wall attenuation factor, and floor attenuation factay. ) .
. . ~digmeter of the first Fresnel zone a distantefrom the
respectively. The value of these parameters is determn}e

by best fitting the model (2) to measurement data from t:rlransmmer is approximately given by ~ v Ad as shown in

. : : .[I2]. Consequently, in a corridor 1.5 m wide, the first Fresnel
building of interest. The model (2) performs well in certai : .
: . L zone will be obstructed at distancésgreater than about 7.5
circumstances, however, its suffers from limitations. It does . .
. . . m for frequencies around 900 MHz. In rooms where there is
not include propagation effects such as distance dependence ' .
more clear space, the first Fresnel zone will be obstructed by
of the path-loss exponent, angle dependence of the (WAF

. ) . L the ceiling or floor, and this will occur at about 20 m from
or reflection and diffraction. As a result, prediction accuract)ﬁe transmitter. To keep our model simple, we propose to take
can be poor in certain parts of a building and especially i ’

. . %S value between these limits and use 10 m for the breakpoint
large distances from the transmitter. . o
d,p In all situations.
The exponents; andns will also depend on the particular
[ll. THE NEW EMPIRICAL PROPAGATION MODEL propagation environment. In general, should be about the

To improve the accuracy of the empirical model (2) whil@ree-space value of 2.0 once antenna effects are removed [6].
retaining its simplicity, we incorporate additional propagatiohn® Parameten, should be greater than 2.0 since it represents

effects that have been observed and suggested by UTDPERPagation in which the first Fresnel zone is obstructed. We
described in the following sections. have found at 900 MHz that, is generally around 2.5 for

propagation along a corridor [13].

A. Distance Dependence of Path-Loss Exponent B. Angle Dependence of Attenuation Factors

It is observed that propagation loss as a function of distanceWhen electromagnetic radiation is incident on a wall or

has two distinct regions [6], [11]. In the first region, which ISfloor, obliquely less power will be transmitted through the

within 5-20 m of the transmitter, propagation loss is similar to e
. T . wall than would occur at normal incidence. To try and capture
that occurring in free space. This is because at distances ver: .
) this effect in our new model, we therefore propose to make
near the antenna, obstructions such as walls and floors do no o
the WARp) depend on the angle of incidence.

interact significantly with the propagating waves. At distances To quantify the dependence of the WA and FARg) on

further away in the next region, however, the propagation Ioﬁ?e angle of incidence, we have investigated theoretically the

increases significantly as the electromagnetic waves becolr(‘gses you can expect for a variety of wall types. We calculated

obstructed by the ceilings or walls of the rooms in the building, . . ) o
! . ; . . he loss by treating the wall as a simple layered media, arriving
The distance at which this transition in propagation loss occur : T
expressions for the transmission loss. Two examples of

. X X . a
is referred to here as the breakpoint (this terminology ISaII attenuation as a function of the angle of incidence are
Iven in Fig. 1. In general, the exact expressions for the wall

borrowed from microcells, where a similar effect is observeg

[11])'. . . . attenuation are algebraically nontrivial, but the essence of
This breakpoint phenomena is incorporated into (2) q% . . : A

em can be retained by using a simple approximation. At

modifying the equation to grazing incidence, we assume that transmission is zero while at
normal incidence we take transmission as the value of WAF

PLy,,(d) [dB] or FAFq), which was originally obtained from propagation
d\™ measurements as with (2). At angles between grazing and
= 10log <d_0> U(dyp — d) normal incidence, we interpolate these values using a cosine

4o\ 4\ function as WAKp) [dB]/ cos 6, where the WAFp) [dB] is
+ 10|:10g <%) + log <d ) }U(d— dip) taken as the attenuation factor at normal incidence &nd
0 bp is the angle of incidence at thgth wall. The results of this

r Q approximation are also provided in Fig. 1, where it can be
+ ) WAF(p) + > FAR(g) (3)  observed that it performs well, especially when compared to
p=1 7=t what would be obtained if no variation of the WAH with

incident angle is allowed.
wheredy,;, is the distance of the breakpoint from the transmit- By incorporating this form for the attenuation factors into
ter, n; andn, are the path-loss exponents on either side ¢8), we arrive at an improved model with very little increase
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Fig. 1. Wall attenuation as a function of the angle of incidence for two wall structures. (a) Solid wall of thickness is 12.5 ems=ahd(b) Hollow
plaster wall with plaster board is 1 cm thick, and= 3, separated by an air gap of 10 cm. The solid lines represent the attenuation calculated by treating
a wall as a layered medium while the broken line is our approximation YNAKS.

in computational effort. The resulting model is given by  nates of the corner relative to the transmitter &id¢’) are
the coordinates of the receiver relative to the corner [14]. Our
PL,(d) [dB] model can then be written as

d\™
= 10log <d—0> Uldpp — d) PLp(d, #) [dB]
ny N M
+ 10[103‘ <dﬂ> + log < d ) }U(d — dip) = —10log | > (PL/(dn)PL/(d},)
do dbp m=1
r Q
+ Y WAF(p)/cos 6, + > FAF(g)/ cosb, (5) X | D(drms s i $)|?) +PL s (d)| (6)
p=1 q=1

where WARp) and FAR¢) are the values of the attenuationivhere M i; the number of corners in the building datgbase,
factors at normal incidence and thg and 6, are the angles, the subscriptm refers to themth corner, andPL,(.) is
respectively, between thgh wall, ¢th floor, and straight-line the dimensionless quantity 165297 The final term in
path joining the transmitter to the receiver. The subscript (6) takes account of the original straight-line path from the
is used on PLd) to indicate that it is the path loss when thdransmitter to the receiver. It is also important to note that
angle of incidence to the wall and the distance dependencendfen we use (5) for the diffracted paths in (6), we set the

propagation are taken into account. path-loss exponent; to unity (we continue using,; = 2.0
for paths emanating directly from the transmitter). The reason
C. Diffraction is that the divergence factor (in terms of power) for diffracted

. : e . : ; )
A significant limitation of the model (2) is that, in practice,flelds s [d/d(d + d)] and will effectively give a path-loss

) X . . ) ) exponent ofn; = 1.0 when we are near a diffracting point
propagation gmdgd by corndor; W'I.I sometimes provide a(;.d/ < d) [14]. For d’ greater than the breakpoidt,,, we use
indirect path, which may be S|gn|f|can_t|y greater than tht e originalnz since the Fresnel zone effects will be dominant.
propagation loss predicted from the straight-line path between
the transmitter and receiver. Therefore, indirect propagation
paths need to be added to the model (2). The problem wh¥y PROPAGATION PREDICTION AND MEASUREMENT RESULTS
trying to model indirect paths is that, in general, it is difficult Propagation predictions using the new model (6) and con-
to compute them without excessive computational load.  ventional model (2) have been obtained in a variety of environ-
In our new model, the method by which we try andnentsin Hong Kong and compared to actual measurements. In
approximate or compensate for the indirect path is to utilizhis paper, we describe results from the Hong Kong University
one level of diffraction from corners (including door andf Science and Technology (HKUST).
window frames) in the building. To perform this, we calculate HKUST was completed in 1991 and consists of seven
the field due to the model (5) at each corner and determifieors and a total floor area of approximately 140 008. m
the resulting diffracted field from them using a diffractioiThe construction of the building is of concrete block and
coefficient. This diffracted field will then act as a secondanylaster board walls. In office and classroom areas, the floor
source and propagates away from each corner by the samdloor height is 4 m with a suspended ceiling containing
model as (5). Thus, the total field at the receiver can laér conditioning and service ducts 2.4 m above the floor. In
calculated as a summation of the field from the transmittkxboratory areas, the floors are reinforced with a floor to floor
and all the corners. spacing of 5 m with a suspended ceiling 3 m above the floor.
To include these diffracted fields, we invoke the diffractiofhe general environment has furniture primarily constructed
coefficients for perfect electrical conductors under UTD, arfdom wood or plastic in office, classroom, and laboratory
we write them asD(d, ¢, d’, ¢’), where(d, ¢) are the coordi- spaces.
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Fig. 2. Prediction results for a 118 25-m section of HKUST in which the transmitter is located in the lower left corridor and is marked with a cross.
The results are for (a) new empirical (6) and (b) conventional models (2).

To perform propagation prediction, site-specific informatiofor the conventional model (2) are provided in which= 2.4
was obtained from the architect’'s AutoCAD building plans fowhile the other parameters remain the same [these parameters
HKUST by converting them into a format where the walls (andiere also found by tuning using the same set of limited
wall type), corners, and floors had been identified. A crucialeasurements as the new model (6)]. It can be observed that
step in performing the propagation predictions is assignimg the upper right region of the laboratory up to a 40-dB
values to the empirical parameters, dy,,, WAF(p), and difference in the predictions can be observed.
FAF(q) (ny = 2.0 as described in Sections IlI-A and IlI-C). To compare our predictions to measurements, 287 samples
In principle, these parameters can be obtained from theoretiofthe actual field were acquired on an approximately uniform
considerations or electromagnetic simulations. They can alpad (with a grid size of 5 m) in the laboratory area at 900
be obtained by performing limited propagation experiments MHz with the transmitter in the same location as for the
the building, and this is referred to as tuning. predictions. At each sample point, the effects of fast fading

For the tuning to be a practical procedure, it is essentiaere removed by using the mean value of at least 20 mea-
only limited propagation measurements are utilized and theatrements in a 4-fnarea centered about the sample location.
these are from only a small area of the building. To turiehe propagation measurement equipment consisted of a fixed
no anddy,,, We suggest acquiring propagation measuremerntansmitter and a narrow-band (30 KHz) portable receiver
along a corridor in which the transmitter is located at one endith a notebook computer attached to allow data and position
The breakpoint and path-loss exponents can then be foudadging. The transmitting omnidirectional (2.2-dBi gain) an-
using a least-squares best fit with the measurements (after temna was attached to the suspended ceiling with the receiving
antenna effects associated with the pattern of the antennasammidirectional antenna (2.2-dBi gain) at a height of 1.5 m.
removed). To tune WAf), we suggest placing the transmitter The comparisons with the predictions are presented in Fig. 3
near a region in the building which has several walls arab scatter plots. In Fig. 3(a), the comparisons are for the new
measuring the propagation loss between the walls along a Imedel (6) while in Fig. 3(b) they are for the conventional
that is approximately perpendicular to the walls and passe®del (2). Statistics of the comparisons are listed in Table I.
through the transmitter location. Subsequently, we estimdibe standard deviation in error for the new model (6) is 6.7
the WAKp) by best fitting to the model (3). dB while that for the conventional model (2) is 20.8 dB.

Prediction results for a 110 25-m area of the EEE It can be observed that the conventional model (2) predic-
laboratories are provided in Fig. 2 at 900 MHz, where th#ons overestimate the actual path loss by up to 40 dB as
transmitter is located in the lower left and marked by a crossvidenced by the downward curving scatter plot in Fig. 3(b).
In Fig. 2(a), the prediction results are for the new model (6) ifihis overestimation corresponds to measurement samples from
which the parameters, = 2.5, di,, = 10.0, and WAF= 10 the upper right region of the floor plan where the actual path
dB for concrete block walls (WA= 5 dB for hollow plaster loss is largest. The reason the conventional model performs
board walls) were obtained by tuning. In Fig. 2(b), the resulfmorly in this region is because the direct path becomes
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Fig. 3. Scatter plot of predicted versus measured path loss. The scatter plots are for the (a) new empirical (6) and (b) conventional models (2).

TABLE |
STATISTICS OF COMPARISONS IN ACCURACY BETWEEN THE MEASUREMENTS (AT 287 LOCATIONS) AND
PrREDICTIONS BY THE NEW (6) AND CONVENTIONAL (2) EmPIRICAL MODELS

Model Mean error (dB) | o error (dB) | % with error < &+ 5dB | % with error < £+ 10dB
New -0.3 6.7 54.0 86.8
Conventional 14.8 20.8 33.8 56.8

blocked by the large number of walls between the transmittieicorporates much of the propagation phenomena that is
and receiver making the conventional model predict a largeggested by formal electromagnetic overheads without large
propagation loss. The new model (6), however, finds that tbemputational overheads. We have also demonstrated that the
actual path loss is less because there is a diffracted path taidel has improved accuracy compared to the conventional
exists from the door frames along the lower corridor throughodel in a variety of environments over large floor areas, even
only two rooms to the upper corridor. The increase in accuratyregions where indirect propagation effects are important.
demonstrated by the new model (6) is likely to reduce the Because of the low computation load of this approach, it
number of base stations estimated by a planning tool [uggests that it would be ideally suited for incorporating into
using the new model (6), as compared to estimations usiplgnning tools that automatically optimize the position of base
the conventional model (2). stations within buildings [9], [15].

From measurements and predictions in other buildings
around Hong Kong, we have found similar trends. That
is, both models work well once tuned for regions nearby
the transmitter (within one—five walls). However, in regions[1] H. Hashemi, “The indoor radio propagation channélfoc. IEEE vol.
Iﬁrethgi:eac\;/:ay from the transmitter (greater than five—ten Wa||52;\%] g.l’Mncgl.(JérPPﬁg\figwggﬁyr;giigbropagation into and within buildings,”

path usually becomes blocked and only the neW' pyo¢ inst. Elect. Engyol. 138, pt. H, no. 1, pp. 61-73, 1991.
model provides useful results. [3] S.Y. Seidel and T. S. Rappaport, “914 MHz path loss prediction models

A potential limitation of our model is that it does not take ﬁ;#g?iﬂtgiggsssrocgamgg;i_cjgf”r‘];i;?g!‘igggieﬂ??“i'gg‘zngE
account of reflected rays. For this reason, we can expect tipg j. M. Keenan and A. J. Motley, “Radio coverage in buildings/.
model to perform less well in highly reflective environments.  Telecom J.vol. 8, no. 1, pp. 19-24, Jan. 1990.

. . ] J. W. McKown and R. L. Hamilton, “Ray tracing as a design tool for
However, the actual reduction in accuracy may not be IarggJ radio networks, TEEE Network Mag.vol. 5, pp. 27-31, Nov. 1991.

as long as there are corners and edges in the building {6] w. Honcharenko, H. L. Bertoni, and J. L. Dailing, “Mechanisms gov-
cause diffraction. The reason is that around corners and edges gming Pfopa?aff” be“gee” f?g;s;gémrgg‘s?fﬁ Trans. Antennas

- : . ropagat, vol. 41, no, 6, pp. 787-790, .
_the total field m_USt remain contmuoqs, and, gonsquentlyﬁ] W. Honcharenko, H. L. Bertoni, J. L. Dailing, J. Qian, and H. D. Yee,
if the reflected fields are large, the diffracted fields will be  “Mechanisms governing UHF propagation on single floors in modern
equa”y Iarge a|0ng the shadow and reflection boundaries ©ffice buildings,"IEEE Trans. Veh. Technolol. 41, no. 4, pp. 496-504,

so that continuity is maintained. Consequently, diffractiong 1. s’ Rappaport, S. Y. Seidel, and K. R. Schaubach, “Site-specific

will provide some indirect paths even in highly reflective  propagation prediction for PCS system design, Vifireless Personal
i i CommunicationsM. J. Feuerstein and T. S. Rappaport, Eds. Norwell,
environments if corners are present. MA: Kluwer, 1993, pp. 281-315.
[9] R. D. Murch and K. W. Cheung, “Optimizing indoor basestation loca-
tions,” in Abstracts of the XXVth General Assembly of the International
V. CONCLUSION Union of Radio Science Lille, France: URSI, 1997, p. 322.
. . . 10] D. M. J. Devasirvatham, “A comparison of time delay spread and signal
The contnbguon of the research pres_ented h(?re. IS ﬂ{a? level measurements within two dissimilar office buildingd&EE Trans.
we have provided a model for propagation prediction that Antennas Propagatvol. 35, no. 3, pp. 319-324, 1987.
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