
Accepted in

IEEE Transactions on Vehicular Technology

A New Empirical Model for Indoor Propagation Predictiony

K�W� Cheung�� J�H�M� Sau�� and� R�D� Murchz� Member IEEE�

Department of Electrical and Electronic Engineering�

Hong Kong University of Science and Technology�

Clear Water Bay� Kowloon�

HONG KONG�

September ����

Abstract

In this paper a new empirical model for indoor propagation prediction is presented� The inspiration for

our model is to enhance existing empirical models for indoor propagation prediction by incorporating ad�

ditional phenomena suggested by electromagnetic techniques such as the Uniform Theory of Di�raction

but still retain the straightforwardness of the empirical approach� The advantage is that computation

time for indoor propagation prediction is low without greatly compromising prediction accuracy� Compar�

isons of our predicted results to measurements indicate that improvements in accuracy over conventional

empirical models are achieved�
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� Introduction

There has been considerable interest recently in propagation prediction for indoor environments� The

reason is that indoor propagation prediction is becoming very useful to mobile telephone operators that

provide services in large cities where many subscribers are pedestrians demanding that coverage be

provided within buildings� shopping malls and train stations� ��� 
�� Combine this with the extremely

high density of subscribers within these cities �making the radio spectrum resource very scare� and it

can be deduced that mobile operator pro�t margins depend highly on maximizing capacity and hence

performing accurate indoor propagation prediction�

Previously two approaches to indoor propagation prediction have been investigated� In one approach

propagation models related to those for describing free space propagation are empirically or statistically

�tted to measurement data ��� ��� The resulting models are generally straightforward to apply and

prediction results can be computed quickly� A limitation however is that measurement data must �rst

be obtained in order for the empirical parameters to be determined� A further limitation is that the

propagation models can generally only model propagation phenomena which does not depart radically

from propagation in free space�

In the alternative approach� electromagnetic theory is applied more rigorously using ray tracing techniques

such as the Uniform Theory of Di�raction �UTD� and invokes detailed site speci�c information about

the particular building �	� �� 
� ��� In principle propagation predictions can be performed without �rst

performing propagation measurements� Furthermore the predictions based on ray tracing can predict

intricate propagation phenomena such as di�raction and re�ection� However computation times on

personal computers can be large and hence the predictions cannot be performed interactively or with

algorithms for optimizing basestation locations ���� 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 get a good match with the measurement results� Thus in e�ect these models have

been reduced to an empirical model thereby rendering the advantages over empirical models questionable�

In this paper we propose a new empirical propagation model which incorporates much of the propagation

phenomena that is suggested by electromagnetic theory such as UTD but still retains the straightfor�

wardness of the empirical approach� A potential advantage of this is that the empirical factors required






in the model can be related closely to theoretical derivations so that �tting or optimization of the model

to propagation data will not necessarily be required� Another advantage of this is that computation time

can be kept to a minimum so that predictions can be performed interactively on a computer without a

signi�cant reduction in prediction accuracy ���� In a sense our model can be thought of as being in the

middle ground between empirical and ray tracing techniques�

In section 
 we provide the necessary background for our developments and in section � the details of

the new empirical model are given� Propagation predictions from the new model are compared to actual

measurements in section �� In addition discussions on the signi�cance of the results and their performance

compared to an existing empirical model is provided� Conclusions are included in section 	�

� Background

We de�ne path loss in dB as

PL�d��dB� � �� logPr�d��� �� logPr�d� ���

where Pr�d� is the received power a distance d from the transmitter� The reference distance d�� which is

taken here as �m� is utilized to normalize the path loss to that which occurs at a distance d� from the

transmitter so that only propagation e�ects are included in ��� �����

Empirical or statistical approaches to predicting path loss then take the form

PL�d��dB� � �� log

�
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where P and Q are the number of walls and �oors between the transmitter and the receiver respectively

��� ��� The empirical parameters n� WAF�p� and FAF�q� are termed path loss exponent� wall attenuation

factor and �oor attenuation factor respectively� The value of these parameters is determined by best

�tting the model �
� to measurement data from the building of interest� The model �
� performs well in

certain circumstances however its su�ers from limitations� It does not include propagation e�ects such as

distance dependence of path loss exponent� angle dependence of the WAF� re�ection and di�raction� As

a result prediction accuracy can be poor in certain parts of a building and especially at large distances

from the transmitter�
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� The New Empirical Propagation Model

To improve the accuracy of the empirical model �
� while retaining its simplicity we incorporate additional

propagation e�ects that have been observed and suggested by UTD as described in the following sections�

��� Distance Dependence of Path Loss Exponent

It is observed that propagation loss as a function of distance has two distinct regions ��� ���� In the �rst

region� which is within 	�
�m of the transmitter propagation loss is similar to that occurring in free space�

This is because at distances very near the antenna obstructions such as walls and �oors do not interact

signi�cantly with the propagating waves� At distances further away in the next region� however� the

propagation loss increases signi�cantly as the electromagnetic waves become obstructed by the ceilings

or walls of the rooms in the building� The distance at which this transition in propagation loss occurs is

referred to here as the break point �this terminology is borrowed from microcells where a similar e�ect is

observed ������

This break point phenomena is incorporated into �
� by modifying the equation to

PLbp�d��dB� � �� log
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where dbp is the distance of the break point from the transmitter� n� and n� are the path loss exponents

either side of the break point and U ��� is the unit step function de�ned as

U �d� �

���
��

� d � �

� d � �
���

The additional parameters dbp� n� and n� we have introduced can be obtained from the use of Fresnel

zones� By considering the size of the �rst Fresnel zone a distance d from the transmitter and determining

at what distance it will become obstructed the break point dbp can be calculated �
�� The diameter of

the �rst Fresnel zone a distance d from the transmitter is approximately given by Zf �
p
�d as shown

in ��
�� Consequently in a corridor of width ��	m the �rst Fresnel zone will be obstructed at distances

d� greater than about 
�	m for frequencies around ��� MHz� In rooms where there is more clear space
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the �rst Fresnel zone will be obstructed by the ceiling or �oor and this will occur at about 
�m from the

transmitter� To keep our model simple we propose to take its value between these limits and use ��m for

the break point dbp in all situations�

The exponents n� and n� will also depend on the particular propagation environment� In general n�

should be about the freespace value of 
�� once antenna e�ects are removed ���� The parameter n� should

be greater than 
�� since it represents propagation in which the �rst Fresnel zone is obstructed� We have

found at ���MHz that n� is generally around 
�	 for propagation along a corridor �����

��� Angle Dependence of Attenuation Factors

When electromagnetic radiation is incident on a wall or �oor obliquely less power will be transmitted

through the wall than would occur at normal incidence� To try and capture this e�ect in our new model

we therefore propose to make the WAF�p� depend on the angle of incidence�

To quantify the dependence of the WAF�p� and FAF�q� on the angle of incidence we have investigated

theoretically the loss you can expect for a variety of wall types� We calculated the loss by treating the

wall as a simple layered media� arriving at expressions for the transmission loss� Two examples of wall

attenuation as a function of the angle of incidence are given in �gure �� In general the exact expressions

for the wall attenuation are algebraically non�trivial but the essence of them can be retained by using a

simple approximation� At grazing incidence we assume that transmission is zero while at normal incidence

we take transmission as the value of WAF�p� or FAF�q� that was originally obtained from propagation

measurements as with �
�� At angles between grazing and normal incidence we interpolate these values

using a cosine function as WAF�p��dB�� cos �p where the WAF�p��dB� is taken as the attenuation factor

at normal incidence and �p is the angle of incidence at the pth wall� The results of this approximation

are also provided in �gure � where it can be observed that it performs well especially when compared to

what would be obtained if no variation of the WAF�p� with incident angle is allowed�

By incorporating this form for the attenuation factors into ��� we arrive at an improved model with very

little increase in computational e�ort� The resulting model is given by
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where WAF�p� and FAF�q� are the values of the attenuation factors at normal incidence and the �p and

�q are the angles respectively between the pth wall and qth �oor and the straight line path joining the

transmitter to the receiver� The subscript � is used on PL to indicate that it is the path loss when the

angle of incidence to the wall and the distance dependence of propagation is taken into account�

��� Di�raction

A signi�cant limitation of the model �
� is that in practice propagation guided by corridors will sometimes

provide an indirect path which may be signi�cantly greater than the propagation loss predicted from the

straight line path between the transmitter and receiver� Therefore indirect propagation paths need to be

added to the model �
�� The problem with trying to model indirect paths is that in general it is di�cult

to compute them without excessive computational load�

In our new model the method by which we try and approximate or compensate for the indirect path

is to utilize one level of di�raction from corners �including door and window frames� in the building�

To perform this we calculate the �eld due to the model �	� at each corner and determine the resulting

di�racted �eld from them using a di�raction coe�cient� This di�racted �eld will then act as a secondary

source and propagates away from each corner by the same model as �	�� Thus the total �eld at the

receiver can be calculated as a summation of the �eld from the transmitter and all the corners�

To include these di�racted �elds we invoke the di�raction coe�cients for perfect electrical conductors

under UTD and we write them as D�d� �� d�� ��� where �d� �� are the coordinates of the corner relative to

the transmitter and �d�� ��� are the coordinates of the receiver relative to the corner ����� Our model can

then be written as

PLD�d� ���dB� � ��� log
hPM

m��

�PL� �dm�PL� �d�m�� jD�dm� �m� d�m� ��m�j�
	
� PL � �d�

i
���

where M is the number of corners in the building database and the subscript m refers to the mth corner�

PL� ��� is the dimensionless quantity ��
�PL � ������

and the �nal term in ��� takes account of the original

straight line path from the transmitter to the receiver� It is also important to note that when we use �	�

for the di�racted paths in ��� we set the path loss exponent n� to unity �we continue using n� � 
�� for

paths emanating directly from the transmitter�� The reason is that the divergence factor �in terms of

power� for di�racted �elds is �d�d��d��d�� and will e�ectively give a path loss exponent of n� � ��� when

�



we are near a di�racting point �d� � d� ����� For d� greater than the breakpoint dbp we use the original

n� since the Fresnel zone e�ects will be dominant�

� Propagation Prediction and Measurement Results

Propagation predictions using the new model ��� and the conventional model �
� have been obtained in a

variety of environments in Hong Kong and compared to actual measurements� In this paper we describe

results from the Hong Kong University of Science and Technology�

The Hong Kong University of Science and Technology �HKUST� was completed in ���� and consists

of 
 �oors and a total �oor area of approximately ���� ��� m�� The construction of the building is of

concrete block and plaster board walls� In o�ce and classroom areas the �oor to �oor height is �m with a

suspended ceiling containing air�conditioning and service ducts 
��m above the �oor� In laboratory areas

the �oors are reinforced with a �oor to �oor spacing of 	m with a suspended ceiling �m above the �oor�

The general environment has furniture primarily constructed from wood or plastic in o�ce� classroom

and laboratory spaces�

To perform propagation prediction site speci�c information was obtained from the architect�s AutoCAD

building plans for HKUST by converting them into a format where the walls �and wall type�� corners

and �oors had been identi�ed� A crucial step in performing the propagation predictions is assigning

values to the empirical parameters n�� dbp WAF�p� and FAF�q� �n� � 
�� as described in section ��� and

����� In principle these parameters can be obtained from theoretical considerations or electromagnetic

simulations� They can also be obtained by performing limited propagation experiments in the building

and this is referred to as tuning�

For the tuning to be a practical procedure it is essential only limited propagation measurements are

utilized and that these are from only a small area of the building� To tune n� and dbp we suggest

acquiring propagation measurements along a corridor in which the transmitter is located at one end� The

breakpoint and path loss exponents can then be found using a least squares best �t with the measurements

�after any antenna e�ects associated with the pattern of the antennas are removed�� To tune WAF�p�

we suggest placing the transmitter near to a region in the building which has several walls and measure

the propagation loss between the walls along a line that is approximately perpendicular to the walls and






passes through the transmitter location� Subsequently we estimate the WAF�p� by best �tting to the

model ����

Prediction results for a ��� � 
	m area of the EEE laboratories are provided in �gure 
 at ���MHz where

the transmitter is located in the lower left and marked by a cross� In �gure 
a the prediction results are

for the new model ��� in which the parameters� n� � 
�	� dbp � ���� and WAF � ��dB for concrete block

walls �WAF � 	dB for hollow plaster board walls�� were obtained by tuning� In �gure 
b the results for

the conventional model �
� are provided in which n � 
�� while the other parameters remain the same

�these parameters were also found by tuning using the same set of limited measurements as the new

model ����� It can be observed that in the upper right region of the laboratory up to a ��dB di�erence

in the predictions can be observed�

To compare our predictions to measurements� 
�
 samples of the actual �eld were acquired on an ap�

proximately uniform grid �with grid size of 	m� in the laboratory area at ���MHz with the transmitter

in the same location as for the predictions� At each sample point the e�ects of fast fading were removed

by using the mean value of at least 
� measurements in a �m� area centered about the sample location�

The propagation measurement equipment consisted of a �xed transmitter and a narrowband ���KHz�

portable receiver with a notebook computer attached to allow data and position logging� The trans�

mitting omni�directional �
�
dBi gain� antenna was attached to the suspended ceiling with the receiving

omni�directional antenna �
�
dBi gain� at height ��	m�

The comparisons with the predictions are presented in �gure � as scatter plots� In �gure �a the compar�

isons are for the new model ��� while in �gure �b they are for the conventional model �
�� Statistics of

the comparisons are listed in table �� The standard deviation in error for the new model ��� is ��
dB

while that for the conventional model �
� is 
���dB�

It can be observed that the conventional model �
� predictions overestimate the actual path loss by up to

��dB as evidenced by the downward curving scatter plot in �gure �b� This overestimation corresponds to

measurement samples from the upper right region of the �oor plan where the actual path loss is largest�

The reason the conventional model performs poorly in this region is because the direct path becomes

blocked by the large number of walls between the transmitter and receiver making the conventional

model predict a large propagation loss� The new model ��� however �nds that the actual path loss is

less because there is a di�racted path that exists from the door frames along the lower corridor through
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only two rooms to the upper corridor� The increase in accuracy demonstrated by the new model ��� is

likely to reduce the number of basestations estimated by a planning tool ���� using the new model ���� as

compared to estimations using the conventional model �
��

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 ��	 walls�� However�

in regions further away from the transmitter �greater than 	��� walls� the direct path usually becomes

blocked and only the new model provides useful results�

A potential limitation of our model is that it does not take account of re�ected rays� For this reason we

can expect the model to perform less well in highly re�ective environments� However the actual reduction

in accuracy may not be large as long as there are corners and edges in the building to cause di�raction�

The reason is that around corners and edges the total �eld must remain continuous and consequently

if the re�ected �elds are large the di�racted �elds will be equally large along the shadow and re�ection

boundaries so that continuity is maintained� Consequently� di�raction will provide some indirect paths

even in highly re�ective environments if corners are present�

� Conclusions

The contribution of the research presented here is that we have provided a model for propagation predic�

tion that incorporates much of the propagation phenomena that is suggested by formal electromagnetic

overheads without large computational overheads� We have also demonstrated that the model has im�

proved accuracy compared to the conventional model in a variety of environments over large �oor areas

even in regions where indirect propagation e�ects are important�

Because of the low computation load of this approach it suggests that it would be ideally suited for

incorporating into planning tools that automatically optimize the position of basestations within buildings

��� �	��
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Model Mean error �dB� � error �dB� � with error � � 	dB � with error � � ��dB

New ���� ��
 	��� ����

Conventional ���� 
��� ���� 	���

Table �� Statistics of comparisons in accuracy between the measurements �at 
�
 locations� and predic�

tions by the new ��� and conventional �
� empirical models�

Figure �� Wall attenuation as a function of the angle of incidence for two wall structures a� solid wall of

thickness �
�	 cm and � � �� and b� hollow plaster wall with plaster board of thickness �cm and

� � � separated by an air gap of ��cm� The solid lines represent the attenuation calculated by

treating a wall as a layered medium while the broken line is our approximation WAF� cos ��

Figure 
� Prediction results for a ��� � 
	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 model ��� and

b� conventional model �
��

Figure �� Scatter plot of predicted verses measured path loss� The scatter plots are for a� new empirical

model ��� and b� conventional model �
��

�




Biography of K�W� Cheung

Kwok�wai Cheung was born in Hong Kong and received the B� Eng� degree in Electrical and Electronic

from King�s College� University of London in ����� In ���
� he received the Ph�D� degree in Electrical and

Electronic Engineering from Hong Kong University of Science and Technology� Currently he is with Hong

Kong Telecom working on propagation issues� His research interests include mobile radio propagation�

detection�estimation and electromagnetic theory�

Biography of J�H�M� Sau

Jonathan H�M� Sau received a B�Sc��Eng�� degree from the University of Hong Kong� Hong Kong

in ����� and an M�A�Sc� degree in Electrical Engineering from the University of Toronto� Canada in

���
� From ���� to ����� he was a Research Assistant in the Hong Kong University of Science and

Technology� Currently he is with Motorola Information Products and Services Group� working on wireless

data products� His research interests are CDMA system design� QoS in packet data networks and radio

propagation prediction�

Biography of R�D� Murch

R� D� Murch �S��	�M���� received his bachelors �with �rst class honors� and Ph�D degrees in Electrical

and Electronic Engineering from the University of Canterbury� New Zealand in ���
 and ���� respectively�

From ������
 he was a post doctorate fellow at the Department of Mathematics and Computer Science

at Dundee University� Scotland� There he investigated new approaches to approximately calculating

electromagnetic scattering from three�dimensional objects� He joined Hong Kong University of Science

and Technology in ���
� where he is currently an Assistant Professor in the Department of Electrical and

Electronic Engineering� Since ���� he has also acted as a consultant for various industrial projects on

wireless communications and has two U�S� patent applications in progress� His research interests include

antennas and propagation� smart antenna systems and inverse scattering�

Dr� Murch is a Chartered Engineer� a member of IEE and an URSI correspondent� In ���� and ���� he

won URSI Young Scientist and Engineering Teaching Excellence Appreciation Awards respectively�

��



0 20 40 60 80
−15

−10

−5

0

Incident Angle (Degrees)

W
al

l L
os

s 
(d

B
)

a)

0 20 40 60 80
−15

−10

−5

0

Incident Angle (Degrees)

W
al

l L
os

s 
(d

B
)

b)

Figure �� Wall attenuation as a function of the angle of incidence for two wall structures a� solid wall of

thickness �
�	 cm and � � �� and b� hollow plaster wall with plaster board of thickness �cm and � � �

separated by an air gap of ��cm� The solid lines represent the attenuation calculated by treating a wall

as a layered medium while the broken line is our approximation WAF� cos ��
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a)

b)

Figure 
� Prediction results for a ��� � 
	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 model ��� and b�

conventional model �
��
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Figure �� Scatter plot of predicted verses measured path loss� The scatter plots are for a� new empirical

model ��� and b� conventional model �
��
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