A

Propagaion Prediction Models

Dieter J. Cichon 1, IBP PIETZSCH GmbH, Germany
ThomasK tirner 1, E-Plus M obilfunk GmbH, Germany

4.1 General Considerations

To implement a mobil e radio system, wave propagation models are neces-
sary to determine propagation charaderistics for any arbitrary install ation.
The predictions are required for a proper coverage planning, the
determination o multi path effeds as well as for interference and cdl cd-
culations, which are the basis for the high-level network planning process
In a GSM/DCS-system the high-level network planning process includes,
e.g., frequency assgnment and the determination d the BSS (base station
subsystem) parameter set. Similar planning tasks will exist aso in third
generation systems. The environments where these systems are intended to
be install ed, are stretching from in-house aeas upto large rura aress. Hence
wave propagation prediction methods are required covering the whole range
of maao-, micro- and pico-cdlsincluding indoa scenarios and situationsin
spedal environments li ke tunrels and along rail ways. The phenomena which
influence radio wave propagation can generally be described by four basic
mechanisms. Refledion, penetration, dffradion, and scatering. For the
pradicd prediction d propagation in ared environment these mechanisms
must be described by approximations. This requires a three-stage modelli ng
process In the first step the red (analogue) terrain has to be digitised
yielding digital terrain data. Therefore some interest in the COST 231
projed has focused onthe types, resolution and acaracy of digital terrain
databases required for propagation modelling. The information includes
terrain height information, land wsage data, building shape ad height infor-
mation and bulding surface daraderistics. Furthermore investigations have

1 Formerly with University of Karlsruhe, IHE, Germany
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bee stressed on poper procesdng techniques to extrad the relevant infor-
mation in a time-efficient manner. These topics are described in Sec 4.2.
The second modelling step includes the definition o mathematica
approximations for the physicd propagation mechanisms. Therefore Sec
4.3treds basic problems as e. g. the diffradion arounda non-perfedly con
ducting wedge, simulating a stree corner and the modelli ng of propagation
over roof-tops. Based on the solutions for the basic problems both
deterministic and empiricd approaches have been developed within COST
231 for the various environments, which is the third modelli ng step. In the
diff erent environments distinctions of the models are required bah in terms
of the dominant physicd phenomena and the spedficaion d the digital
terrain data. In Sec 4.4, 4.5, 4.7and 4.84dl models dedicaed for the same
environment and cdl type ae treded in separate sedions. Sec. 4.6 ckds
with bulding penetration models, which are gplicable to all cdl types. As
the definition d cdl typesisnat unique in the literature, the cél type defini-
tion wsed in this chapter is explained more detail ed.

cdl type typicd cdl typicd position d base station antenna
radius
maao-cdl 1kmto 30km outdoar; mourted above medium roof-top level, heights
(large cdl) of al surroundng buildings are below base station
antenna height
small maao- | 0.5kmto 3km outdoar; mourted above medium roof-top level, heights
cdl of some surroundng buildings are éove base station
antenna height
micro-cdl upto 1km outdoar; mourted below medium roof top level
pico-cdl / in- | upto 500m indoa or outdoar (mourted below roof-top level)
house

Tab. 4.1.1 Definition o cdl types.

In "large cdls' and small cdls' the base station antenna is installed above
roof-tops. In this case the path lossis determined mainly by diffradion and
scatering at roof-tops in the vicinity of the mobile, i. e. the main rays
propagate above the roof tops. In "micro-cdls’ the base station antennas are
mourted generally below roof tops. Wave propagation is determined by
diffradion and scattering around buldings, i. e., the main rays propagate in
stred canyons omehow like in grooved waveguides. "Pico-cdls' are
applied to cover mainly indoa or very small outdoa aress. In any case the
base station antenna of a pico-cdl is mounted inside abuilding or fairly
below roof-top level in oudoars. The summary of the different cdl typesis
showninTab. 4.1.1.
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4.2 Geographical Information for Propagaion Modelling
and Simulation

Peter J. Cullen , University of Dublin, Trinity College, Ireland

The pradice of the determination d radio channel charaderisticsin cdlular
UHF land mobile radio applicaions is dominated by surface scatering
considerations. Before aty propagation (scatering) computation can be
performed, these surfaces must be caraderised. In this brief sedion an
outline is given o some of the basic isaues relating to the use of geo-
graphicd information in mobile radio communicaions from a propagation
perspedive, drawing exclusively from the experience of COST 231.

The development of propagation prediction techniques for the estimation o
channel charaderistics is a gyclic, three stage process the first step is to
abstrad the simplest surfacemode which is considered to be likely to yield
sufficiently acaurate predictions; the second stage is concerned with finding
efficient (often approximate or numericd) solutions to the scatering
problems thus posed; and the third stage is to verify the choice made in the
first stage. In eadr of these stages one must make use of geographicd
information.

4.2.1 Canonical scattering problems

Before embarking onthe review, it is essential to consider the problem to be
solved. Ostensibly, the charaderisation d the land mobil e radio channel in a
particular locdity is of interest. To adhieve this one must tadle the physica
problem of the prediction d the scatering of UHF eledromagnetic
radiation. It is passble to expressthis problem formally but aside from the
obvious computational difficulties involved, it is not possible even in
principle, to find exad complete solutions, since the adua scaterer can
never beredly spedfied to a sufficiently high degreeof accuracy (thisis not
the cae in any general sense for the canonicd surfaces described below).
Scdtering is a nonlinea problem, small deviations in the surfacedo nd
necessrily lead to small deviations in the fields everywhere, espedally the
nea fields. Fortunately, ore is usually not particularly interested in the very
nea field and, as a mnsequence the modelling exercise is caried ou as
described in the introduction. In the main, the canonicd problems that are
employed are relatively simple.



118 Chapter 4

One-dimensiond surfaces.

The most familiar canoricd problem in land mobile propagation is the
corrugated ore-dimensional perfed eledricd condwcting (PEC) surface In
this case, if the propagationis TMz or TEz the dedromagnetic problemisa
scdar one. Moreover, if the surfaceis snooth and the angle of incidence
low, forward propagation will predominate. This model may be enhanced by
considering the surface to be a homogeneous dieledric, further
enhancements can be adieved by considering a piecewise homogeneous
dieledric. Thiskind d canornicd model has foundvery wide accetance for
predicting attenuation d low angle wave propagation over irregular terrain.
The primary geometricd entity to be aquired here is the surface height
profile. Finite difference [1] and integral equation [2] schemes operate
diredly on the surface height profile. When a parabdic eguation
approximation is applied to the Helmholtz equation cdculations can be
performed using the split step method [3]. When larger steps are used this
leads to a method dten (inacarately) associated with absorbing screens.
Native ray-tradng approadies represent the surface by an ensemble of
canonicd shapes (wedges and cylinders) for which dffradion a refledion
coefficients exist, in pradice this approach must be rather arbitrary.
Typicdly, the @rrugated two-dimensional canoricd problem is used for
propagation modelling over irregular terrain. It may also arise in urban and
micro-cdl problems, when a two-dimensional (verticd plane) approad is
followed. Over terrain, predictions are usualy correded locdly through the
use of clutter information which is derived from remotely sensed opticd
data. The height profile (array of heights) associated with this canonicd
problem is usually derived from the databases during the computation d the
fields.

Unconreded ore-dimensional surfaces arise when we ansider propagation
in the horizontal plane. When cdculating fields around biil dings, where the
antenna heights are well below roof-top height and the terrain is flat (ssmple
micro-cdl case), it can be sufficient to use multiple paraxial PEC cylinders
(by cylinder we mean a two-dimensional entity) to represent the buildings;
where the dosssedion d the g/linders is the building plan ouline. Thisis
the cae for example for the most simple two-dimensional micro-cdl
models. Further enhancements include the use of homogeneous or piece
wise homogeneous (to alow the representation d internal and external
structure) dieledric ¢ylinders. The most natural (and increasingly popuar)
data structure for this type of problem is the vedor (poygon) database. Each
discrete ¢ylinder is represented by one or more paygons. If appropriate,
attributes (percentage of windows for example) may be dtaded to the faces
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of the padygons to fadlitate the refinement of propagation models. The
vedor storage data structure is well suited to ray-tradng, ray-launching and
hybrid methods. The polygon structure is also cgoable of efficiently
delivering the geometricd input requirements of other methods for handling
this kind d problem including integral equation techniques, transmisson
line method (TLM), finite differencetime domain (FDTD) etc.

Two-dimensiond surfaces.

An increaingly important canonicd problem of interest is the two-di-
mensional smocoth surface This surface like its one-dimensional coun
terpart, may be assumed to be homogeneous PEC, dieledric or piecewise
homogeneous dieledric. Considering the level of acawragy required in
mobhil e propagation the most appropriate representation here is a triangular
regular network (the analogue of piecewise linea representation wsed in the
one-dimensional case). Increased resolution may be obtained by using a
triangular irregular network (TIN), or a multi-scde regular network. An
outward namal is generaly stored for ead facd; other attributes sich as
roughnessmeasures and land wse dasdficaions may be dtaded dredly to
the facds.

The most complex two-dimensional surfaces (threedimensional databases)
arise when we have to consider propagation in and around biil dings located
onirregular terrain. The main dff erences between this case and the previous
ore is the arupt changes in surfaceheight which occur at the locaion o
building wall s and in the posshbility of inhamogeneity (rooms, windows etc.
in buldings). This kind d data may be handled using a TIN structure if
homogeneous, or more gpropriately, using a vedor structure. It is quite
popuar to consider a hybridisation d regular elevation matrix, (for the
terrain) and pdygon (for buildings). A fairly typicd approach is described
in[4], [5].

Networks are not used to charaderise scatering surfaces but are important
for cetain propagation related tasks. Typicdly networks are used to
efficiently locate roads, streds, railway lines etc. Some micro-cdl propa
gation models can predict using this kind o information as a starting point.
More importantly, the road networks are important areas in which to
guarantee @verage.



120 Chapter 4

4.2.2 Acquisition of geographical data

There is little point in constructing acarate propagation methods if the
geographicd data which these methods rely uponis not correspondngly
acarate. Traditionally, this kind o information has been oltained from
paper maps. In the last decade increasing use has been made of high reso-
lution remote sensing (aegia and satellite) for aayuisition and o digital
storage and dstribution methods. The generation d Digita Elevation
Models (DEM) and the dficient and acarrate extradion o radial data from
themisreviewed in [6].

Satellite remotely sensed data may be obtained from opticd sources:
LandSat (30m resolution), SFOT (10-20m resolution) and synthetic goerture
radar (SAR) sources: ERS-1. SFOT and LandSat have been used to derive
land wse dasses for terrain. The methoddogy of extradion is beyond the
scope of this bodk. The use of SAR in propagation prediction is an open
reseach question.

Micro-cdl and indoa propagation modelling possess the heaviest reliance
on hgh resolution geographicd information. High resolution (1-2m)
databases derived from aeial phaography measurements are now being
used by a number of organisations, particularly for cities (see &so Sec 4.5.
For urban propagation, it is esential to have acwrate information at least
abou the average height of individual buildings, when modelling larger
cdls or performing interference caculations and when terminals are
operating close to roof-top height. It may nat be so important in the case of
line-of-sight links. The incorporation o information abou clutter,
particularly vegetation, is very important, since propagation charaderistics
are quite sensitive to scatterers aroundterminals.

Aeria stereo phdography provides a means of obtaining quite acarate data
on the heights and oulines (resolution d the order 1m) of building and
terrain feaures, the location o vegetation etc. A wedth o data can, in
principle, be extraded from these sources. However, the extradion d datais
quite labou intensive. Sometimes auch data is combined with lower
resolution regular elevation matrices, in principle (but not always in
pradice this $roud na be necessary (ground leight can be acarately
determined from aeia phaography) this soud redly be avoided where
possble in micro-cdl work.

Information abou the building cladding, windows, etc. is more difficult to
obtain. It appeas that acairate geographicd information d this nature must
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be oltained ,,on the ground' asit were (using video cameras to capture data,
for example). To date there gpea to be few, if any, physicd propagation
models cgpable of using this kind d information (there ae ampiricd
methods). Wall properties are particularly important for estimating buil ding
penetration. For outdoar propagation, in pradice we may only ned this
level of detail around paential BTS sites.

Considering indoa propagation [7] suggests, for the purpose of propagation
modelling, that ead bulding element shoud be cdegorised into {wall,
floor, doa, windaw, furniture,..} and spedfied by structure (thicknessand
permittivity) and finally its corner co-ordinates (twelve c-ordinates).

4.2.3 Accauracy of data

Recdling that field estimates may be guite sensitive to surface erors, the
foll owing observations are recrded. Considering the database for the dty of
Munich (see Sec 4.5, it is shown in [8] that the average difference in
predictions for over-roof-top propagation estimates using a mean roof-top
height and the red roof-top heights is abou 4dB. The average was over an
area of 24003400 m, the database used had a 5 m resolution and the
standard deviation d the building heights was 8.56 m and that of the terrain
height was 3.87 m. Considering the influence of database information on
prediction acarracy it is noted in [9] that prediction errors in micro-cdls of
up to 15 B were dtributed to database inacarades arising from the
omisson d vegetation data and the poa resolution d terrain height data.
Perturbing the scatterers (spedficdly: wall vedor diredions) in a micro-cel
type problem using a two-dimensional Geometricd Theory of Diffradion
(GTD) approach is shown to have asignificant effed on the structure of
field predictions [10]. These results are indicaive of what is expeded,
average field estimates or field estimates very far away from a multi-scde
scaterer are likely to be less ensitive to the smaller scde arors. Whereas
the locdion d an interference null or shadow boundry may manifest a
much higher sensiti vity.

One rather pradicd point to be avare of, is that geographicd information
(aside from resolution limitations) is prone to contain errors. It is aways
advisableto visually insped data and carry out any corredions prior to use.

4.2.4 Mode evaluation

In the previous sdion some brief consideration to the dfed of database
errorsin field estimates is given. Probably one of the most important causes
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of concern here is the dfed of database inacairrades on model evaluation.
Complex models which visually correspond to the measured data often
display a large eror standard-deviation with resped to empiricd models
becaise of spatial off sets (see Sec 4.5. These off sets can arise if there ae
small database or measurement locaion errors. The eistence of these
offsets between predictions and measurements is not necessarily an
indicaion d a poa model. This problem is typicdly addressed by
separately comparing the locdly averaged model prediction and the
statistics of the faster variations sparately with the measured data.

Asthe micro-cdl work develops and dff erent competing solutions emerge a
rigorous and standard approach is neaded to compare the different models
on the same data. This requires agreed simple procedures for comparing
model predictions with measurements and with ead ather. For example, in
relation to the question d the determination d the number of rays required
for aray-opticd approach it is useful to consider ways of implementing the
null hypothesis test that the aldition d an extra ray-path dces not explain
any more of the data. This must be dore in the light of uncertainties in the
measurement locaion and geographicd data; this would suggest a more
formal probabili stic gpproach to model evaluation.

4.2.5 Manipulation of geographical data

The reader shodd be avare that there is a wide range of commercial geo-
graphic information systems (GIS) which may be enployed to manipulate
and pocess geographicd data; for example ARCIINFO [6], and
SMALLWORLD [11]. COST 231 tes not made aspeda study of these
types of systems and it is beyond the scope of this bodk to make avy
comments as to the gplicability or suitability of such commercial systems
to propagation prediction. Aside from dired applicaion in propagation
modelling GIS functionality is clealy essential in preparing data for the
construction d a propagation spedali sed database.

However, it is clea that the organisation and representation d geographica
information is crucial to the provison d computationaly efficient
propagation estimates. Many methods used in mobil e radio propagation rely
on hgh frequency approximations and require detailed geometricd
computations to be made on a basic data-set describing the environment.
One such example is GTD which requires the identification d geometric ray
paths. Once one has chosen to use basic GTD, methods for mobile
propagation, the computational problem becomes primarily a geometric one.
It is pointed out in [12] that hierarchicd geometricd structures [13] can be
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applied to buldings databases to aid in reducing the complexity of ray-
opticd approaches. To clarify the point we include the example they gave to
illustrate the eproach: consider a mplex multifacaed bulding -
intersedions of agiven ray will have to be considered for ead of the facds.
However, if we encgpsulate the building in a simple redangular polygon
oriented parall el to the c-ordinate axesthenit isasimple task to determine
whether or not a ray enters this box; only if it does, we neal to cdculate
intersedions with the building facds. They add that this principle can
ohbviously be gplied na only to single buildings but also to clusters of
buildings and so on. Ancther paoint is that, whilst high resolution bulding
data is beaoming increasingly widely available; from a pradicd point of
view, ore may wish to remove some of the detail (small recesses, for
example) prior to using ray-opticd methods, in arder to kegy complexity to
manageale levels. Finer detail is important when ore is interested in the
nea field and this might suggest a combination o full resolution and
smoothed database for ray appli cations.

4.2.6 Exchange of measurement and geographic information

Radio measurement data formats have been the subjed of some discussion
in COST 231. Two suggestions which have been formally spedfied are the
RACE [14]format and the universal measurement format (UMF) [15]. It
appeas that the DXF and regular matrix formats are alequate for the
exchange of typicd geographicd information wsed by the land mobil e radio
propagation community.
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4.3 Propagaion Mechanisms

Jean-Frédéric Wagen , Swissom, Switzerand

4.3.1 Genera

This sdion describes the radio propagation mechanisms that have been
investigated within the COST 231. The propagation mechanisms are e-
amined to help the development of propagation prediction models and to
enhance the understanding of eledromagnetic wave propagation plenomena
involved when deding with radio transmisson in mobile and personal
communications environments.

Evidently the radio propagation ptenomena ae by themselves not new and
do nad depend onthe enwironment considered. However, considering all
existing radio propagation phenomena, the most important one must be
identified and investigated to improve the modelling of the mobile radio
communication channel or of the prediction d radio coverage and signa
quality in radio communicdion systems. The radio propagation ptenomena
to be identified as the most important depend onthe eavironment and dffer
whether we consider flat terrain covered with grass or brick howses in a
sububan areg or buildingsin a modern city centre gc. Propagation models
are more dficient when orly the most dominant phenomena ae taken into
acount. Which radio propagation prenomena need to be taken into acount
and in hov much detal do they need to be cmnsidered will also dffer
whether we ae interested in modelling the average signal strength, o a
fading statistic, or the delay spread, a any other charaderistics.

The mobile radio environment causes ome spedal difficulties to the in-
vestigation d propagation plenomena:
1) The distances between a base station and a mobil e range from some
metres to several kil ometres,

2) man-made structures and retural feaures have size ranging from
smaller to much larger than a wavelength and affed the propagation
of radio waves,

3) the description d the environment is usually not at our disposal in
very much detail .

Roughly two complementary approaches can be identified to ded with these
difficulties:
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» Experimental investigations which are doser to the redity but at the
expense of weeker control onthe environment, and

» theoretical investigations which consider only simplified mode of
theredity but give an excdlent control of the ewvironment.

A brief description o the posshiliti es, advantages and dsadvantages of-
fered by either experimental or theoreticd investigations are given below to
give some insights on hav the propagation prenomena can be determined.

Experimental investigations.

Based on measurements, the propagation mechanisms can be identified if
the experiments are thoughtfully designed in a caefully chasen areaor/and
if numerous measurements are analysed. Several contributions to COST
231 have investigated the propagation prenomena from measurements (e.g.,
[16]-[18]).

Note that scded measurements ease the cntrol on the environment to be
investigated. However, scded measurements are scarce since they require
speda hardware and could be quite difficult to conduwct in a worthwhile
manner because of the difficulties of retaining just the right amourt of com-
plexity in the simplified scded dovn model. Only a single cntribution
deding with measurements in scded tunnels has been presented to COST
231 (Sedion 4.8.9.

The major disadvantage of experimental investigations is the difficulties in
the design o the experiments and in the interpretation d the results which
usually exhibit amix of several propagation prenomena.

Theoretical investigations.

Software simulation a analyticd studies of propagation prenomena have
one main advantage over experimental investigations: The environment and
the geometry are more eaily described and modified. The major
disadvantage of theoreticd investigations is that the validity of the results
may hold ony for the particular case being simulated o investigated.
Theoreticd investigations shodd always be validated in pradice The the-
oreticd investigations can be cdegorised in two approaches (seeFig. 4.3.1
andFig. 4.3.9:

1) Simulation o wave propagation, and
2) ray theory.
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Smulation d wave propagéion.

Considering Maxwell s equations or the wave-equation and some boundary
condtions, the dedromagnetic wave propagation medanisms can be
investigated from a pure theoreticd point of view and from computations
based on so-cdled full-wave formulations. This approach is conceptualy
smilar to performing adual measurements but the "simulated
measurements' have the alvantage of providing a much better control over
the propagation environments. As with measurements however, extrading
the various physicd phenomena and their relative contributions from the
simulation results requires further analysis.

Ray theory.

Some simplificaions in solving the wave propagation problems are obtained
when asuuming a small wavelength which leads to view the radio wave
propagation as rays smilar to light rays. Under this assumption, the radio
wave interads with the propagation environment, i.e., with the amosphere,
the terrain feaures, buldings, walls, trees, etc., through absorption, speaular
refledion, dffradion and scdtering. At a larger scde, severa rays can be
viewed as a single entity and acarding to this concept, guided propagation
has been investigated.

Boundary conditions

axwell’s equations
or L;:>> Results
wave equation

all propagation
mechanisms are mixed

Fig. 4.3.1Simulation d wave propagation.

Boundary conditions

eometr
9 Y Results
. RAYS .
Geometrical each propagation
Optics mechanism is separate

Fig. 4.3.2 Ray theory.
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The ray theory approach clealy distinguishes between several propagation
phenomena axd give to eah o them a physicd and mathematica
description. How clealy the ray theory propagation phenomena exist in
pradice depends on the frequency, on the ewironments and on haev
predsely the prediction and measurement results are analysed.

The next sedion reviews the propagation mecdhanisms relevant to the ray
theory. To complement the discusson, dher propagation mechanisms are
mentioned in Sec 4.3.3. The last Sed. 4.3.4 mentions the propagation
mechanisms which appea to be the most important for propagation
modelling and pediction in maao-cdlular, micro-cdlular and indoa
environments.

4.3.2 Propagaion medanismsin the ray theory

The main propagation medanisms defined by the ray theory are explained
below. As snaller wavelengths, i.e., higher frequencies are onsidered, the
wave propagation becomes smilar to the propagation o light rays. A radio
ray is assumed to propagate dong a straight line bent only by refradion,
refledion, dffradion a scatering. These ae the oncepts of Geometrica
Optics. There is no transversal dimension associated to the rays. However,
the finite size of the wavelength at radio frequencies leals to hinder in some
ways the assaumption d infinitely thin rays. Related to the “thickness' of a
radio ray is the @mncept of Fresnel zones. A Fresnel zone is the locus of
points (R) aroundthe source (S) and an observation pant (Ob) such that the
phase on the path S-R-Ob equals the sum of the phase on the shortest
distance S-Ob plus an additional constant (Fig. 4.3.3. When this phase
difference equals p, the dired ray (S-Ob) and the refleded or scattered ray
(S-R-Ob) are out of phase and the locaions of points defines the so-cdled
first Fresnel zone.

(S-R-Ob) = (S-Ob) +TT => Fresnel zone

R

Fig. 4.3.3 Thefirst Fresnel zone.
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Speadlar refledion

The speaular refledion phlenomena is the mecdhanism by which a ray is
refleded at an angle egual to the incidence angle. The refleded wave fields
are related to the incident wave fields through arefledion coefficient which
is a matrix when the full polarimetric description d the wave field is taken
into acourt. The most common expresson for the refledion is the Fresnel
refledion coefficient which is valid for an infinite boundry between two
mediums, for example: air and concrete. The Fresnel refledion coefficient
depends uponthe polarisation and the wavelength o the incident wave field
and uponthe permittivity and condctivity of ead medium. The goplicaion
of the Fresnel refledion coefficient formulas is very popdar in ray traang
software toals.

Some authors (e.g. [19]-[21]) consider constant refledion coefficients to
simplify the computations. However the validity of a cnstant refledion
coefficient is usually not investigated. Considering building penetration
(Sec 4.6.9 or indoa propagation [22], some aithors $howed an improved
fit to measurements by using refledion and transmisson coefficients
varying with the incidence angle instead of constant coefficients (Sec
4.7.2.

Speaular refledions are mainly used to model refledion from the ground
surface ad from building walls (see Sec 4.5and Sec 4.7.9. The medh-
anisms of speaular refledions have been used to interpret measurements in
some particular environments guch as high rise aty centre [23], micro-cdls
[16], indoa [17] and dawvn in a stred canyon ill uminated from over the roof
("Refledions from buildings next to the mobile" [24], [25]). Whether
scatering (1/(d1e d2) dependence) or truly speadlar refledion (1/(d1+d2)
dependence) is the proper propagation prenomena was not mentioned and
canna be readily determined since the two phenomena ae usualy involved
simultaneoudly.

It is pointed ou that refledion from afinite surfaceis not considered in this
sedionsinceit can be seen either as the sum of the two phenomena speaular
refledion and edge diffradion, a as a scatering process

Diffraction

The diffradion pocessin ray theory is the propagation plenomena which
explain the transition from the lit region to the shadow regions behind the
corner of abuilding or over the roof-tops. Diffradion by a single wedge can
be solved in various ways. empiricd formulas [26], [27]. Perfedly
Absorbing Wedge (PAW) [28], [29], Geometricd Theory of Diffradion
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(GTD) [29], [30], Uniform Theory of Diffradion (UTD) [31] or even more
exad formulations [32], [33]. The alvantages and dsadvantages of using
either one formulationis difficult to address $nceit may not be independent
on the ewironments under investigations. Indeed, ressonable results are
claimed for ead formulations. The various expresgons differs mainly from
the goproximations being made on the surfaceboundiries of the wedge on-
sidered. One major difficulty is to expressand wse the proper boundriesin
the derivation d the diffradion formulas. Ancther problem is the existence
of wedges in red environments: the complexity of ared building corner or
of the building roofs clealy ill ustrates the modelling difficulties. Despite
these difficulties, however, diffradionarounda arner or over aroof-top are
commonly modeled using the heuristic UTD formulas [34] since they are
fairly essy to program, are well behaved in the lit/ shadow transition region,
and acourt for the paarisation and the wedge material.

Multi ple diffraction

For the cae of multiple diffradion, the complexity increases dramaticaly.
In the case of propagation over roof-top the results of Walfisch and Bertoni
[24] has been used to produce the COST-Walfisch-lkegami model (Sec
4.4.1). The gproximate procedures of Giovannelli [35] or Deygout [25],
[36] have been revisted by some aithors. The limitations of these
approximations lead several reseachers to more acarate methods: SIP/FFT
[37], [38] (Sec 4.4.3,PEM), Integral Equation (Sec 4.4.3, MFIE), Hea
Wave Parabdic Equation (Sec 4.4.3, PEM), Reduced Integral Operator
(Sec 4.4.3,EFIE), Flat Edge Model [39], Slope Diffradion [40]. All these
methods are numericd schemes to compute the multiple diffradion and
apart from the last contribution they do nd give a ¢ea physicd
understanding of the multi ple diffradion process at least not yet.

One method frequently applied to multiple diffradion problems is UTD.
The main problem with straightforward applicaions of the UTD is, that in
many cases one alge isin the transition zones of the previous edges. Strictly
speaking this forbids the gplicaion d ray techniques, bu in the spirit of
UTD the principle of locd ill umination d an edge shoud be valid. At least
within some gproximate degrees, a solution can be obtained. In [4]1] a
solution is $own that is quite acarate in most cases of pradicd interest.
The key paint in the theory is to include slope diffradion, which is usually
negleded as a higher order term in an asymptotic expansion, bu in
transition zone diffradion the term is of the same order as the ordinary
amplitude diffradion terms [40]. Ancather key element in the method is
automatic enforcement of continuity of amplitude and slope & ead pant.
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For the cae of diffradion over multiple screens of arbitrary heights and
spadngs a solution is obtained within the frame of UTD. This slution
agrees to a good approximation within the known results for constant
spadng and with numericd results using Vogler's @lution [42]. The
limitation d the method is, that it is not applicable when ore spadng
bemmes very small relative to ather spadngs. Thus the method canna
predict the oll apse of two screensinto ore.

In ITU-R 5262 [43] equations are given to compute dfeds of multiple
diffradions aroundcurved cylinders. In [44], an investigation d this method
reveded that a modificaion d the ITU equations yields good results even
for multiple knife-edge diffradion. The diffradion losses for the single
obstades are replacad by the diffradion losses for single knife alges.
Furthermore, the foll owing modified corredion fador CN hasto be used:
— Pa
CN =, (4.3.1)

The ITU equations are simple to apply and can acourt for knife-edges with
unequal heights and separations. In the spedal case of grazing incidence
over a series of equal distance and equal height knife-edges, the modified
ITU equations yield the crred analyticd results [40]. This holds true even
for very large numbers of edges. The modified ITU methodis also compared
to the Madel-Bertoni-Xia-method [45]. Results with the same slope versus
the number of edges are atieved. However compared to [45] the path loss
islower (higher), when the transmitter is below (above) the knife-edges.

Scattering

Rough surfaces and finite surfaces sater the incident energy in all direc
tions with a radiation dagram which depends on the roughness and size of
the surfaceor volume. The dispersion d energy through scatering means a
deaease of the energy refleded in the speadlar diredion. This smple view
leads to acaourt for the scatering processonly by deaeasing the refledion
coefficient and thus, only by multiplying the refledion coefficient with a
fador smaller than ore which depends exponentialy on the standard
deviation d the surface roughness acording to the Raleigh theory [46].
This description do na take into acoourt the true dispersion d radio energy
in various diredions, bu acwmurts for the reduction d energy in the
speadlar diredion diwe to the diffuse comporents <atered in al other
diredions.
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More redistic scatering processes have been investigated within the COST
231. Most investigations (Sec 4.4.4 deds with the gplicaion o the
bistatic radar equation to acourt for the scatering from hill s or mourtain
slopes. A preliminary study investigated the scdtering pattern from large
irregularities on a building wall [47]. The @mncept promoted in that study
was to model the scatering by equivalent sources of scatering locaed at the
building corners. Further investigations are required to confirm and refine
this concept.

Related to bah rough surface scatering and dffradion, the theoretica
models mentioned above using SIP/FFT, Integral Equation, Reduced
Integral Operator, etc., to acourt for terrain scatering indicaes that the
forward scatering approaches lead to reasonable results (Sec 4.4 and Sec
4.5.3. Thisindicaesthat the badk scatering in the radial plane from a given
BS antenna is usually negleded o is nat taken into account in a detailed
manner. The influence of individual "urban" scaterers such as lamp pat,
traffic light, windows, and cars has nat yet been investigated within the
COST 231.

Penetration and alsorption

Penetration lossdue to building wall s have been investigated and foundvery
dependent on the particular situation (Sec. 4.6). Absorption die to trees
(Sec 4.4.9 or the body absorption (Sec 3.4 are dso propagation
medchanisms difficult to quantify with predsion.

Anather absorption mecdhanism is the one due to atmospheric €feds. These
effeds are usualy negleded in propagation models for mobile
communication applicaions at radio frequencies but are important when
higher frequencies (e.g., 60GHz) are used as described in Sec 8.2.

4.3.3 Other propagaion medcanisms
Guided wave

Wave guiding can be viewed as a particular propagation mechanism to
describe the propagation in streg canyon (Sec. 4.5.2- Telekom model), in
corridars or tunrels (Sec 4.8. The wave guiding phenomena can be
explained based onmulti ple refledions or propagation modes.

Atmospheric efeds

Atmospheric dfeds are usually not taken into acmurt for mobile radio
applicaions at UHF frequencies, athough empiricd corredion fadors can
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be incorporated in some mverage prediction toods to handle seasonal
variations (Sec 4.4.2.

4.3.4 Main propagaion medanisms

The main propagation medhanisms usualy taken into acourt when
modelling the radio propagation in maao-cdl, micro-cdl and indoa
environments are visualised in Fig. 4.3.4. For different propagation
mechanisms the range dependence of the field strength is given in the
foll owing:

» For speallar refledionthefield is propartional to (d1+d2'1,
« for singediffraction, thefield is propartional to (d1/d2(d1+d2))'0-5,
« for multiple diffraction and for a source illuminating all edges, the

field is propartiona to d1-9[24],
» for volume scattering and rough surface scattering, the field is

propartional to (d1dp) L,

« for penetration and alorption, the field is mainly attenuated by a
constant,

+ for the wave guiding phenomena, the logarithm of the field is
propational to d.

In macro-cdls

Forward propagation including multiple diffradion over terrain and
buildings is used in most propagation prediction models for maao-cdls
(Sec 4.4.). Scdtering or refledion from large buildings, hills, mourtains
are modell ed to improve the prediction quality and espedally to charaderise
the time dispersion d the radio channel (Sec 4.4.3.

In micro-cdls.

Most models rely only on speadlar refledion and dffradion prenomena.
Some empiricd formulations use guided wave (Sec 4.5.2- Telekom model
and Uni-Karlsrtuhe 2D-URBAN-PICO model) or virtual source d
intersedions which can be viewed as a way to model the cmbined effeds
of diffradion and scatering (Sec 4.5.2- Ericson model). Scatering effeds
from walls and trees as well as from individual scaterer such as balcony,
lamp pcst, windows, cars, etc. remains to be caefully examined. Contri-
butions from over-roof-top propagation are usually modelled using models
similar to the ones for maao-cdls (Sec 4.5.3 4.5.9.
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Fig. 4.3.4 Propagaion phenomena.

Indoa

Mainly refledion from and transmisgon through wall' s, partiti ons, windows,
floors, and ceilings are used to predict propagation within buldings (Sec
4.6and Sec. 4.7). Wave guiding in corridor or in hallways are more difficult
to model and thus are usually not considered. Althowh dffradion effeds
have been sometime identified (Sec 4.7.5, diffradion at edges from walls
or windows is usualy not taken into acournt due to the difficulties related to
the requirement on the inpu database and dwe to the resulting large
computationtime.
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4.4 Propagaion Modelsfor M acro-Cells

ThomasK Urner , E-Plus M obilfunk GmbH, Germany

A considerable interest has been generated in finding solutions to predict
average field strengths and multi path signals in maao-cdls. The predictions
are based onthe knowledge of topagraphy, land usage and bulding height
information. This sdion deds with five different topics - modelling in
urban areas, influence of vegetation, large-scde terrain effeds, multipath
prediction and the cmbination d the different aspeds yielding more
general models.

4.4.1 Semideterministic and empirical modelsfor urban areas

One important output of COST 231 is the development of outdoar prop-
agation models for applicaions in urban aress at 900 and 1800MHz bands.
Based onextensive measurement campaigns in European cities, COST 231
has investigated dfferent existing models and has creaed new propagation
models. These models, valid for flat terrain, are based onthe gproades of
Walfisch-Bertoni [24], Ikegami [48] and Hata [49].

COST 231 - Hata-Model

Path loss estimation is performed by empiricd models if land cover is
known ony roughly, and the parameters required for semi-deterministic
models canna be determined. Four parameters are used for estimation o the
propagation lossby Hata's well-known model: frequency f, distanced, base
station antenna height hgase and the height of the mohile atenna hpjobil e

In Hata's model, which is based on Okumura’s various corredion functions
[50], the basic transmisgonloss Lp, in urban areasis:

h
L, = 6255+ 26.16(I0g 1775 ~13.82(10g —B3%— a(hyopie)

+(449-6. 55[[bghBTase)Dogk—‘rjn @

where:

D "log" means"log, "
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V- _f o 7y."Mobile _ _f
Amobite) = (11H0G 7 ~0.7) =" m ™ ~(1.56ogyggz =0.8) -,

The model isrestricted to:
f: 150 ... 1000MHz
hBase : 30 ...200m
hMmobilee 1...10m
d: 1...20km

COST 231 tes extended Hata's model to the frequency band 1500< f(MHz)
< 2000 ty analysing Okumura's propagation curves in the upper frequency
band. This combinationis caled "COST-Hata-Model" [51]:

hg
=93¢ — a(hmobile)

Lb = 46.3+33.9log7i; - 1382log

hg d
)093 *+ Cm (4.4.3)

+(44.9-6.55log
where a(hmobile) is defined in equation (4.4.2 and

S) dB for medium sized city and suburb:z
Cm=U centres with medium tree density (4.4.4)
(B dB for metropolitan centres

The COST-Hata-Moddl is restricted to the foll owing range of parameters:
f: 1500 ... 2000MHz
hBaseZ 30 ... 200m

hmobile: 1 ...10m
d: 1...20km

The gplicaion d the COST-Hata-Model is restricted to large and small
maao-cdls, i. e. base station antenna heights above roof-top levels adjacent
to the base station. Hata's formula and its modificaion must nat be used for
micro-cdls.

COST 231 - Walfi sch-lkegami-Model

Furthermore COST 231 popased a combination o the Walfisch [24] and
Ikegami [48] models. This formulation is based on dfferent contributions
from members of the "COST 231 Subgroup onPropagation Models' [5]]. It
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is cdl ed the COST-Walfisch-lkegami-Model (COST-WI). The model all ows
for improved path-lossestimation by consideration d more data to describe
the charader of the urban environment, namely

- heights of buildings hrodf,

- widths of roads w,

- building separationb and

- road arientation with resped to the dired radio peth ¢.

The parameters are defined in Figs. 4.4.1and 4.4.2.However this modd is
till statisticd and nd deterministic because only charaderistic values can
be inserted and notopagraphicd data base of the buildingsis considered.

Base station Mobile

d
~ | a
] | Ah Base
N
hBase r A h Roof
—| Y h Roof
sl h Mobile
<= T
W
Il

Fig4.4.1 Typicd propagationsituationin urban areas and d=finition
of the parameters used in the COST-WI model and aher
Walfisch-type models[24], [45], [52].

The model distinguishes between line-of-sight (LOS) and nonli ne-of-sight
(NLOS) situations. In the LOS case -between base and mobile antennas
within a stree canyon - a simple propagation loss formula different from
freespacelossis applied. The lossis based on measurements performed in
the dty of Stockhalm:

L p(dB) = 42.6+ 26log(d/km)+ 20log(f/MHz) for d > 20 m (4.45)

where the first constant is determined in such away that Lp is equal to free
gpacelossfor d = 20 m. In the NLOS-case the basic transmisgon loss is
composed o the terms free spaceloss Lo, multiple screen dffradion loss
Lmsd, and roof-top-to-stred diffradion and scater lossLyts.

_Oo+lnstlpgg forLrs*Lmsd >0

L

(4.4.6)
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The freespacelossis given by

L o(dB) = 324 +20log(d/km )+ 20log(f/ MHz) 447)
The term Lrts describes the couding of the wave propagating along the
multi ple-screen path into the stred where the mobil e station is located. The
determination d Lyts is mainly based on Ikegami's model. It takes into
acourt the width of the stree and its orientation. COST 231, havever, has
applied ancther stred-orientation function than Ikegami:

L 1ts = ~16.9-10l0g¥ +10logri= +20log 22Moblle 1 | . a8

5-10+0. 354(1%9 for 0°< ¢ <35°

Lor= E[Z 5+0.075(-% G535 for 35°<¢ <55° 1) (449
54 0-0.114(g5;~55) for 55°< ¢ <90°

Ahmobile = hRoof ~hMobile (4.4.10)

Ahgase =hBase™ NRoof (4411

I Buildings

Fig4.4.2 Definition d the stred orientation angle ¢.

Scdar eledromagnetic formulation o multi-screen dffradion results in an
integral for which Walfisch and Bertoni pulished an approximate solution
in the cae of base station antenna locaed above the roof-tops. This model is
extended by COST 231 for base station antenna heights below the roof-top

1) Lorj isan empirica corredion fador gained from only a few measurements
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levels using an empiricd function based on measurements. The heights of
buildings and their spatia separations along the dired radio path are
modell ed by absorbing screens for the determination d Lmgg:

d f b
Lmsd =L psn+Ka +kglogy = +k; log= — —9log—

(4.4.12)
where
L B-18log(1+ =) for hg. >he (4413
bsh —
& for hge <hpoy
0
é54 1Eothase > hRoof
ka =54~ 0.9 Base for d> 0.5 km and hgase < NRroof
%54—0.8”‘%6‘5e ATKM 4o d<0.5 km and hg e <Npogs
(4.4.14)
48 for Npage > Nt (4.4.15)
ky=0 Dhpoce
gl8—15W for hBase < hRoof
0
[4).7(f /9“222 -1) for medium sized city and suburbs
E . . .
ki =-4+0 centres with medium tree density (4.4.16)

O
51.5(”9'\222 -1) for metropolitan centres

The term kg represents the increase of the path lossfor base station antennas
below the roof tops of the aljacant buildings. The terms kg and kf control
the dependence of the multi-screen dffradion lossversus distance and radio
frequency, respedively. If the data on the structure of buildings and roads
are unknown the foll owing default values are recommended:

hRoof =3 mx { number of floors} + roof-height
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¢ height = (B m pitchec
roof - height = m flat

b =20..50m

w =b/2

o =90

The COST-WI model isrestricted to:

f: 800 ... 2000MHz
hBaseZ 4 ...50m
hMmobile: 1...3m

d: 0.02 ... 5km

The model has also been accepted by the ITU-R andisincluded into Report
567-4. The estimation d path lossagrees rather well with measurements for
base station antenna heights above roof-top level. The mean error is in the
range of +3 dB and the standard deviation 48 dB [53], [54]. However the
prediction error bemmes large for hBase = hRoof compared to situations
where hase >> hroof. Furthermore the performance of the model is poa
for hBase << hroof. The parameters b, w and ¢ are not considered in a
physicdly meaningful way for micro-cdls. Therefore the prediction error
for micro-cdls may be quite large. The model does not consider multi path
propagation and the reliability of pathloss estimation deaeases also if
terrainis not flat or the land cover isinhamogeneous.

Comparisonwith ather models

Saunders and Bonar [52], [39] as well as Bertoni and Xia [24], [56], [49],
[57] pubished dfferent closed-form solutions for Lmsg which are
applicable for al values of base station antenna heights. Several papers
compare the diff erent approaches with measurements [53], [39], [54], [59],
[59], [60].

The results, however, differ markedly depending on the situation, where the
models are gplied. This effed can be explained by the different validity
limits of the different approaches. The Walfisch-Bertoni-Model suppases a
high base station antenna (hBase > hroof). The COST-Walfisch-lkegami-
Modd is valid for base station antenna heights below 50 m and gives
reasonable greement with measured valuesfor | > dg (seeFig. 4.4.7), where
dsiscdled the "settled-field"- distance[53], [61]:
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A2
- 2
AhBase (4.4.17),

ds

where A is the wave length in m. The cae | < dg covers grazing incidence,
where the COST-Walfisch-lkegami-Model is poa. On the other hand
Saunder's Flat-Edge-Model covers grazing incidence @& long as the
condtion r >> | is fulfilled. Furthermore the COST-Walfisch-lkegami-
Moded and an approach of Madel et. al [57] include wrredions for taking
into acourt the stred orientation at the mobhile. In [58], [59] an adaptive
combination d the different approachesis used in urban maao-cdls at 1800
MHz, yielding better results than ead o the single models.

4.4.2 Influenceof vegetation

A few papers within COST 231linvestigated propagation models for wooded
environments in the 900 and 1800MHz bands. A comparative study [62]
has been dore in Finland applying the Okumura-Hata-Model (945 MHZz),
the COST-Hata-Model (1807 MHz) and the Blomquist-Ladell-Model [55]
(both frequencies) to forested terrain. The Finnish experiments reveded that
Hata's model can be used for path loss estimation, except for wet forests at
1800MHz where an additional path lossof abou 5 dB has to be taken into
acournt. Midde European forests containing denser and hgher trees than
typicd nordic woods result in larger additional attenuation. In two ather
papers [59], [63] forest is moddled as a dieledric layer dividing the two
layers air and ground. The path lossis computed based on Tamir's lateral
approadch [64] yielding reasonable results at 947 MHz and 1800MHz.

4.4.3 Moddling of large-scaleterrain variations

Different methods have been investigated to describe diffradion and for-
ward-scatering processs in inhamogeneous terrain, i.e. the dfea of the
large-scde variation d the terrain. A rough clasdficaion d the methods is
given by numericd solutions and approximations (seeTab. 4.4.1.

Numerical solution.

Two terrain-based propagation models for verticadly poarised radio waves
are described, based onthe field integral equation for a smoaoth surface The
model developed by Aaborg University [65] is based on the Magnetic-
Field-Integral-Equation (MFIE) assuming a 2D landscape with notransverse
variations, no badscatering and a perfedly magneticdly conducting
surface (a soft surface. Under these assumptions the method is exad. The
method requires only forward integration summing up the ntributions
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from al previous sgments. No attempts have been made to reduce
computation time, bu the method is well suited as a reference for more
approximate methodk.

clasdficaion models

numericd solutions integral equation methods (IEM):

- magnetic field integral equation (MFIE) [65]
- eledric field integral equation (EFIE) [66]
par abolic equation methods (PEM):

- FFT multi ple half-screen method [67]

- parabalic differential equation method[68]
approximations (including ray- high-frequency asymptotic methods
opticd approaches) - uniform theory of diffradion (UTD)[69]
semi-empirical models

- forward-scattering algorithm (FSA) [70]

- Hata +knife-edge diffracion[71], [72]
empirical models

- Hata[49]

- neural network approach [73], [74]

Tab. 4.4.1 Methodsto consider large-scde terrain variations.

A faster numericdly exad approach based on the natural basis method
applied to the Eledric-Field-Integral-Equation (EFIE) is suggested by the
Trinity College Dublin [66]. In this approach a moment method wsing a
novel set of corrzlplex basis functions is used, reducing the resulting matrix
by afador of mé andits direa solution by afador of m3. The basis st has
been applied to unduating terrain with dstances up to 10 km. For
frequencies of 143.9 MHz to 1900 MHz m has ranged from 90 to 600.
However, the method to reduce the computational complexity is not
restricted to the EFIE but cen be gplied to any IE, where the unknown
current density has to be cdculated. Both forward and badk scatering are
included.

Two methods mainly based on mrabdlic integral equations are proposed by
Berg to buld new maao-cdl models. The first (heuristic) method [68] is
based onthe parabadlic hea or diffusion equation. The multiple knife-edge
approadh is used to determine the path lossin nonflat terrain. The ejuation
is olved by using the simple eplicit Forward-Difference method. The grid
distances are 100 m in the main propagation dredion and &m in height
diredion in the 900 MHz band. The second method is cdled FFT-multiple
halfscreen dffradion moddl [67]. The terrain profile is replacad with a
number of absorbing half-screens smilar to an approach described in [24].
This computational methodis also very similar to the SIP procedure [37, 38,
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174. Hence the propagation is described as a multiple diffradion
phenomenon where refledions are negleded. The diffraded scdar field is
determined using the scdar Helmhaltz parabdlic integral equation. For the
considered situation the Helmholtz integral can be epressed as a
convolution which can be solved in a mmputational efficient way by
applicaion o FFT (Fast Fourier transform) techniques.

Ray-optical methods and appoximations

In panning a GSM-network the empiricd model by Okumura-Hata is dill
the most used, dwe to its smplicity. Therefore many variations of Okumura-
Hata-based approaches have been investigated [71], [72], where Hata's path
loss is combined with multiple-knife-edge diffradion models. Different
methods to determine the dfedive base station antenna height and terrain
unddation corredion fadors have been considered.

A new ray-opticd method [69] is based on the Uniform Theory of
Diffradion (UTD). For the ray path cdculation with UTD, obstades along
the terrain profile have to be represented by simple geometricd objeds. An
approximation d the terrain profile is obtained by substituting the terrain
obstades by wedges and convex surfaces. For these objeds, expressons
exist to compute the UTD diffradion coefficients. For efficient
computation, an algorithm for the multi ple diffradion cdculation is derived
using a matrix formulation. Forward-scattering processes are ansidered
heuristicaly [75] using atwo-ray approac. This two-ray approac yields an
additional path loss of 20 dB/decale if the distance between Tx and Rx
excedls a so-cdled breakpoint distance

In [70] a fast forward-scatering algorithm (FSA) based on empiricd
propagation curves and geometricd diffradion [76] has been developed.
The diffradion algorithm is able to handle up to 15 knife-edges. Mea
surements in the frequency range 9191843 MHz have been used for
verificaion. A comparison with a PEM-method [77] reveded prediction
errorsin the same range for the FSA and the PEM.

Ancther more empiricd method is based on reural network training [73],
[74]. The training of the network can be dore dther by theoreticd methods
like UTD or by measurements. The dedsive advantage of this methodis the
posshility of deriving training patterns diredly from measurements. This
dlows the system to bewme very flexible and adapt to arbitrary
environments. The training is time onsuming, bu once the network is
trained, the results are obtained immediately. Thisis suppated by the highly
parallel structure of the processng.
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Comparison d different models.
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Fig4.4.3 Terrain profile & "Hjorringve".

The prediction models are mmpared to ead ather and with measurements
[65] at different frequencies from 144.9 MHz to 1900MHz used on five
different terrain profiles in rural Denmark. The measurements have been
caried ou with atransmitter height of 10.4m and the recaving antennawas
2.4 m above the profile. Polarisation was verticd for both antennas. Path
lengths were of 6-11 km along roads being fairly straight over for the
distance where the profiles are examined. This gives a good approximation
of the 2D asaumption within the @ove described models. The height
variations are in the order of 20-50 m and orly a few trees or buildings are
along the profiles. Fig. 4.4.3shows one of the profiles at "Hjorringve".

A comparison d predictions (MFIE-method) with the measurements is
depicted in Fig. 4.4.4(970 MHz) and Fig. 4.4.5(1900 MHz). Tab. 4.4.2
presents the numericd mean error and standard deviation for seven dfferent
models at the frequencies 970 MHz and 1900MHz. More detailed results
comparing these measurements also at other frequencies and with additional
models can be foundin the literature [67], [71], [75], [78]-[80].
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Fig4.4.4 Measurement and prediction by the MFIE-methodfor the
terrain profile "Hjorringve" at 970MHz.
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Fig4.4.5 Measurement and prediction by the MFIE-methodfor the
terrain profile "Hjorringve" at 1900MHz.
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model mean /dB STD/dB mean/dB STD/dB
970MHz 970MHz 1900MHz 1900MHz
MFIE 55 6,3 51 8,7
IFIE *) 6,5 *) 8,2
FFT-multi ple half-screen 1,7 6,1 3,0 7,6
Parab. diff. FD-Method 30 5,4 6,7 8,3
uTD 6,2 89 34 10,2
Neural Network 29 5,7 *) *)
Hata 2,8 9,0 4,0 10,3
FSA 50 6,0 5,3 6,8

*)valu&s arenct avail able

Tab. 4.4.2 Comparison d diff erent propagation models; numericd
mean values and standard deviations derived from 5 terrain
profiles (at 970MHz from 4 profiles only).

4.4.4 Estimation of time dispersion

This sdion addresses the prediction d multipath signals. Emphasis is
placed on automatic detedion d long excesdve time dispersions. An
overview is given over approaches and results from COST 231 articipants.
The task of predicting multipath signals can be subdvided into two
subsequent steps. The first step consists of an algorithm to extrad the rel-
evant scatering areas. All known approaches take into acourt single-
scatering processes only. Every potential scatter areahas to fulfil the LOS-
condtion to bah Tx and Rx. In a second step the path loss for eah
multipath signal has to be cdculated. This cdculation consists of mainly
threeparts:

- propagation from transmitter to the scatering surface
- processof scdtering at the surface
- propagation from the scatering surfaceto the recaver,

The various models differ both in terms of the dgorithms to determine the
scatering areas and onthe methods to determine the path loss

The IHE-model from the University of Karlsruhe [63], [69], [79], [8]] is
intended to be a ©omplete propagation simulation model for rural aress. To
describe the scatering process the bistatic polarimetric scatering matrix,
depending on land wsage terrain classes and onthe angle of incidence and
bath scatering angles is applied. The average bistatic aoss £dion matrix
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derived by the method d small perturbation and by the Kirchhdf methodis
used. Both coherent and incoherent scattering are cwnsidered in the model.
The determination o the scaterer locaion is often a time nsuming
process In [82] fast scdterer seach algorithms are suggested. Large
improvements are obtained saving 80-90% of computing time compared to
traditional methods. A comparison ketween measured and predicted
locations of interfering scatterersis made in [83] at a frequency of 225MHz
(Digital Audio Broadcasting). In general the areament is satisfadory,
athough multiple scatering nea the aitennas and surroundngs gave some
errors.

The University of Vienna uses path tradng [84] as a pradica technique for
the identification o aress of heavy time dispersion based onsystematic ray
tradng and weighting of the paths that the power can take from transmitter
to recaver. Single refledions are cnsidered and modelled as an area
element radiating isotropicdly to half space Between transmitter, scatterer
and recaver (quasi) free space propagation is assumed. The modd is
prepared and pdanned to be expanded to study consideration d important
single scdterers.

In Davidsen's approach [85], [86] multipath propagation is modelled with
single-scater paths. Scatering is modelled as a diffuse Lambert surface
Terrain datais approximated by relatively few planes taken from maps. The
planes are subdvided into area éements that are the basis of the cdculation.
Propagation over seawater in fjords is gudied caefully finding that
scatering due to the microstructure (ripple, foam and spray) of the seais
negligible mmpared with line-of-sight, wheress power scatered by the
maaostructure (large scde, roughly periodic waves) is sgnificant.

The model of Deutsche Telekom [87]-[89] is based on channel sounder
measurements in hilly terrain. Based upon these measured impulse
resporses an approadh is suggested extending an existing 2D model by
additional single-scater paths. The path loss for the propagation from the
transmitter to the scatering and from there to the recaver is asaumed to be
freespaceloss Furthermore the assumption is made that the scatering area
ads as a Lambert transmitter. The scatering parameter C is extraded from
the measurements. It is shown that 10log C = -10 dB in the 900 MHz band
(10 log C = -13 B in the 1800 MHz band) provides a good fit to the
measurements. An example for ameasured and predicted scatering function
isdisplayedin Fig. 4.4.6.
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Fig4.4.6 Measured (right) and predicted (left) scatering functions
using the Telekom model.

In Fig. 4.4.6,¢ denctes the incidence angle of the signa comporents with
resped to the diredion d the moving mobhile. T is the time delay and fp the

Dopper-shift.

For the future dhannel sounder measurements will be useful to determine
baoth empiricd parameters C and bistatic scatering cross ®dions for dif-
ferent types of terrain. All the models can also be used to predict the
propagation system parameters, e.g. delay spread or Q16. In [90] and [9]] it
is srown how the relevant parameters can be derived from a 3D prediction
model.

4.4 5General models

Some new genera models for estimation d path lossin maao-cdls have
been proposed using topagraphicd and land usage data in resolutions from
50mx 50mto 250m x 250m.

The main ideaof Vodafone's method [25], [92] is to reduce the detail s of
path profiles to simple geometricd shapes, e. g. wedges or cylinders, and to
apply additionally empirica corredion fadors. Losses from the free space
field strength are cdculated for ground refledion and dffradion, ground
cover aong the path and for clutter from the canopy height down to the
mobile. The model is verified by an extensive measurement campaign
reveding a standard deviation d abou 8 dB in the 900 MHz band wsing a
250m x 250m database.

The IHE-rural-model with recaver nea range extension [63], [75] incor-
porates typicd maao situations for forested and uban areas in arder to
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determine alditional path losscaused by land usage. In the cae of an urban
environment the alditional path lossis determined by means of the UTD,
whereas in forested aress the @ove described lateral wave gproach is
applied. The extension is adso used for the multipath signals yielding
reasonable agreement with bah wideband and narrowband measurementsin
aGSM 900-network, seeFig. 4.4.7.

A hybrid propagation model for prediction d DCS 1800 maao-cdls is
propacsed by E-Plus [58], [59]. The model is based ona "unit construction
system" , combining different models, e. g. COST-Walfisch-lkegami, flat
edge [52], [39] and Madel [45] in uban aress. The prediction system
consists of several modues which are seleded acwording to pradicd and
theoreticd criteria. The switching of the modues is completely unsuper-
vised and the computing time for the full prediction o an areaof 30 km x
30kmisonly 5 min ona SunSparc20 workstation. The model is verified by
numerous measurements in the E-Plus-network in dfferent landscapes in
Germany, including urban, rura, flat, hilly and mountainous terrain. A
typicd RMS error of 6-9 dB isachieved in all aress.
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Fig4.4.7 Measured and predicted impulse resporsesin ahill y terrain
using the IHE-recaver-nea-range model at 947 MHz. For
the predicted impulse resporse the filter charaderistic of the

recever istaken into acourt using the dgorithms pubished
in[90].
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4.5 Propagaion Modelsfor Small- and Micro-Cells

Dieter J. Cichon , IBP Pietzsch KIH Group, Germany

451 Genera

The design and implementation d personal communicaions g/stems re-
quires the prediction d wave propagation relating to signal-to-noise and
signal-to-interference caculation in a celular system [93]. Small-cdl
network cornfigurations - espedally micro- and pico-cdl types - are of major
interest for urban environments. The commonly used criteria for the
definition d a micro-cdl is related to the base-station height. For a typicd
micro-cdl the base-station antenna height is below the average roof-top
level of the surroundng buildings or at abou the same height. Thus the
resulting cdl radius is in the range of abou 250500 m. However a
prediction range of up to several km has to be regarded for inter-cdlular
interference caculations. A pico-cdl base-station is usually installed inside
a building providing coverage dso ouside aoundthe building. A tutoria
and overview on wave propagation modelling for wireless personal
communicaionsisgivenin [94].

The propagation models developed in COST 231 are based on theoreticd
and empiricd approaches. Ray opticd methods with either simplified ana-
Iyticd solutions or pure ray tradng techniques have been proposed. The
avail ability and usage of proper urban terrain data bases, as described in
Sec 4.1,in combination with ray tradng methods (see Sec 4.5.94 enables
site-spedfic propagation modelling for the prediction d path lossand time
spreading of the signal; the latter has a major impad on the performance of
digital radio systems.

Radio transmisgon in wuban environments is subjed to strong multi path
propagation. To consider these dfeds in a propagation model, it is neces-
sary to gain knowledge of all dominant propagation peths. These paths
depend primarily on the base station height with resped to the building
heights around.A study on micro-cdlular multi path propagation effeds with
resped to DECT-system performanceis given in [95]. For simplificaion o
propagation modelling several two-dimensiona models have been
developed under the asssumption d infinitely high buldings (seeSec 4.5.9.
Hence these models only take into acount wave propagation around
buildings. As a result, computationtime dficient, analyticd path loss
models have been derived considering simple building geometries. In case
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of low building heights, over-roof-top propagation have to be regarded, too
(seeSec 4.5.3. Analyticd approaches and simple models with empiricdly
based extensions and modificaions are given in, e.qg., [24], [49], [51], [49],
[60Q].

The secnd group d small-cdl modds alow a very site-spedfic, three
dimensional path loss and signal spread prediction for base-station heights
below as well as at abou roof-top level of the buildings (see Sec 4.5.9.
Hence na only the shape but also the height of a building has to be
incorporated. Of course, dwe to the threedimensional ray tradng these
models require a higher computation-time than the simplified approaces
mentioned above.

The micro-cdl models are generaly valid ony for flaa urban area
Investigations on the influence of terrain on micro-cdl propagation are
presented in, eg. [94] and [96]. Further on the dfeds of urban-type
vegetation (like line-up trees, parks, etc.) onradio propagation [92] are nat
included in these micro-cdl models. Both aspeds are of grea interest from
an engineaging point of view and shoud be regarded in further
developments of these models.

4.5.2 Two-dimensional modelsfor below roof-top propagaion

Uni-Lund model

Micro-cdlular path lossprediction is performed by two separate models for
LOS and NLOS, respedively [97], [98]. Both models are based on the
properties of free space propagation; all model parameters are eampiricdly
gained.

The LOS model describes the dual-slope behaviour [94] of the path loss
where the first part is a power function (decay index n = 2) of the Tx-Rx
distance d. At the bre&-paint distance dg the power decay increases (decey
index n = 4). The wrrespondng power deca indices n1 and rp depend on
the urban environment, thus they have to be gained by path loss
measurements to be performed in the prediction area For NLOS
propagation the model is based on the observation that there is a short
distance d the @rner where the signal level is gill of the same magnitude &
in LOS. Further down the stred there is arapid increase of lossurtil finally
the signal strength deareases with abou n=2.5-3.0.
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Ericsson micro-cdl model

This model is based on a mathematicd method for path loss prediction,
which is reaursive, redprocd, very simple, and computation-time dficient
[99]. Lossis determined along paths foll owing the diff erent streds, thus this
methodis giitable for ray tradng techniques. The gproad is not restricted
to perpendicular stred crossngs. It can handle abitrary angle of crossng
streds as well as bent streds with linea segments. The moded approac is
based on the well known expresson for path loss between two isotropic
antennas, where the physicd distanceis replaced by an imaginary distance,
which is defined by a reaursive expresson as a function d the number of
nodal points and correspondng stred orientation angles of the path between
transmitter and recever. The dual-slope behaviour [94] of the distance
dependence of the path loss is aso included in the proposed model. In
addition, the distance dependence of the COST-WI model is applied to
consider over-roof-top propagationin case of NLOS.

CNET micro-cdl model

This model is based onan analyticd, semi-deterministic gpproach for the
consideration d refleded and dffraded waves [10(]. Only below roof-top
propagation around buldings and stred crossngs with four corners are
regarded. The angle of crossng streds can be abitrary. Ninerefledionsin a
LOS case and rine refledions in a following NLOS case ae included.
Ground refledions and stred corner diffradion ketween the line-of-sight
and the nontli ne-of-sight stree are regarded as well . The Uniform Theory of
Diffradion is used for the stred corner diffradion caculation, wherein the
finite conduwctivity of the wallsisintroduced through heuristic coefficients.

SwissTeleam PTT micro-cdl ray tracing model

Micro-cdl environments are described by a two-dimensional layout of
buil dings which are given to the software program in terms of vedors de-
fining the building walls. Arbitrary two-dimensional building geometry can
be handled. Additiondly, the permittivity and condtctivity of ead bulding
wall can be mnsidered if avalable. In operational use the dedricd
charaderistics are usually taken to be the same for al buildings in a given
area Speaular refledion and dffradion are the propagation plenomena
taken into acourt [10]]. Ground refledion, scatering and over-roof-top
propagation which are expeded to daminate in areas far from the transmitter
are negleded so far. The software computes all refleded and dffraded rays
up to some predetermined order. Thisis performed acarding to an efficient
implementation d the image theory which takes advantage of the assumed
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fad that rays do nd traverse the buildings. To take into acourt the
diffradion effeds, virtual sources are placed onall building corners viewed
by other images and virtual sources. All image and virtual point sources are
generated upto a given order starting from the original source a the base-
station antenna location. The image and virtual sources are then used to
trace d combinations of refleded and dffraded rays. The path loss is
derived by superposition d all rays at the recaver locaion. Alternatively
the dannel impulse resporse can be evaluated by considering the
magnitude, phase and delay of ead ray.

Uni-Karlsruhe model 2D-URBAN-PICO

A ray launching approac for two-dimensional prediction d wave propa
gation in micro-cdls, including indoa coverage, is proposed in the 2D-
URBAN-PICO model [4], [102, [103. This approac takes into acourt
multiple refleded and multiple wall-penetrated ray paths as well as com-
binations of multi ple refleded/penetrated ray paths. The urban environment
is two-dimensionally described by an arbitrary number of walls, or further
windows, doas, etc., ead defined by its position and type. Building walls
are moddled as multi-layered media given by thickness permittivity and
tang loss fador. At the transmitter locaion a catain number of rays are
successvely launched in discrete diredions, which are equally distributed
over 2rtwithin the horizontal propagation dane. When the central ray of a
ray tube interseds with an obstade, the incident ray is decomposed into a
speadlarly refleded and a penetrated ray. Both rays are propagating to the
next intersedion, where the decomposition pocess is repeded. This
procedure is continued urtil a predetermined number of intersedions is
readed. A ray-splitting algorithm is used to restrict the maximum
divergence of ead ray. Reception is determined acarding to Fig. 4.7.3in
Sec 4.7.5.

TLM based mode

A technique similar to the so-cdled transmisson line matrix (TLM) is
applied for the propagation modelling in urban micro-cdls. This methodis
based on a dired discretisation o the building layout onto a two-
dimensiondl lattice The TLM based method can be asdmilated to the so-
cdled Lattice Boltzmann Models (LBM), which describes a physicd system
in terms of the motion o fictitious microscopic particles on a lattice A
natural implementation o wave propagation dynamics within the framework
of the LBM approad is provided by the TLM method. According to the
Huygens principle, a wave front consists of a number of sphericd wavelets
emitted by secondary radiators. The TLM method wsed here is a discrete
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formulation o this principle. For this purpose, space ad time ae
represented in terms of finite, elementary units Ar and At. LBM are
charaderised by a simultaneous dynamics and a very simple numericd
scheme suitable for very efficient implementations on massively parall el
computers [21]. The interpretation d the dynamics in terms of flux makes
the boundry condtions essy to implement. The relationships with
conventional eledromagnetic TLM methods remain to be examined in
detail s.

Asaiming infinite building height, the raw simulation results of the TLM
based method implies a two-dimensional propagation (a o/lindricd source
problem). The results are @nverted to threedimensional propagation
consideration (point source problem) by computing a renormali sation of the
predicted results acording to the distance between transmitter and recever.
An additional, athough simpler, re-normalisation is used to convert to the
desired frequency the simulated frequency resulting from the chosen grid
size of the lattice

Telekom mcro-cdl model

A network of stred canyons conreded via the stred crossngs is used as
standard geometricd configuration for path losscdculation. A limited set of
parameters and some anpiricd simplificaions and approximations are used.
Three caegories of propagation are regarded: LOS, NLOS to a per-
pendicular stred, and NLOS to a parallel stred [27]. Latter one includes
also a over-roof-top propagation term acarding to Walfisch-Bertoni [24].
The gplicability of this model is confined primarily in dense urban environ-
ments where stred canyons can be assumed.

4.5.3 Two-dimensional modelsfor over-roof-top propagation
COST-Walfi sch-lkegami model

(==>seeSedion 4.9

Uni-Valencia model

The basic goproach is to separate the propagation eff eds into "over-roof-top
propagation” and "3D multipath effeds in the mobile neighbouhood'. A
modified Walfisch-Bertoni model for description d over-roof-top
propagation is applied [60]. The restriction for the incidence angle and for
the "final building diffradion” angle have been eliminated [105. Latter one
has been empiricdly gained, however its value is very close to the
theoreticd solution for a 90° wedge. The empiricd approacd is due to the
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faa that digital building maps or vedor data, i.e,, do na provide in-
formation abou the roof-top shape, thus a theoreticad expresson canna be

applied, appropriately.

First and 2nd oder propagation mechanisms are @nsidered for a Tx-Rx
link. It is assumed that incident rays at Rx are scatered at elements (wall,
wedge, etc.) which are in LOS to Rx. These Rx-neighbouhood scater
elements are determined by applicaion d a simple ray traang algorithm.
The incidence fields at those dements are cdculated by the 2D model
mentioned above [106. Threeparameters are used to describe the properties
of the scatter elements as there ae: Percentage of flat surface correlation
distance, standard deviation d the roughness default values are 60 %, 3 m
and 40cm, respedively.

For applicaions in micro-cdl environments, the ray tradng agorithm for
the 3D model hasto be modified to consider at least 3rd order contributions,
too. In case Tx is below the mean roof-top level, a third part of the model
appeas, which is smply described as an additional diffradion loss (2D
approad) and/or by applying the @dove 3D multipath model to the Tx-
neighbouhood. Of course, the alditional base station dffradion loss and
multi path terms depend onthe Rx pasition.

SwissTeleam PTT over-roof-top model

A pathloss prediction software designed for flat or hilly urban areas has
been developed at the SwissSTELECOM PTT. The software (cdled MCOR)
implements multi-knife elge propagation computations over radials
launched from the base station.

The propagation model is based on Deygout's approximation to compute
multi-knife edge diffradion [107]. The Deygout method is modified ac
cording to the mncepts presented by VODAFONE [92]. This modificaion
miti gates the linea increese of the path loss due to multiple diffradion in
the original Deygout method. The dgorithm suggested by VODAFONE
deaeases the diffradion effeds by reducing successve diffradion
coefficients in dB by 1/2, 14 and 1/8. Inspired from this ideg this model
deaeases the diffradion effeds on ead side of the so-cdled main edges
simply by reducing the diffradion coefficients in dB by (1/2)”, where n is
the order of the main edges in the Deygout method. For the results presented
here, the maximum level is limited to 4 (n_max = 3), thus a maximum of 15
diffradions are omputed. The chosen dffradion coefficient is given by the
simple CCIR formula[108. Another modificaion is the use of adua slope
model for the reference path loss[109. For the results presented here, the
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parameters of the dual slope model have been fitted from ten cdibration
points given along a particular measurement route. The buildings have been
represented by a single knife-edge placal in the midde of ead bulding,
which is determined when constructing the profil es along the radials.

The MCOR computation for the results presented in Sec 4.5.6takes abou
30 minutes on a Pentium 66 MHz under Windows NT for a prediction o
480 x 680 pmts with a5 m resolution (note that the prediction cata on the
measured routes is then extraded from the prediction matrix over the whole

region).
CSELT model

Over-roof-top propagation is regarded in this model, which is based onthe
Walfisch-Bertoni approach [24] extended by consideration d building
heights within the verticd propagation dane. Obstades (buildings) are
treaed as half-plane screens, which are perfedly absorbing, infinitely thinin
propagation dredion and infinitely wide acossit. For base stations well
above average roof-top height it is assumed that the roof-top to stred
diffradion at the last obstade is the dominant loss mechanism affeding the
radio link, thus Deygout’s diffradion approach is applied in this model. A
digital data base mntaining position and height of the buildings is used to
obtain a site-spedfic two-dimensional propagation modelling approach
[110.

4.5.4 Three-dimensional modelsfor arbitrary base-station heights

The propagation models described in this sdion are suitable for the
prediction d path loss as well as the dhannel impulse resporse under
consideration d the threedimensionally described buil dings.

CNET ray laurching model

The program simulates ray launching in three dimensions. Buildings are
represented by pdyhedrons. Multiple refledion and dffradion pocesses
are onsidered in the model [111]. Building penetration, scétering at wall
irregularities and dffradion at verticd wedges are negleded in the model.
Refledion lossis the only physicd parameter to be fitted since diffradion
lossis computed from semi-empirica formula.

ASCOM-ETH micro-cdl model

To study the propagation in micro-cdl, the image source method hes been
incorporated into a ray-tradng approach for taking into account multiple
refledions from the walls and streds [16], [112. The model used the
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detailed threedimensional description d the environment. This comprises
the permittivity and condctivity of the wall s and stree materials. Complex
impulse resporses were derived from the model cdculations, which were
compared to the @rrespondng wideband measurements. A large number of
different red environments have been considered to test the model. Good
agreement has been found Ietween the modelled results and the
measurements. This enabled a dasdfication into few types of environments
covering the physicd situations most relevant for urban micro-cdls:
propagation in lined urban streds (LOS) and couding into side streds
(NLOS). The transition region ketween LOS and NLOS has been analysed
in much detail, as the channel behaviour under such condtions is very
important for wirelesscommunication system design.

Vill a Griffone Lab's (VGL) model

Thefield prediction program developed at the Laboratories of Vill a Griffone
by the reseachers of the University of Bologna aad o the Ugo Bordon
Founditionis based ona quasi 3D ray tradng/UTD technique [113. It can
be gplied to bah maao-cdlular and micro-cdlular systems and can
provide both narrowband coverage prediction and wideband channel
estimates. Ead city block is represented by a prism having a paygonal base
correspondng to the shape of the block and a height correspondng to the
average height of the buildings in the block. To ead prism the
correspondng permeability and conductivity values are asociated. The
environment is thus described as a set of basic objeds sich as plane walls or
lossy wedges.

A quasi 3D ray tradng procedure is performed including rays within the
transverse Tx-Rx plane with multiple refledions on bulding walls and dif-
fradions on corners, and in addition aher significant rays experiencing
refledion over terrain are cnsidered. No predefined limit is st to the
number of multiple refledions or diffradions experienced by ead ray;
however, a limit can be provided by the user in order to minimise compu-
tation time. The dgorithm starts determining the set of objeds, which have
LOS to the transmitter, resulting in the first level of the "viewed oljeds"
tree Repeding this LOS-determination procedure under consideration d
refledion and dffradion pants leads to further levels in the "viewed
objed" tree the recaver locaionis the last treelevel. After completion o
the tree the adual path of ead ray can be determined by means of a
badktradking process and the arrespondng contribution to the total
recaved fiddd can be omputed by means of refledion and dffradion
coefficients [113. Additionally, the Saunders-Bonar model [52] is used, if
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over-roof-top propagation shoud be regarded, too. Also the atenuation dwe
to vegetation can be cnsidered by means of the Foldy-Twersky method
[114] when a vegetation map is avail able.

Uni-Suttgart 3D micro-cdl model

This is arigorous threedimensional modelli ng approach with pcssble path
finding over the entire solid angle [115, [116]. Buildings are described by a
polygon with a set of cartesian co-ordinates and a flat roof-top at constant
height. Eledricd building parameters can also be stored if available. A ray
launching algorithm where rays are launched from a fixed pant sourcein all
relevant diredions is used for path finding, a UTD approac is used for
propagation caculation. At potential recever locaions the field strengths of
the incident rays are summed up. Lessthan three diffradion bu up to six
refledion processes (for modelli ng of wave guiding eff eds) can be regarded
in the 3D case. In case of more diffradion pocesses are required, a 2D pre-
diction approach based on the Walfisch-lkegami formula is used.
Topagraphy can be included by defining triangular surface éements which
are treded as potential scaterers [117]. The basic charaderistics of this
approadch are: fast algorithm for areaprediction, simultaneous cdculation for
different recever heights, and unsuitablenessfor paint to pant predictions.

Uni-Karlsruhe model 3D-URBAN-MICRO

A threedimensional approach for propagation simulations in micro- and
maao-cdlular cases, where base-stations above a well as below building
heights can be cnsidered, is proposed by the 3D-URBAN-MICRO model,
developed at the University of Karlsruhe [4], [81], [104], [11§. This model
is able to use dther grid (pixel) data or vedor oriented data containing
building shape and bulding height. For the grid data areasonable horizontal
resolution is abou 5-15 m, depending on the urban micro structure and the
desired approximation d the buil ding shapes. Building heights are gpproxi-
mately given by the number of floors and correspondng floor height.

From numerous transmitter (Tx) to recever (Rx) propagation peths, the
most dominant ones have to be seleded to oltain the total path loss Roof-
top dffraded paths are included in the verticd plane gproach, while
around bulding diffraded paths are modelled within the transverse plane
approadch as depicted in Fig. 4.5.1.The propagation in bah the verticd and
the transverse plane is two-dimensiondly regarded. However, the
determination d building corners in the transverse propagation dane is not
necessarily performed in ahorizontal plane.
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Multiple wedge diffraction  3D-ray representing

processes are evaluated W blsZggc_lacsa'\t/tl;ermg ansverse propagatic
successvely computing
single wedge diffradion
based on the UTD. Ad-
ditionad 3D propagation
paths via scdtering at
ground and bulding walls
are separately regarded. A
modified Kirchhdf Method vertical propagation plane

with scdar approximation is (2D-VPM)
applied for surfacescéatering Fig. 45.1 Ray tradng within a verticd and a
cdculations [4]. Recatly, transverse Tx-Rx plane.

this model has been
extended for recever locaions within buldings to provide indoa coverage
prediction by outdoar base stations[119.

455 Overview over the Prediction Models

The small- and micro-cdl propagation models are briefly summarised and
listed inthe Table 4.5.1(CIR = channdl impulse resporse).

45.6 Comparison with path lossmeasurementsat 947MHz

A path loss measurement campaign including different base station heights
at severa locaions have been caried ou in dovntown Munich by the
German GSM network operator Mannesmann Mobilfunk GmbH. The
performance of some of the introduced models is investigated by
comparison with the measurements.

Description d the measurement scenario

Building data in vedor format covering an areaof abou 2.4 x 3.4km2 in
downtown Munich have been provided by Mannesmann Mobilfunk. Since
the seleded test site has afairly flat ground,the topagraphy (which has been
aso available) is not considered within this gudy of model performances.
Hence, only the two-dimensiona building layout with height information d
ead single building is used by the propagation models.

The resulting building map (based on pixel data) is own in Fig. 4.5.2,
where the dsolute terrain heights are grey scde presented. Additionally, the
threemeasurement routes METRO200(970 pants; ground leight: 512+4 m,
sh =2 m), METRO201 (355 poants; ground lteight: 516t2 m, sh = 1.3 m)
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and METR0O202 (1031 pants; ground teight: 5145 m, sh = 1.9 m), as well
asthe transmitter locaion (Tx) are marked in the map.

or raster data

prediction model method features/restrictions terrain data results

Uni-Lund(S) empiricad BS below roof-top 2D building layout |path loss

CNET micro cdl analyt. LOS + |2D (horizontal plane) 2D building layout |path loss

model (F) NLOSmodel |+ 2D (over-rocf-top)

RT - SwissTelecom (ray tradng 2D (horizontal plane) |2D building layout |path loss

PTT (CH) and CIR

Uni. Geneva/ Swiss |[TLM like 2D (plane) 2D building layout |path loss

Teleoom PTT(CH)

2D-URBAN-PICO (ray launching |2D (horizontal plane) 2D building layout |path loss

Uni. Karlsruhe (D) andCIR

Telekom (D) analyt. LOS |2D (horizontal plane) 2D building layout |path loss
+NLOS mode |+ 2D (over-roof-top)

Ericsn (S) ray tradng 2D (horizontal plane) |2D building layout |path loss
+ COST-WI  |+2D (over-rocf-top)

COST-231 Walfisch- 2D (over-roof-top) buil ding classes path loss

small -cdl Ikegami mod.

Uni. Vaencia(ES) |Walfisch- 2D (verticd plane) + |2D building layout |path loss
Bertoni mod. |3D refledionsat Rx |+ building height |FSdis-

tribution

MCOR - Swiss modified 2D (over-roof-top) 2D building layout |path loss

Teleom PTT (CH) |Deygout + building height

CSELT () Deygout 2D (over-roof-top) 3D raster data path loss

BS above roof-top

CNET ray launching [ray launching |3D (no dffradionat |3D building layout |path loss

model (F) verticd wedges) andCIR

ASCOM-ETH (CH) |Ray-tradng by |3D, only refledions |2D building layout |path loss
image source + building height |and CIR

VillaGriffoneLab, |ray tradng; transverse plane + 2D building layout |path loss

Bologna (1) Saunders- groundrefledion; + building height |and CIR
Bonar 2D (over-roof-top)

Uni. Stuttgart (D) |ray launching + 3D (2 diffr. + 6 reflec | 2D building layout |path loss
W/I model for |processs); + building height |and CIR
2D case => 2D (verticd plane)

3D-URBAN-MICRQray tradng 2D (transverse plane) |2D building layout |path loss

Uni. Karlsruhe (D) 3D surfacescater + building height |and CIR

Tab. 4.5.1 Small- and micro-cdl prediction models: An overview
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Fig. 4.5.2 Munich test site with measurement routes (~ 25km) and
transmitter location; terrain height is grey scded.
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The measurements have been performed at 947 MHz, the transmitter and
recaver height is 13 m and 1.5m above ground, respedively. An approxi-
mately 10 m sedor average of the measured signal has been converted to
path lossand stored with the Rx locaion, which is at abou the ceantre of the
averaging sedor.

Performance of the models

The following institutes have participated in this sudy: CNET (France),
CSELT (ltaly), Ericsson Radio Systems (Sweden), SwissPTT/Uni. Geneva
(Switzerland), Villa Griffone Laboratories (Italy), University of Karlsruhe
(Germany), and University of Valencia (Spain). For cdibration purpose, all
participants receved the measured path lossdata of 11 Rx locaions €leded
from the METRO200 route. Except the building data in vedor format and
al Rx locaions, no addtional information have been provided to the
participants, leading to an almost "blind test" of the éove mentioned
prediction models discussed in COST 231.

Results are presented in Fig. 4.5.3- 4.5.5,where the model predictions and
the measured path loss versus Rx locations of the 3 routes (total length of
abou 25 km) depicted in Fig. 4.5.2are shown. To improve the visuali sation
quality of the prediction results, the original curves of the CNET, TLM,
MCOR, Griffone and Uni-Karlsruhe model have been smoothed to suppress
strong fluctuations and therefore to make the single arves better
distinguishable. Since the transmitting antenna height ht is at 13 m above

ground,which is below roof-top o most of the buil dings within the test site,
amost all Rx locaions are in NLOS situations, except some pegks which
obviously refer to LOS propagation.

Along routes METRO200 (Fig. 4.5.3 and METRO202 (Fig. 4.5.95 the
performances of the Swiss PTT MCOR mode and Uni-Karlsruhe ray
tradng model, bah regarding over-roof-top propagation, and the Ericson
model and CNET model, bah regarding around and radially over building
propagation, are rather good, with a standard deviation d the prediction
error in the range of 5.6-8.6 B (see &so Table 4.5.9), dthowh dfferent
propagation peths are regarded by these models. These results indicate that
the field contributions of both over-roof-top and around bulding propa
gation are in some cases of the same order of magnitude & the recever.

The Walfisch-Bertoni type model of the University Valenciais an extension
of the COST-Walfisch-lkegami (COST-WI) model, hence regarding over-
roof-top popagation. Therefore both results siow similar behaviour except
an offset of abou 10 dB and, d course, the much better performance of the
Uni-Vaencia model in LOS-situations. For the COST-WI model the
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parameters describing the built-up structure ae estimated to be hroor = 20
m, w =13 mand b= 26 m, respedively. Sinceit is an empiricd model, the
model parameters soud be properly adjusted to reduce the mean error of
10-17 dB; however the standard deviation d the prediction error is in the
range of 6-8 dB, which is fairly good for this smple and fast prediction
method. The genera trend is a good agreanent with the measurements
obtained by the PTT ray tradng (RT) model. However, for many Rx
locaions no ray paths could be determined, as can be seen in Fig. 4.5.3,
sincethe model is restricted to a maximum of 4 refledions or to a maximum
of 3refledionsand 1 dffradion per ray. The gplication d the transmisgon
line matrix method for propagation modelling leals to higher prediction
errors compared to the other models. Since this is a very new method, the
reasons have not been analysed in detail up to nawv. The gplicaion d the
threedimensionaly working Villa Griffone and Uni-Karlsruhe models in
the éove scenario ouperforms very well under the drcumstance that these
models have been developed for arbitrary base station heights, however here
the transmitting antenna is placed at 13 m above ground, which is more or
less below the average building height in the measurement area This may
aso be the reason for the insufficient performance of the CSELT model,
which is based onan over-roof-top Deygout multiple diffradion approac.
The CSELT model has been proafed to perform better for higher mounted
BS.

The performance of the tested models are summarised in Tab. 4.5.2,where
the mean prediction errors and the @rrespondng standard deviations are
given. An average standard deviation d the prediction error of abou 7 dB
upto 9 B is achieved by the presented models, with exception d the TLM
and ray tradng models of the SwissTelecom PTT andthe CSELT mode, in
which orly 2D-horizontal contributions are taken into acourt.

It has to be noted that no vegetation effeds are cnsidered by any model. An
interesting simulation result is that over-roof-top propagation and around
buil ding propagation are fairly in the same order of magnitude. Diff erences
between measurement and simulation may be due to the inacarades of the
building data base, and d course due to the fad of disregarding further
details of the red environment like cas, lamp pasts, roof kind, kalconies
etc. However, the adieved results are very promising for both empiricd-
based as well as fully deterministic propagation models.
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Fig. 4.5.3 Comparison between measured and predicted path loss
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Prediction model METRO200 METRO201 METRO202 average
(970 ponts) (355 ponts) (1031 poants)

STD mean STD mean STD mean STD

(B) | (dB) | (dB) | (dB) | (dB) | (dB) (dB)
Ericson 6.7 0.3 7.1 23 75 1.4 7.1
CNET 6.9 2.1 9.5 -3.6 5.6 -0.2 7.3
PTT (RT) 1460 | 61D | 1552 | 672 | 1239 | -1.19 | 141
PTT (TLM) 138 0.8 217 6.7 12.9 6.5 16.1
COST-wI 4 7.7 10.8 5.9 15.4 73 16.3 7.0
Uni.-Valencia® 8.7 0.2 7.0 66 | 103 74 8.7
CSELT 104 | 218 | 123 | 161 | 133 | 206 120
PTT (MCOR) 7.0 -33 6.2 0.1 7.6 11 6.9
VillaGriffone Lab 6.3 -1.7 109 | -6.3 6.8 55 8.0
Uni.-Karlsruhe 859 | -439 | 91 24 | 869 | -1.09 8.7

Dedculations at 425 pants only; 2cdculations a 264 pants only; 3caculations at
774 ponts only; 4assumed terrain parameters: building height: 20m, stree width:
13m, building separation: 26m; Sno D effeds are wnsidered; 6)2D-verticd
propagation dane only;

Tab. 4.5.2 Performance of the propagation models at 947 MHz;
standard deviation and mean value (prediction - mea
surement).
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4.6 Building Penetration

Jan-Erik Berg, Ericson Radio Systems AB, Sweden

4.6.1 Introduction and definitions

A common approach in many existing planning todls is to predict the path
lossoutside in the proximity of the buil dings and then add a constant lossin
order to estimate the lossinside the building. Thisis amajor reason why the
buil ding penetration lossusualy is related to the outside levels at abou 2 m
height above ground.

Some @ncern must be taken when the median ouside level is determined. If
aline of sight exists between the exterior base station antenna and ore or
several external walls a ansiderable variation, tens of dB, of the path loss
around the perimeter of the building may occur. Thus, the @rrespondng
penetration losswill vary considerably depending on which reference level
is used. The outside reference level must nat contain bah line of sight and
nonline of sight results!

Theindoa small scadefading in an areaof abou 1 to 2 square metresis, for
a narrowband signal in the frequency range 900-1800MHz, usually close to
a Rayleigh dstribution (when the envelope variation is described in Volt).
Thelarge scde variation is obtained when this snall scde fading comporent
isremoved by spatial filtering.

The penetration losscan be divided into four major caegories:

wall | oss

roomloss
floor loss

- buildingloss
ead relative the median peth losslevel outside the buil ding.

The wall loss which is angle dependent, is the penetration lossthrough the
wall. The true wall lossis difficult to determine when measurements are
taken in a building due to multi ple refledions and the furniture dose to the
walls.

For line of sight condtions with ore dominant ray, the power of the re-
fleded ray at the external wall can be cnsiderable & small grazing angles,
giving rise to alarge penetration losscompared to perpendicular penetration.



168 Chapter 4

The penetration lossof the external wall can be different at nonline of sight
condtions compared to a perpendicular line of sight situation. Thus, ore
single external wall can have mnsiderable different penetration losses,
depending onthe environmental condtions.

The room lossis the median loss determined from measurements taken in
the whole room abou 1-2 m above the floor. In a room with an external
wall, the room lossis usualy greaer than the crrespondng external wall
loss The room loss level is pradicd to use when the penetration loss is
displayed ona drawing describing the building. Sometimes is it pradicd to
divide large rooms into small er fictiti ous rooms.

Usually the measured room loss values are used as an inpu to a model
which considers one or several propagating rays through the building. The
difference between the model and measurements can be minimised by
choasing appropriate losses for the diff erent walls. This approach gives wall
losses that can be used in the modd but do nd necessary represent the
adual physicd wall losss. The results in this chapter are mainly based on
this method.

The floor lossis the median lossin all of the rooms on the same floor in a
building. The large scde variation over the floor is often log-normal dis-
tributed. The building lossis smilar to the floor loss bu taken over all of
the floors in the building. When this methodis used, information shoud be
given if the basement isincluded or nat.

In some cases the penetration lossdeaeases with increasing floor level. This
dependenceis cdled floor height gain and given in dB/floor. Due to that the
heights of the storeys vary between dfferent buildings, it is metimes
better to describe the dependence & a function d the physicd height in
dB/m. The height gain effed ceaes to be gplicable & floor levels that are
considerable above the average height of the neighbouing buildings. The
sum of the outside referencelossand the height gain loss which is negative,
must nat be lessthan the freespacepropagation loss

In micro-cdlular environments, where the base station antenna height is
considerable lower than the surroundng buil ding height, the penetration loss
for line of sight condtions is quite independent of the floor height at larger
distances. This is also valid for nonline of sight condtions when the main
part of the power propagates along the streds. However, in nonline of sight
condtions where the dominant part of the recdaved power in the stred
originates from rays that due to refledions and dffradion have propagated
down from the surroundng roof level, a notable floor or height gain can be
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found. This is usually the cae in maao-cdlular environments with a base
station antenna height above the height of the average bulding height in the
area

Median is used in the definitions above, which is preferable due to its in-
dependence of the distribution. However, the main part of result presented
below, are based onaveraging.

4.6.2 Building penetration lossat line of sight conditions

Buil ding penetrationrelated papers written by COST 231 participants can be
foundin [120-[134]. Results from a lot of different kind d buildings with
miscedlaneous distances and angles between the outdoar antennas and the
surfaces of the external walls have been presented within the COST 231
projed [120Q, [121], [123, [12Y, [128, [129, [131-[134. Different
models have been propased, ead applicable for the adual measurement
condtion. With an attempt to describe dl of the different propagation
condtions in ore single modd, the gproach described below is suggested.
The parameters in the model are defined in Fig. 4.6.1.

Internal wall, A d d
Wi A
S T S E -
D 0 N\ External wall,
s We

\— External antenna

Fig. 4.6.1 Definition d grazing angle 8 and dstances D, Sand d.In
the buil ding an example of apaosgble wall layout at one
singlefloor is srown. The distanced is a path through
internal walls andthe distanced” is a path through a corri-
dor without internal walls.

The total path loss between isotropic antennas is determined with the fol-
lowing expresson:

L /dB=32.4 +20log(f)+20log(S+ d)

+We+WGeE'51——ES)§+ma>(rl,r2) w6
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F1=W;p (4.6.2)

] DCP

M=ald-2 -—

2=all )% S (4.6.3)
D and d are the perpendicular distances and S is the physicd distance
between the external antenna and the external wall at the acua floor. All
distances are in metres, frequency is in GHz. The angle is determined
through the expresson sin(8) = D/S [134]. The only case when 6 = 90
degrees is when the external antenna is locaed at the same height as the
adual floor height and at perpendicular distance from the external wall, i.e.
when D = S. Hence 0 changes considerably with floor height at short
distances D. We is the lossin dB in the externally illuminated wall at
perpendicular penetration 8 = 90 degrees. WGe is the alditional lossin dB
in the external wall when 8 = O degrees. Wj is the lossin the internal walls
in dB and pis the number of penetrated internal walls (p =0, 1, 2..). Inthe
cese that there ae no interna walls, as along d” shown in Fig. 4.6.1,the
existing additional lossis determined with ain dB/m. It shoud be noted that
M1 can bereplaced with 3 d, with B in dB/m, if the average indoa wall 10ss
Wi andthe average distance between the indoa wall s are known.

The suggested model assumes free spacepropagation path loss between the
externa antenna and the illuminated wall and is not based on an oudoa
reference level. This approach has been foundto be valid also for line of
sight condtions at small angles 6 in stred micro-cdls even when the path
losshas been larger than free spacepropagation close to the surfaceoutside
the external wall. It has al'so been foundthat the model seans to generate an
appropriate total lossin a streg micro-cdl environment, with buldings at
both sides of the stred, for the cae when the external wall is obstructed
from true line of sight condtions due to dightly shadowing neighbouing
buildings [133. In stred micro-cdls with buldings on badh sides of the
stred, it could be gpropriate nat to use the adua distance D if it is very
small. Due to refledions at the walls on the oppdasite side of the stred, a
larger value might be more suitable, e.g. half the width of the stred. The
model is based on measurements in the frequency range from 9001800
MHz and at distances up to 500 m. The floor height dependence a short
distances is based onvery few measurements and the validity of the model
for this case is vague. At short distances it might be gopropriate to apply the
indoa propagation models. It shoud be noted that the mode fits the general
behaviour of the path lossvariation at different condtions quite well when
many buldings are wnsidered, however, there can be nsiderable
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deviations for some explicit buildings. The following parameter values are
recommended in the model:

We: 4-10 dB, (concrete with namal window size 7 dB, wood 4 dB)
Wi :4-10 B, (concretewalls 7 dB, woodand daster 4 dB)
WGg: abou 20 B

a: abou 0.6 B/m

The wall lossis nat necessarily the physicd lossfor a single homogeneous
wall, it is the loss that gives reasonable areement when the model is
applied and it includes objeds in the building, such as cupboards, shelves
and aher furniture. Thin wood a plaster walls can give rise to lower losses
than 4 B and concrete walls withou windovs 10-20 dB. Increasing
window sizes deaeases the lossand vice versa. Metalli zed window-glassor
metal reinforced glass can give rise to losses considerable greaer than 10
dB. An absolute value is difficult to give, due to that one must also consider
the size of the window and the amourt of power that penetrates through the
wall around the window. A combination d metal covered walls and
metalli zed window-glasscan give rise to quite high losslevels.

Typicd floor losses, 9001800MHz, for buildings along a stred with small
grazing angles 6 in an urban environment at distances S greaer than 150m
isin the range of 27-37 B andthe large scde variation at one single floor is
usually close to a log-normal distribution with a standard deviation from
about 5-10 dB. At short distances, the floor losscan vary considerably, espe-
cialy when it is related to the lossin the stred at abou 2 m height. This
behaviour corresponds with the dharaderistic of the model which will give
rise to a cnsiderable variation due to its angle and dstance dependence, 6
and d.Typicd floor losses, 9001800MHz, at one single floor level vary in
the range of abou 4-37 dB with astandard deviation d the large scde varia-
tion, at one single floor level, of 5-15 dB. For this case, strong deviations
from the log-normal distribution can occur quite often. It has been reported
that the time dispersion in uban stred micro-cdls does only increase
dightly in abuil ding compared to the level in the stree [137).

4.6.3 Penetration lossat non line of sight conditions

For the scenarios shown below, the penetration lossis related to the outside
lossL1andL2inFig. 4.6.2,andLgandLpinFig. 4.6.3,a abou 2 m height

above the ground.
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floor n=3
/ floor n=1
L1 floor n=0| -2
w1 basemer, W2

Fig. 4.6.2 Nonlineof sight scenario when the external antennais
located above the buil ding height. The penetration lossis
relatedto L1 or L2.

The floor height gain values given below are relevant when the width wi,
seeFig. 4.6.2,in the diredion towards the external antenna is abou 10-50
m. When w1 increases, the floor height gain will deaease.

L Rl N
S roof path AN

Tx <

\/V

street path
La

| I

Fig. 4.6.3 Nonlineof sight scenario when the external antennais
located below the building height. The total areg except the
streds, is asaumed to be cvered with buldings, though
only building A and B are displayed. The penetration lossis
related to Lg and Lp.

For the cae when the penetration lossis related to L2, the floor height gain
will generaly be less dependent of the width wp. The total |o0ss between
isotropic antennas relative the outside reference loss Loutsides 1S
determined with the foll owing equation[123, [124], [126], [130-[132:

L /dB= Loytsiget We +Wge + max(T1,T'3)- Gy (4.6.4)
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M3=ald (4.6.5)
[hiG,

GrH =
B" (G (4.6.6)

We, IM'1, and d are similar to the correspondng definitions in the sedion
above, line of sight condtions. The floor number is determined by n, see
Fig. 4.6.2,and Gp, isthe floor height gain in dB/floor while Gp, is the height
gainin dB/m. histhe height in metres above the outdoa reference path loss
level. Reported penetration losses of the external walls differ considerably,
due to dfferent measurement methods and, d course, due to dfferent buil d-
ings. However, there might be aphysicd explanation o the noticed df-
ference which could justify the parameter Wge in the model, which is in-
troduced in arder to achieve unambiguous basic wall penetration losses.

The waves impinging on the external wall are distributed over a wide range
of angles. Thus, by considering the angle dependent penetration loss the
losswill be larger compared to the cae when ore single wave, with equal
power, penetrates perpendicularly through the wall. The difference shoud
be more pronourced when ore or several dominant waves are ariving at
non perpendicular angles, which is most probable in this <enario. Ancther
phenomenon, which could explain the increased penetration loss is that the
measured ouside referencelevel isrecaved from a combination d wavesin
the diredion towards and waves refleded from the buil ding, where the latter
of course will not penetrate through the building. Similar condtion is valid
when perpendicular line of sight measurements are taken (with an omni
antenna), bu the relative power levels of the dired and the refleded wave
will then be different and the dired wave will not suffer from extra angle
dependent penetrationloss A value of about 3-5 dB is suggested for Wge at
900MHz. In some measurements it has been foundthat the floor penetration
lossincreases 2 dB at 1800MHz compared to 900MHz, thusit is suggested
that Wge(1800MHz) = Wge(900 MHz) + 2 dB. The values on We and W
given in the sedion above (LOS condtions) are recommended to be used.
The aparameter has not been measured explicitly for this kind o scenario.
Thus, a the moment, the value given in the sedion above (LOS condtions)
isrecommended, i.e. a = 0.6 dB/m. Reported values on Gp at 1800MHz can
be divided into two groups, in the range of 1.52 dB/floor and from 4-7
dB/floor. The latter values were taken from buil dings with storey heights of
abou 4-5 m and it was foundmore gpropriate to use the parameter Gh, for
these buildings, which varied from 1.1-1.6 d8/m at 1800 MHz. The floor
height gain is lower at 900 MHz, bu the difference is small. Floor
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penetration loss at 1800 MHz has been found to vary between dfferent
buildings onthe groundfloor, n=0, from abou 12-20 dB. The @rrespondng
losses at 900 MHz were foundto be éou 2 dB lower. The large scde
variationislog-normal, if thereisno pertial line of sight to the external wall,
with a standard deviation d abou 4-6 dB. No frequency dependence of the
standard variation has been reported. The penetration lossinto the basement,
isabou 20-30 dB, which can be ather smaller or larger.

4.6.4 General building penetration model

It has been found that the best 2
method in arder to estimate the re-
ceved pover at a fixed locaion |
within a building, is to consider all
the paths through the external walls
as sown in Fig. 4.6.4[131], [137. 3 > < 1
For ead peth, the receved power T

is determined acwrding to the

methods described above and the 4
sum of these separate power levels Fig 464 Relevant propagation paths
will then be the tota receved into a building.

power. Those paths that are -
peded to give rise to losslevels far greaer than the remaining paths, can of
course be omitted.

The results in this chapter are based on measurements in the foll owing
towns and theoreticd work performed by: Vienna, Tedchnische Universitéat
Wien (A), Aalborg, Aaborg University (DK), Turin, CSELT, (1), Madrid
(E)/Telefonicalnvestigaddny Desaroll o, Stockham (S)/Telia Reseach and
Ericson Radio Systems, Ipswich, Liverpod, London (UK) by British
Telemm Reseach Laboratories, The University of Liverpod, and The
University of Ledds.



Propagation Prediction Models 175

4.7 Indoor Propagaion Models

Jaakko Lahteenmaki , VTT Information Tedchnology, Finland

47.1 Genera

Predicting the propagation charaderistics between two antennas inside a
building is important espedally for the design of cordless telephores and
WLANSs (Wirelesslocd areanetworks). Also the design of cdlular systems
with indoa base stations involves the use of indoa propagation models.

The indoa propagation channel differs considerably from the outdoar one.
The distance between transmitter and recever is dorter due to high
attenuation caused by the internal walls and furniture and diten also because
of the lower transmitter power. The short distance implies shorter delay of
echoes and consequently a lower delay spread. The temporal variations of
the dhannel are slower compared to the conditions where the mohile antenna
is mourted ona ca. Asis the cae in oudoa systems, there ae severa
important propagation parameters to be predicted. The path loss and the
statisticd charaderistics of the recaved signal envelope ae most important
for coverage planning applicaions. The wide-band and time variation
charaderistics are esential for evaluation d the system performance by
using either hardware or software simulation.

The mnsidered propagation models are divided into four groups: empiricd
narrow-band models, empiricd wide-band models, models for time
variations and deterministic models. Empiricd narrow-band models are
expressed in a form of simple mathematicd equations which give the path
loss as the output. The ejuations are obtained by fitting the model to
measurement results. Empirica wide-band models are expressed in a form
of atable listing average delay spread values and typicd power delay profile
(PDP) shapes. Models for time variations are used for example to estimate
the Dopder spedrum of the recdved signal. Deterministic models are
cdculation methods which physicdly simulate the propagation d radio
waves. These models yield bah narrow-band and wide-band information o
the channel.

All of the presented models are based on popagation measurements. The
measurement techniques and analysis are described in Sec. 2.2and Sec 2.3.
Propagation measurements have mostly been carried out at 1800MHz which
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is most appropriate mnsidering the future indoa systems. Scding of results
to ather frequency bands will be discussed.

4.7.2 Empirical narr ow-band models

Threetypes of empiricd indoa models have been investigated.
The one-slope model (19M) assumes a linea dependence between the path
loss(dB) and the logarithmic distance

L =L, +10n og(d) (4.7.1)

where

Lo =thepathlossat 1 meter distance,
n = power deca index,
d = distancebetween transmitter and recaver in metres.

Thismodel is easy to use, because only the distance between transmitter and
recaver appeas as an inpu parameter. However, the dependency of these
parameters on environment caegory (Tab. 2.3.]) has to be taken into
acourt.

The multi-wall model [135-[139 gives the path lossas the free spaceloss
added with losses introduced by the wall s and floors penetrated by the dired
path between the transmitter and the recaver. It has been olserved that the
total floor lossis a nontlinea function d the number of penetrated floors.
This charaderistic is taken into acount by introducing an empiricd fador b
[139. The multi-wall model (MWM) can then be expressed in form

[k,+2 O
— —bQ
ok.+1 0O

[
L=Leg+ Lo+ 3 Kyi i +K; L
i=1 (4.7.2)

where

LEs = freespacelossbetween transmitter and receaver,

Lc = constant loss

kwi = number of penetrated wall s of typei,

ki = number of penetrated floors,
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Lwi = lossof wall typei

L = lossbetween adjacent floors,
b =empiricd parameter,

I =number of wall types.

The oonstant lossin (4.7.2 is a term which results when wall 1osses are
determined from measurement results by using the multiple linea re-
gresson.Normally it is close to zero. The third termin (4.7.2 expresses the
total wall lossas a sum of the walls between transmitter and recever. For
pradicd reasons the number of different wall types must be kept low.
Otherwise, the difference between the wall types is gnal and their signifi-
cance in the model becomes unclea. A division into two wall types ac
cording to Tab. 4.7.1is proposed.

It is important to naicethat the lossfadorsin (4.7.2 are not physicd wall
losses but model coefficients which are optimised along with the measured
path lossdata. Consequently, the lossfaaors implicitly include the dfead of
furniture & well asthe dfed of signal paths guided through corridors.

Wall type Description

Light wall (L) A wall that is not beaiing load: e.g. plasterboard, particle board or
thin (<10 cm), light concrete wall .

Heavy wall (L) [A load-beaing wall or other thick (>10 cm) wall,
made of e.g. concrete or brick.

Tab. 4.7.1 Wall typesfor the multi-wall model.

The third considered propagation model is the linear attenuation model
(LAM), which assumes that the excesspath loss (dB) is linealy dependent
onthe distance (m), where a (dB/m) isthe atenuation coefficient:
= +q
L=Llestad (4.7.3)
In some studies wall |ossterms are alded to the linea model which im-

proves the performanceto some extent since degrees of freedom isincreased
[14Q. In the foll owing the LAM is used in the simple form of (4.7.3.

Optimised model coefficients

The measurements listed in Table 2.3.2 lave been used to optimise model
coefficients for the three enpiricd models presented in the previous fdion.



178 Chapter 4

The overall results cadculated as an average of the avail able results from
ead environment caegory arelisted in Table 4.7.2.

The multi-wall model coefficients have been ogimised for the measurement
caegory "dense". However, it can aso be used in the other environments
where the number of wallsis snall and multi-wall model yields results close
to freespacevalues.

Theresults givenin Tab. 4.7.2.are relevant to buldings having normal type
of furniture. In UPC the dfed of furniture was dudied. A deaease from 3.8
to 3.4in the decay exporent was observed.

Environment | One slope model Multi-wall model (MWM) Linea model
(1SM) (LAM)

LoldB] | n | Ly1[dB]|Lwz[dB]] L; [dB] | b a

Dense

one floor 333 i) 409 (349  |69Y |1832 |046Y 06217

two floors 21.94) 52 Z’ 4

multi floor | 4499 |54% 28%

Open 4279 1199 (349 |69? [1832 0469|0229

Large 3759 1209 |34V |69 |183? |046?

Corridor 3027 (147 |34 699 |1832 |046?

Dalcael, CNET, TUW, UPC, VTT: DAlcae, CNET, UPC, VTT: JUPC, TUW:
Y- TUW: OVTT, UPC; DAlcad: OLund OVTT, Ericson 20TUW, Lund

Tab. 4.7.2 Resultsfor model coefficients for path lossmodels at 1800
MHz. The expressons ,onefloor*, ,,two floors* and ,, multi
floor* mean that Tx and Rx have been within the same floor,
within two adjacent floors or within more than two floors.

Frequency dependency

Measurementsin 5 buldings ([141], [142) at both 900MHz and 1800MHz
bands have been condwted. In these measurements the separation o
recaver and transmitter is up to 5 floars. According to the results the path
lossdiff erence between the frequency bands is typicdly dlightly higher than
would be predicted in free space Considering the Multi-wall model, a
difference of 1.5 d in the light wall lossand a difference of 3.5 B in the
floor losswere reported. This is in line with the results of Ericsson, which
report 2.1 B lossfor plasterboard wall at 900 MHz [139. Considering the
One dope model, Lo shoud be reduced by 10 dB [14]] in the multi floor
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case. In the single floor case the gpropriate reduction is 7-8 dB. For the
decay index, n, same value may be gplied bah at 900 MHz and at 1800
MHz.

Fading

The ampirica propagation models presented above yield the mean path loss
at agiven location. In pradicd applicaion d the models it is important to
know also the statistics of the recaved signal. Two fading medhanisms can
be identified: long term fading and short term fading.

In indoa environments the long term fading is understood as fluctuations of
the mean value cdculated over a distance of a few wavelengths. According
to measurements in Lund and UPC the indoa long term fading foll ows log-
normal distribution with o = 2.7-5.3 B. Short fading has been olserved to
follow Rice and Rayleigh dstributions. The K-value varies from negative
values (Rayleigh dstribution) in NLOS condtions up to 14.8 @ in clea
LOS condtions.

Tempora short term fading is understood as fast fluctuations of the signal
level caused by movements in the propagation environment. In envi-
ronments with low level of movements or LOS condtion the temporal
fading has been observed to follow the Rice distribution with K=7-14 dB. In
an environment with NLOS condtion and a lot of movements in the
environment, the temporal fading foll ows the Rayleigh dstribution[143. In
[144) the Weibull and Nakagami distributions have been found hest in
describing the temporal variability.

4.7.3. Empirical wide-band models

Empiricd wide-band model is considered as a means for evaluation d the
delay spread and average power delay profile (PDP). One of these two
fadors together with Dopder charaderistics (see Sec. 2.1) are typicdly
required as an inpu to system simulations. The overall results (i.e. results
averaged over an environment caegory) of wide-band measurements are
listed in Table 4.7.3. As expeded, the delay spread has lowest values in
dense ewironment and larger values in open and large ewironments. The
dependency of the delay spread onthe dimensions of the ewironment can
even be utilised in predictionas shownin [136], [14Q, [145.
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Environment Average rms delay Variability of rms Typicd profile
spread [ng] delay spread [ng] shape

Dense:  Lund 225 5-40 power/exporential
VTT 153 342 exporential
TUW 20.0 8-31° -
Average 19.3
Open: Lund 35.0 5-951) power
VTT 177 31 2; power
ETH 305 412 exporentia
Average 27.7
Lage  VTT 554 2722 exporential
ETH 794 432 exporential
Average 67.4

1Pee-to-pedk of instantaneous delay spread, 2Standard deviation o delay spread
locd averages, 3Pesk-to-pesk of delay spread locd averages

Tab. 4.7.3 Delay spread and PDP shapein dff erent environments.

normalized receive power (dB)

_45 cy 1. . .. J] ... .|, ... 1,,.,..1, .. .|, .. .|, .. .|, ...
0 50 100 150 200 250 300 350 400 450
excess delay (ns)

Fig. 4.7.1 Overall average power delay profilesin three onfigurations
(Lund).

Although instantaneous values and locd averages of the PDP may include a
lot of environment dependent details, the overall average PDP has quite
regular shape. As £a in Table 4.7.3,the PDP in dense ewironment has
been olserved to follow either power function (the decey is logarithmic in
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dB scde) or exporent function (the decay is linea in dB scde). In open
environment the PDP foll ows best the power function, becaise of the strong
effed of the direda path. Typicd averaged paver delay profiles in Line-of-
sight (LOS), Nortine-of-sight (NLOS) and Obstructed-line-of-sight
(OLOS) condtions are shown in Fig. 4.7.1.0LOS means a @mndtion where
the dired path is blocked only by one obstade, e.g. apieceof furniture.

4.7.4 Moddlingthetimefluctuations of theindoor channel

Bernard Fleury, Aalborg University, Denmark

Time variations of the indoa radio channel esentialy result from the
following three medhanisms: As the locaion d the receving antenna
changes, the spatial fluctuations of the dedric field along the recever
trgjedory are translated into correspondng time variations. Time variability
also arises when the orientation o the antenna dhanges, due to its usualy
nortisotropic field pettern. Finally, movements of scatering objeds such as
persons or furniture dso contribute to make the dannel system functions
time-variant. Time-variations of the mobile danne have been studied
ealier eg., in [146-[148. Almost all attention has focused on the time-
variability resulting from recever movements with constant velocity.
However, the consideration o such recaver displacements in the indoa
environment is questionable since they are not redistic for describing
human motion. Moreover, they force to restrict the investigations of the
spatial field dependency to ore spedfic diredion determined by the recever
velocity vedor. Finally, such movements do nd allow to take the Dopper
rate, i.e., the change of Dopder frequency, into acourt.

A stochastic model is propased which reproduces a successon d redistic
typicd human movements performed in a randam manner [149. The model
derivation relies on deterministic models which have been empiricdly
derived from free am movements (see references reported in [149). The
recaver trgjedory is modelled as:

(oo C
R(t)= ot/ T)OSY A%;5(t —t;)E

% E (4.7.4)
where

{t;} is an hanogeneous Poison processwith expeded occurrence rate
L,
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2. {A)’(i} is a sequence of independent random vedors with zero mean
and covariance matrix ¢l3, with 13 being the 3-dimensional identity
matrix,

3. thetwo sequences{tj} and {Axi} are independent.

The randam 3-dimensional step process within the bradkets describes the
successon d new or corredive adions. It is corvoluted with an
appropriately time-scded unt stroke function g(t) which models the
smoathing due to body inertia. Under the usual assumptions on the phase of
the incident waves, the time-variant channel resulting from recever
displacaments acording to (4.7.4 is WSSUS over the time interval [T, o)
with ascatering function d the form:

P(t,v) = P(1)Fh (v) (4.7.5)

where P(t) and Pn(n) are the power delay profil e and the normalised power
Dopger profile, respedively, of the dannel. The normalised time crrela-
tion function d the dhannel, which is the inverse Fourier transform of Pp(n)

has been derived in[149.

T A - W

b ha
Sk

[}

%2 direction [m]
bW

o
i

o
Y

o
]

[+] 03 [+1:] [+1:] 12 15 18 21 24 27 3 Doppler frecquency [Hz
31 direction [m] PP cuency [Hz]

Fig. 4.7.2 &) Simulated receaver trgjedory b) Estimated and theoreticd
normalised power Dopger profile.

A redisation d the first two comporents of X (t) is depicted in Fig. 4.7.2a.
The normalised power Dopper profile has been estimated in a red
environment where the receaving antenna performs randam movements
acording to (4.7.4 with the aove setting. In Fig. 4.7.2.b,the etimate of
Pn(n) is compared with the airve theoreticaly derived from the model. For
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the simulation, the parameter values and the unit stroke have been seleded
asfollows[149:

S 0 © t<0
g(t)=E)—t3(15t—6t2—10) . 0sts<1
0 1 » 120 4.7.6

T=220ms, ¢=10cm, A = 1051

4.7.5. Deterministic models

Jaakko Lahtenmaki, VTT Information Tednology Finland
Dieter J. Cichon, I BP Pietzsch, Germany

Deterministic models are used to simulate physicdly the propagation o
radio waves. Therefore the dfed of the environment on the propagation
parameters can be taken into acount more acarately than in empiricd
models. Anather advantage is that deterministic models make it posdble to
predict several propagation parameters. For example, the path loss impulse
resporse and angle-of-arrival can be predicted at the same time.

Severa deterministic techniques for propagation modelling can be iden-
tified. For indoa applicaions, espedally, the Finite Difference Time
Domain (FDTD) technique and the geometricd optics (GO) technique have
been studied. In COST 231 the main effort is on the geometricd optics
which is more cwmputer efficient than the FDTD. There ae two basic
approadhes in the geometricd optics technique. The ray launching approach
and the image gproach. Computational complexity of ray-tradng methods
isconsidered in[15(.

Ray laurching model (RLM)

The ray launching approach involves a number of rays launched at the
transmit antenna in spedfied dredions. For ead ray its intersedion with a
wall i s determined and the incident ray is divided into awall penetrating ray
and arefleded ray; eat of them istraced to its next intersedion and so on.
A ray is terminated when its amplitude fall s below a spedfied threshold, o
a dhosen maximum number of ray-wall interadions are succeeaded. In, e.g.,
[15]] a uniform angular separation d launching rays is maintained, where
the sphericd surfaceis subdvided by a geodesic polyhedron with resulting
hexagonally shaped, wavefront portions, which are further approximated by
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circular aress. Whether a ray reades a recdver point or not can be
acomplished by areception sphere [157].

In Fig. 4.7.3atwo-dimensional view of the /(
reception sphere is siown, where the un-
folded total path length d and the angular
separation y of adjacent rays launched at
Tx determine itsradius Rys:

Ris =y /3 (4.7.7)

However this is an approximate solution Fig. 4.7.3 2D view of the re-
for the 3D propagation case. To achieve a ception sphere,
complete solid angle discretisation urder
maintenance of unambiguous and pradicd
reception determination, the eitire solid
angle 4t is wubdvided into redangularly
shaped, incrementa portions of the
sphericd wavefront [153, [154]. In [102,
[154] the propagation dredions 9 and j;
of the central rays of the ray tubes and the
correspording ray tube angles A9j and Ay Fig. 4.7.4 Ray launching.
as depicted in Fig. 4.7.4are determined by

(4.78) and (4.79).

S
©) sind; (4.7.8)

oF =A—8+(i—1)A8, i=1..Ng, A9 =const
2 (4.7.9)

Ray launching approaches are flexible, because diffraded and scattered rays
can aso be handed along with the specular refledions,. To maintain a
sufficient resolution the so cdled "ray splitting technique” can be used as
givenin[153 and[103.

Image approach method (I1AM)

The image gproach [117], [155 makes use of the images of the transmit
antenna locdion relative to al the surfaces of the ewvironment. The -

ordinates of al the images is cdculated and then rays are tracal towards
these images. First and second ader refledions can be cdculated very fast
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withou sending rays to al diredions. The disadvantage is that cdculation
time grows exporentialy when the order of cdculated refledions is
increased. Therefore the image gproach is diitable for semi-deterministic
modelli ng, where the main signal paths, i.e. dired path and most important
speadlarly refleaed and dffraded rays are cdculated in a deterministic way
while more complicaed phenomena ae taken into account by using
empiricd fadors. The dfed of bodkshelves and cupbaards covering
considerable parts of walls is taken into ac@urt by including an additional
lossto the wall penetration loss An additional lossof 3 dB was observed to
be gppropriate. This additional lossisintroduced in context of wall s covered
by bodkshelves, cupbards or other large pieces of furniture. Furthermore, it
was found recessary to set an empiricd limit for the wall transmisgon loss
which aherwise becomes very high when the angle of incidence is large.
The wall transmisson lossis limited to twice the value (in dB) for normal
incidence

Material Uni-Karlsruhe VTT Typicd
érr‘ay launchi ngz“ (ér mage ar)proa;? thickness
concrete 9 0.9 6 0.7 25cm
light concrete - - 2 0.5 10cm
brick - - 4 0.1 13cm
plasterboard 6 0.6 25 0.1 2x1.3cm
particle board - - 3 0.2 2x1.3cm
wood 25 0.03 - - 5cm
glass 6 0.05 6 0.05 2x0.3cm
bodkshelf 25 0.3 - - 30cm

Tab. 4.7.4 Material parameters [156-[158

Building information

Deterministic models require detailed bulding information, i.e. locaion and
material parameters of walls, floors and even furniture. Usually, acairate
information d materials and internal structures of walls and floors is naot
avail able and somewhat approximate values have to be aloped. The used
material parameters are listed in Tab. 4.7.4 Also the typicd thicknessfor an
internal wall of eady material is given.
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4.7.6 Comparison of the performanceof the path lossmodels

Jaakko Lahtenmaki, VTT Information Tednology Finland
Dieter J. Cichon, | BP Pietzsch, Germany

The performance of the propagation models was tested against three data
sets. The data sets are labelled acaording to the organisation who has per-
formed the measurements: Alcael, TUW and VTT. Each bulding under test
has normal officefurniture. In ore building (VTT) the base station (BS) isin
different floor than most of the mobile stations. In the other buildings BS
and the mobil e stations are in the same floor.

AD = door

outer wall
-armour glass ° - concrete € ement
- closed S - covered with tiles
3@ -
4@ internal walls
IS _ _doubleplagter-
6@ board
— thicknes
13 mm
‘ _
AN bookshelf
XBS D = door
1@ CY -wood
- hol low
- open during
/ o measurements
window thick internal walls  except (c)

-concrete 12 cm

Fig. 4.7.5 Map o the 2ndfloor of the officebuilding (data set: VTT)
with marked base and mobil e locdions (1-9).

The Alcad data set is measured in an indoa environment with a typica
office achitedure: Large office rooms are locaed along a main corridor.
Internal walls are made of thin wood panel and they are dassfied as "light
walls'. The environment caegory is "open" and it includes 56 measurement
points. There ae two base station locaions: transmitter in the crridor and
transmitter in ore of the working rooms.
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The TUW data set is measured in a "dense" indoa environment consisting
of mostly small office rooms along a rridor. The walls are made of
corcrete and krick and they are dassfied as "heavy". The data set includes
40 measurement points.

The VTT data set is measured in a 7-floor building. The material of the
internal walls of the working rooms is plasterboard ("light walls"). The
wallsin the cantre of the building are wncrete/light concrete ("heavy"). The
data set belongs to caegory "dense" and it includes 9 measurement points
within the same floor with the base station, which isin the secondfloor, and
45 measurement paints are distributed in floors 3-7. For the testing of the
RLM model, only the data from floors 2-5 have been used. The floor plan of
the secondfloor is hown in Fig. 4.7.5.0ther floors are essentialy similar.
Considering the propagation ketween floars, it is important to nde that a
similar building is located at 80 metre distance and ancther building having
2 floorsislocaed at 15 metre distance

Table 4.7.5 lists means and standard deviations (STD) of the prediction
errors of the 5 modelsin case of single-floor propagation. The ray-launching
model (RLM) takesinto acmurt upto 5refledions and 12transmissons per
ray; theimage model (IAM) is aso athreedimensional model and takes into
acount first and second ader refledion as well as 3 most important
diffradion padnts. The diffradion is cdculated by using the Uniform
Geometricd Theory of Diffradion (UTD). The anpiricd one-slope model
and linea model are included for reference Mean prediction errors and
standard deviations in case of multi-floor propagation for mobile locations
in the 3rd-4th floor and in the 3rd-5th floor, respedively, are given in Tab.
4.7.6.

1SM MWM LAM 1AM RLM
dataset / STD | mean | STD | mean | STD | mean | STD | mean | STD | mean
frequency (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB)
Alcaedl, O:
1900MHz 57 |-16 |42 2.2 4.7 -0.8 4.3 -0.4
TUW, D:
1800MHz 100 |-0.7 |95 -10.3 | 7.8 -7.5 7.0 -3.8
VTT, D; 2nd
floor only:
856 MHz 8.6 19.2 |44 -45 |85 4.7 6.0 -11.7 142 |33
1800MHz 75 1206 |20 -27 |84 6.5 41 -28 |89 |33

Tab. 4.7.5 Performance of the models for single floor propagation
(mean error: predicted - measured path 1os9
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When analysing the results, it has to be noted that the three enpirica
models (using the wefficients given in Tab. 4.7.3 are compared to the
measurement data withou any fitting or adjustment. For the 1AM, the
furniture lossand the limit for the penetration losswere introduced after the
first comparisons with the measurement data.

1SMm | MWM LAM IAM RLM
data set: STD | mean | STD | mean | STD | mean | STD | mean | STD | mean
VTT,D (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB)

3rd-4" floor:
856 MHz 103 |-2.7 |83 -8.2 102 |-161 |9.0 -2.7 6.2 |03
1800MHz 122 |-7.3 (7.1 -11.1 |116 |-203 |11.3 |103 |87 |0.1

3rd-5" floor:
856 MHz 107 |-7.1 (7.9 -7.2 9.7 -196 |7.8 -2.6 91 |-46
1800MHz 119 |-118 (7.5 -9.7 109 |-238 |109 |117 |118 |-5.7

3rd-7" floor:
856 MHz 96 |-106 |94 -50 |86 -195 (84 -3.7 - -
1800MHz 100 |-141 (102 |-59 9.8 -227 (135 7.3 - -

Tab. 4.7.6 Performance of the models for multi-floor propagation
(mean error: predicted - measured path 10s9.

From the empiricd models the Multi-wall model (MWM) gives best results
athough the difference to One slope model (1SM) is snall. The MWM has
alarge mean error in TUW building where the heary walls an to be more
losgy than in ather buildings. The TUW building is relatively old (older part
isbuilt in 1910and rewer part is built in 1939 and the wall structures are
thick espedally between the old and rew part of the building. All of the
models perform well in the Alcatel building which is open and hes a low
number of walls. The adlvantage of the MWM and the deterministic models
(IAM and RLM) is most clealy seen in the cae when the transmitter and
recaver are in dfferent floors (VTT). The LAM vyields worst results in
average. One reason for this may be that the used values for attenuation
coefficient are based ona small data set: Many COST 231 d@uments give
model coefficients only for the MWM and the 1SM. Calculated and
measured path loss values of the VTT data set in an dffice building are
compared at a frequency of 856 MHz and 1800MHz in Fig. 4.7.6and Fig.
4.7.7,respedively. The mohile stationisin the 2ndfloor (paints: 1-9), in the
3rdfloor (points: 10-18), in the 4th floor (points: 19-27) and in the 5th floor
(points: 28-36). The general trend is that prediction acairagy is better when
the verticd separation between transmitter and recever is low. The
performance of the 1SM and LAM is poa becaise they only take into
acourt the distance and nd the number of penetrated floors.
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Fig. 4.7.6 Performance of empirica andray opticd propagation
models at 856 MHz in 4 successve floors (base stationin
the 2ndfloor; seeFig. 4.7.9.
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Fig. 4.7.7 Performanceof empirica andray opticd propagation
models at 1800MHz in 4 successve floors (base stationin
the 2ndfloor; seeFig. 4.7.9.
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4.8 Tunnels, Corridors, and other Spedal Environments

Ernst Bonek , Technical University of Vienna, Austria

4.8.1 Tunnels

Wave propagation in tunrels dows different effeds than in aher envi-
ronments due to guidance by the walls, at least at frequencies higher than
800 MHz. Even very rough tunnels driven into plain rock show good
waveguiding when no installations are present [159. The power loss ob-
served is, in most cases, lessthan free space #éenuation. There is a wave-
guiding gain, so to spe&k. Thusit is appropriate to consider the tunnel as an
overmoded waveguide with lossy dieledric wall s.

Power loss deaeases with increasing frequency which is proven for fre-
guencies up to 17GHz by simulations and measurements, showing a slightly
increasing slope of power lossupto 60GHz [159-[161]. Simulations of the
GSM-SDCCH channel found the tunrel environment to be the least
demanding case anong rural or urban situations, and the lowest transmitter
power is needed for aminimum Ep/Ng [167).

In tunnels, the distinction ketween short-term and large-scd e fading is nat as
usual. In a smoath and straight tunrel short-term fading transforms into long
and flat fades due to small phase differences between the individually
refleded paths. Only close to the source short term effeds caused by higher
order mode excitation are observed. The source may be éther an antenna
inside the tunnel, the entrance @erture, or leky fealer cables, or any
sendary source, like vehicles or install ations [163], [164)]. If the sourceis
distributed (lesky cable), short term fading occurs along the entire tunrel, of
course. In contrast, feading the tunrel by internal or externa discrete
antennas, there ae usually only a small number of paths with abou the same
power incident at a given pdsition. In general, heavier short term fading
effeds appea at higher frequencies despite the lower average loss sincethe
effedive roughnessof tunnel wallsiswavelength dependent.

The small phase difference of individual paths with orly few wall reflec
tions tends to reduce the delay spread o the signal as it propagates further
down the tunrel. (Paths with many refledions are subjed to repeaed
refledion loss and de out fast) This delay spread reduction by tunrel
propagation has been experimentally proven [165. It shoud be nated that
corridarsin bul dings behave, very much like (short) tunrels, as waveguides.
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Experimental proof has been given in [14( and [17]. The measured de-
crease in delay spreal, after an expeded initial rise, versus transmitter-re-
ceiver separation in a orridor is $own in Fig. 4.8.1.Multiple refledions

caused by corridor ends have been measured andidentified upto gth order.
4.8.2 Lossmodelsand coverage

Different empiricd models are proposed to describe propagation in tunnels
aswell asalong corridors.

100t

rms delay spread (ns)
H [e2} [0}
e e 9

N
T

o+ regression line

10 20 30 40 50
Tx-Rx distance (m)

Fig. 4.8.1 Delay spread in a arridor versus Tx-Rx separation.

Commonly used are the standard model using parameter fitting (one-slope,
two-slope), the waveguide model giving an attenuation in dB per unit length
and the combination o both models (see &so Sec 4.7.9). Confined spaces
with well-refleding walls alow applicaion d ray tradng approaches (see
also Sec 4.7.5. Some major effeds in tunrels can be described using just a
small number of rays, sometimes as few as two. As an example of the
usefulnessof ray tradng for tunnels, Fig. 4.8.2compares a measurement run
in a rather rough, irregularly shaped tunrel with a ray tradng simulation
based onthe simplifying assumption o redangular cross ®dion.

A dightly different point-of-view re-arranges all refledions into an array of
image antennas [166. This description leads to the hypothesis that all
referencedistances of propagationin tunnels or corridors shoud be given as
multi ples of the Rayleigh distance, cdled "criticd distance’, | it
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D2
| it =—
TN (4.8.1)
where D isthe largest crossdimension d the waveguiding structure and A is
the free-spacewavelength. At such a distance the phase diff erences between
individual paths beaome small er than a cetain value (e.g. A/2). Coverage in
road tunrels can be predicted by the foll owing equation,

Pr =R —1lo (4.8.2)

where Py is the receved power level in dB at alength | away from the an-
tenna (down the tunrel), Pg is the reference level meesured at 1g away from
the antenna, and ag is the tunnel and frequency spedfic lossfador [165.

0 tunnel length [m] 305

Fig. 4.8.2 Signa strength in anaturaly rough tunrel at 960MHz as
compared to ray tradng (20 dB shifted).

Two reference measurements are needed to determine P and ag for agiven
type of tunrel. Averaging shoud be dore over a length of abou Iit/10,
which islarge to smocth ou fades, bu small enowgh nad to avoid waveguide
attenuation effeds. For a pradicd cdculation o propagation loss or
coverage distance lggy, a probability margin (e.g. level difference between
50% and 9% coverage probability, Mgg) hasto be included to get [165

lcov = lerit + (PO ~Mgg - F)min)/ ao (4.8.3)
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where Pmin is the system spedfic minimum receved power.
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Fig. 4.8.3 Measured signal level in road tunrel and fitted model (f =
960MHz, v = 80 km/h, 100sec= 1.9km)

Situation Po C =) Mgs | Mgg ICOV(QSIQQA))
[dBmi| [dB] | [dB/km]| [dB] | [dB] [km]

960MHz, 53cBm ERP, -25 |78 |20 8 13 |3.3/ 3 (both dredions)
Tx in niche

960MHz, 53dBm ERP, -23 |76 1822 |8 13 |~33/3
Tx 67m outside

1800MHz, 46dBm ERP, |-45 91 14 12 18 3/ 2.7 (both dredions)
Tx in niche

1800MHz, 46cBm ERP, |-48 94 15 12 18 27124
Tx 67m outside

1800MHz, 46dBm ERP, |-55 101 20(15) |12 18 1.7/1.4
Tx 67m outside northern
entrance

Tab. 4.8.1 Observed power levels and coverage lengths in a Euro-
standard two-lane road tunrel.

Fig. 4.8.3shows a sample measurement and the fitted model and Table 4.8.1
gives numbers for several situations of these measurements[165.

One implicit assumption for the use of (4.8.3 is the independence of coup
ling lossinto the tunrel and propagation lossinside the tunrel. The validity
of this assumptionwas also proven by experiment in [165.
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Interesting enowgh, traffic does add fades but only a few dB additional 10ss
if enough spaceover or between vehicles is left for wave propagation. Such
is the cae in Euro-standard road tunrels and in tunrels for high speal
trains. Tunnel bends with curvature radii commonly used in such tunrels do
nat significantly hamper wave propagation, even if the bendis 90 degree

4.8.3 Leaky feaers

The dasdc solution d tunrel communication, lesky feeaders, is now also
avail able for 900 MHz. Cables designed for 900 MHz even show acceptable
performance d& 1800 MHz with, o course, a general deaease of received
power level [167]. Compared to natural propagation leeky cables increase
delay spread, bu with lesspronourced short-term-fading effeds. Hence the
Rice-parameter is lower than when using discrete antennas in the tunrel.
Spedal cables have been manufadured that compensate for the longitudinal
cable lossand the radiating loss Mean signal level remains fairly constant
over several hunded meters. Fig. 4.8.4shows the field strength distribution
aong the tunrel adhieved with a longitudinally compensated leaky feeder
[168. Combinations of leaky fealersterminating in a diredive antenna have
been shown to smoathen ou signal variations and to extend coverage, bu a
beaing phenomena between cable ad antenna signals may occur. A till
further aternative ae so-cdled mode wnverters [169, i.e. coaxia cables
with repeaed radiating sedions.

70
60 -
50 ¥
40 -

30 7

signal level (dBV)

20 A

900 MHz

10 7 ) T ] T 7
0 cable length (m) 740

Fig. 4.8.4 Signa level in tunnel with compensated le&ky feeder cable.
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Between them the signa is guided as pgge
usual inside the ordinary coaxial cable.  station (@ _ CC/UIa Tepeater

Other approaches gqudied for serving \é ! /
GSM in confined areas by the DRIVE ‘

projed ICAR include the boacster con- . J

cept which retransmits radio signals @\
from the BTS to the MS and vice versa == tunnel
(Fig. 4.8.5. This concept is nat diredly

tied to leaky cables and can be gplied Fig. 4.8.5 Booster concept to
with dredive antennas as well . cover corfined aress.

4.8.4 Railway environment and high-speel trains

The aittings along modern railway lines can guide dedromagnetic wavesin
quite asimilar way as tunrels or strea corridors. The low base station
antenna and the rather high mobile aitenna in addition to guiding structures
like overtop wires, are resporsible for flat fading effeds. In general, low
delay spread can be observed and Dopper spedra degenerate to afew, often
a single, distinct pe&s, i.e. Dopder spread is very small [169. This has
been observed as well in road tunrels with smoathly flowing traffic a
constant speed [170. An appropriate fading statistic is Ricean in conredion
with a rather high Rice parameter [169. The railway environment is a
favourable cae for line mverage (as opposed to area @verage in ardinary
mobile communications) [169, [171]. The predetermined neighbouing cel
fadlitates handover, and no umxpeded turns will occur. A measurement
campaign on hgh-sped trains in France and Germany [177 reveded the
annoying faa that the usual tinted windows introduce an extralossof 25-30
dB. Non-metalized, transparent windows do nd cause significant added
loss urlesswave incidenceis grazing.

Anather interesting finding was that field strength coverage done may nat
be sufficient for GSM operation, kecaise mobiles have problems in
synchronising and deaoding control messages at speeds around and above
250 km/h. This, hawever, could be aproblem of the spedfic mobile station
used. Fig. 4.8.6shows the spead profil e of the TGV Nord for ajourney from
Lille to Paris, the synchronisation information (number of deteded
neighbouing cdls), and the signal strength reported by the mobile. Still,
GSM s cgpable of meding the requirements for radio communicaions for
many applicaions foreseen for high-speed trains going up to 200 km/h

[173.
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Fig. 4.8.6 Sped profile, synchronisationinformation and signal level
along high-speed train line "TGV Lill e-Paris".

Antennas mourted onthe driver’s cab roof bypassthe mentioned problem of
metalli zed window attenuation. For passengers using handpatables either
repeders [173 - which will have to med extremely tough dynamic-range
problems - or completely novel concepts with a"moving base station” [171]
have been proposed.

4.8.5 Scaled-model measurements

Model-scded measurements are aproper tod for investigations of propa-
gation in or around tunrels, cuttings, and some indoa environments. For
frequencies in the range of 2ndand 3d generation cdlular networks, scding
fadors of at lesst 10 cdl for measurements above 10 GHz. Scded
measurements allow to separate individual influence parameters on wave
propagation, like aosssedion shape, entrance ewironment, antenna
mourting, vehicles, and additional traffic. Many observed propagation ef-
feds arein line with measured datain red-size tunrels [164]. This pertains,
e.g., for propagation dfferences in dfferent lanes and the dee fade
mitigation by traffic or other obstadesin the tunrel.
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