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Abstract—A comprehensive review of the propagation pre-  The third generation (3G) of wireless communications are
diction models for terrestrial wireless communication systems is currently being developed in different regions of the world.
presented in this paper. The classic empirical models are briefly The 3G systems will provide multimedia services and satisfy

described and the focus is placed on the application of ray-tracing . t h licati d cati
techniques to the development of deterministic propagation INore requirements such as applications and communicatons

models. Schemes to increase the computational efficiency and ac- a@nytime and anywhere” [4]. To this end, wide-band and
curacy are discussed. Traditional statistical models are also briefly broad-band radio technologies will be necessary. The examples

reviewed for completeness. New challenges to the propagationgf 3G standards are International Mobile Telecommunica-
prediction are described and some new approaches for meeting tions 2000 (IMT-2000), CDMA-2000, and NTT DoCoMo
these challenges are presented. ’ ’

W-CDMA systems.

Index Terms—Channel characterization, delay spread, pathloss,  Although the 3G will begin service in 2001/2002 and reach
propagation prediction model, ray tracing, wireless communica- full deployment by 2005, the fourth-generation (4G) systems
tions. are currently being discussed [5]. The 4G system will provide

an all-IP network that integrates several services available at
|. INTRODUCTION present and provides new ones, including broadcast, cellular,

EINRICH Rudolf Hertz observed in 1886 [1] the transg:ordless, WLAN, and short-range communication systems.

mission of electromagnetic waves and, hence, realized thel '€ 9eneral trend in the development of wireless communi-

long-debated Maxwell’s predictions of wave propagation. Tr{@tion is Fhe use of higher data rate_s (broader frequency band),
first milestone on the road to wireless communications, howfopagation in more complex enwr_onmgnts, emp!oyment of
ever, was realized by Guglielmo Marconi who conducted his famart antennas, and use of multiple-input multiple-output
mous experiments from 1894 to 1901. Marconi demonstrated}!MO) systems.
1901 that the radio wave could provide continuous contact with . o
ships sailing the English Channel [2]. After that, two-way radif- mportance of Propagation Prediction
communications and broadcasting systems were developed iBefore implementing designs and confirming planning
the 1930s and 1940s. In the 1960s and 1970s, the cellular ceh-wireless communication systems, accurate propagation
cept was developed in Bell Laboratories, Holmdel, NJ [3].  characteristics of the environment should be known. Propa-
The first generation of wireless mobile communication sysation prediction usually provides two types of parameters
tems appeared in the 1980s and was based on analog technotegsesponding to the large-scale path loss and small-scale
with FM modulation. Examples of first-generation cellular systading statistics. The path-loss information is vital for the
tems are the Nordic Mobile Telephone (NMT) and Advancegletermination of coverage of a base-station (BS) placement and
Mobile Phone System (AMPS). in optimizing it. The small-scale parameters usually provide
In the early 1990s, the second-generation (2G) digital cellulggatistical information on local field variations and this, in
systems were developed with varying standards. Examplestiirn, leads to the calculation of important parameters that
clude the Goupe Special Mobile [(GSM), now Global Systeimelp improve receiver (Rx) designs and combat the multipath
for Mobile Communications)] in the U.K., IS-54/136 and IS-9%ading. Without propagation predictions, these parameter
inthe U.S., and the Personal Digital Cellular (PDC) in Japan. #stimations can only be obtained by field measurements which
general, the 2G systems have improved spectral efficiency airé time consuming and expensive. The following subsections
voice quality. provide a brief description of deterministic models, statistical
Manuscript received October 26, 2001. models, and challenges facing the development of accurate and
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models. Empirical models are usually a set of equatioran be used for prediction of these complicated propagation en-
derived from extensive field measurements [6], [7]. Empiricalironments.
models are simple and efficient to use. They are accurate folSmart antenna systems exploiting space diversity require in-
environments with the same characteristics as those whéyamation on the angle of arrival of the multipath in addition
the measurements were made. The input parameters for tinehe usual parameters such as path loss and delay spread. A
empirical models are usually qualitative and not very specifiyIMO system uses the multipath to provide higher capacity
e.g., adense urban area, a rural area, and so on. One of the ffidif [12], completely different from the classical systems where
drawbacks of empirical models is that they cannot be used foultipath is considered harmful. All these new systems involve
different environments without modification, and sometimespace-time and space-frequency channel models.
they are simply useless. For example, the empirical model forTo deal with the new complex propagation environments,
macrocells cannot be used for indoor picocells. The outpsite-specific models have been developed based on ray-tracing
parameters are basically range specific, not site specific. ~ techniques. In a basic ray-tracing algorithm, the main task is
Site-specific models are based on numerical methods suoldetermine the trajectory of a ray launched from a transmit-
as the ray-tracing method [8], [9] and the finite-differencéng antenna. This procedure involves the calculation of the
time-domain (FDTD) method. The input parameters can litersection of a ray with a surface (in three-dimensional (3-D)
very detailed and accurate. The disadvantages of the site-spses) or a ray with an edge segment (in two-dimensional (2-D)
cific methods are the large computational overhead that maydsses). The computation time might be huge or even beyond the
prohibitive for some complex environments. capability of present computers if the propagation environment
Theoretical models are derived physically assuming sonselarge and/or complex. The computation efficiency is then
ideal conditions. For example, the over-rooftop diffractiothe biggest obstacle against the application of ray-tracing
model is derived using physical optics assuming uniforrmethods. An efficient ray-tracing procedure is also important
heights and spacing of buildings. Theoretical models are mdog improving the prediction accuracy since more types of
efficient than the site-specific models and more site-specifiays—such as reflected, transmitted, diffracted and scattered

than the empirical models [10]. rays and their combinations—can be taken into account.
The accuracy of propagation prediction involves many
C. Statistical Models aspects. These include the accuracy of locations and sizes of

. buildings and accurate knowledge of the electric parameters
Small-scale propagation parameters are usually character% alls and other objects involved. Trees, large posts, traffic

bY some statistics, such as rms delay spread, coherence b%rﬁ [ pedestrians in outdoor cases and furniture in indoor cases
width, Doppler spread, and coherence time. These paramegai
c

directly affect the desi ‘R d affect estimated val R also influence the results and make a difference. Recently,
rectly afiect the gesign of kxs and aflect estimated valles gl.,, ate characterization of complex wall structures including
the bit error rate. They also facilitate simulations of communj-

fetal-framed windows is receiving attention due to the re-

g:ﬁl\(/)igeszgt:gs and provide performance measure of qualltyq irement of a more accurate prediction of the indoor/outdoor

Due to the lenath limitati f thi th .  thi ropagation mechanism. To meet these challenges, existing
_ ouelo thelength imitation ot Inis paper, the review ot iy ¢ yiction methods should be modified and improved, and new
rich research area will be very brief. Readers are referred to

S : o . cedures and techniques have to be developed.
references for detailed information on specific areas of interest.
E. Objective

This paper will first give a brief review of widely used
Wireless communication channels are inherently frequengynpirical and simplified theoretical propagation models. These
dispersive, time varying, and space selective, although only af@dels are mainly used for macrocells and microcells. Then a
or two of these dependencies will appear in some cases.  detailed review will be given on the research and application of
The fast evolution of wireless communications has lead {Rat ray-tracing method that is gaining importance for propa-
the use of higher frequency bands, smaller cell sizes, and smgition simulation of microcells and picocells. Some full-wave
antenna systems, making the propagation prediction issues ngrgiiction methods will also be briefly described. It should be
challenging. pointed out that we will focus on the deterministic prediction
In macrocells, since the transmitting antenna is usually lenodels for path loss. Due to the length limitation of this paper,
cated on a high tower, simple empirical and statistical mod&iatistical models for multipath fading will only be very briefly
are widely used with satisfactory accuracy. As for the micrgncluded.
cells and especially for picocells, the height of the transmitting The readers are encouraged to read some review papers
antenna may be lower than the average height of the buildirg@g]-[19] and books [20]-[27] to complement the brief review
in the regions involved. In this case, the geometry of the builthcluded in this paper.
ings and terrains will greatly affect the propagation of the radio
waves, causing wide shadow regions. The outdoor radio wave II. EMPIRICAL AND THEORETICAL MODELS
propagates through reflections from vertical walls and ground
diffractions from vertical and horizontal edges of buildings, arfd
scattering from nonsmooth surfaces, and all possible combinaThe path loss at a poimtis defined as the ratio of transmitted
tions. There is n@eneralempirical and statistical model thatpower atrg, P;(rg), over the received power &t P.(r). For

D. Challenges to the Propagation Modeling

. Definition of Path Loss and Free-Space Propagation
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free-space propagation, the path loss can be simply expres: —40
as [26]
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B. Okumura Model and Hata Model
The Okumura model [6] is an empirical model based ol

-
—
-

extensive measurements made in Japan at several frequen  -120 R S .

in the range from 150-1920 MHz (it is also extrapolated u| 1 o 100 1000 3
) . . Distance (m)

to 3000 MHz). Okumura’s model is basically developed fo Freq = 1850 MHz, Tx height = 8.7m, Rx = 1.6m

macrocells with cell diameters from 1 to 100 km. The heights

of the BS antenna are between 30-1000 m. The Okumdrig. 1. Multiple slope regression fit to the two-ray model [37].

model takes into account some of the propagation parameters

such as thg type ofenvirqnment and the terrain irregularity. TheSaunder and Bonar [29], [30] also investigated the

basic prediction formula is as follows: over-rooftop propagation for the case of arrays of build-

Liean(dB) = Liee + A, u(f, d) ings. In [29], more general situations are taken into account,
’ e.g., the short-range case where the method in [10] gives

=G(hte) = Glhre) = Goorrection incorrect results. In [30], efforts were made to extend the

whereL (dB) is the median value of the propagation patﬁxisting model to deal with more realistic situations, i.e., the

loss, Lie. is the free-space path loss, and can be calculated usfitilding heights and spacing are irregular. lkegatral, using

(1), A, is the median attenuation value relative to free Spa@esmgle diffraction mechanism, also studied the over-rooftop

in an urban area?(h,.) and G(h,..) are the height gain fac- propagation [31]. _
tors of BS and mobile antennas, afid...; is the correction Vogler [32] proposed another over-rooftop method for build-

factor due the environmentl,,, and Geo.ee; are determined NYS with variant heights and spacing. Bertoni’'s method [10],

by looking up curves derived from measuremerigh,. ) and [28] and Vogler’'s formulation were combined in [33] so that
G(h,.) are calculated using simple formulas. an efficient and accurate prediction model for rooftop propaga-

Terrain information can be qualitatively included in the Okution is obtained. Other improvement of over-rooftop propaga-

mura model. For example, the propagation environments 4" models can be found in [34]. _
categorized as open area, quasi-open area, and suburban aréy.COmparison between several over-rooftop propagation

Other information such as terrain modulation height and averd§@dels for two types of building profiles is presented in [35],

slope of terrain can also be included. lllustrative examples usihg Puildings with equal heights and uniform spacing, and
the Okumura model can be found in, e.g., [26], [27]. buildings with irregular heights and spacing. Itis found that the

The Hata model [7] is a formula-based Okumura moddyo building profilgs have their own merit.s and will g_ive more
(graphics-based) and can be used more effectively. The ﬂ';).é:_cura_te resu_ltsf if properly used for d|ffer§nt enwror!ments
quencies range from 150 to 1500 MHz. It has been extendedféfluding building geometry, antenna heights relative to
cover the frequency band from 1500 to 2000 MHz in the cOSverage building heights, etc.).

231 project [19].
D. Two-Slope Model for Microcellular Environments
C. Over-Rooftop Models This model is measurement based and is used for line-of-sight

Over-rooftop models are typical theoretical models [10], [2§.OS) propagation in an urban area. The model is based on a
that are more precise than the Okumura model for the desciiywo-ray propagation mechanism, i.e., the LOS ray and the re-
tion of the urban environments. Based on the physical optiftection ray from the ground [36], [37]. This model is charac-
and some assumptions made for the geometry of the buildingszed by the fact that a break point exists that clearly separates
and heights of BS antennas, formulas are derived that give the different properties of propagation in near and far regions
average received signal for mobiles at street level. Typical aslative to the BS, as shown in Fig. 1. Using regression analysis
sumptions are that the heights of the buildings are equal and tie¢he measured data in the San Francisco Bay area, it is shown
spacing between the buildings is identical. that the slope before the break point is less than two, while the

In over-rooftop models, the path loss in decibels is the sumsibpe after the break point is greater than two [37].
free-space loss and the so-called excess lbgg(The excess  The two-ray model for LOS propagation was extended in [38]
loss is further divided into two parfs... = L + Lexs, i-€., the  to take into account the effects of traffic and high obstacles such
diffraction of the fields at the rooftop before the mobile down tas posts. It is shown that when the heights of traffic and some
the street level, and the reduction of the field at this rooftop aoastacles are included in the model, better accuracy can be ob-
result of propagation over the previous rows of buildings.  tained compared with the experimental results.
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Fig. 3. Ray cone and ray tube. (a) Ray cone. (b) Ray tube.
Fig. 2. Ray launching procedure. Itis shown that some rays are launched from

the Tx and reflected by the walls. It is also shown that at the end of the process,

a fewer number of rays may be received by the Rx. [64]-[66]. When ray cones are used to cover the spherical wave-
front at the receiving location, these cones have to overlap [8].
E. Other Models When ray tubes [see Fig. 3(b)] are used, the spherical wavefront

can be covered without the overlapping of ray tubes.

LORSustakoer;t al. [36] E\roposedba six-ray model for gn yLban To determine whether a ray is received or not by a receiving
area that was shown to be accurate compared wit M&ftenna, one has to check if the receiving point is inside the

Eurfd OIresultst. These ra_ﬁ are theﬁwef(l:t (I;_OS) raé”tfxegrou”iﬁra%i cone or tube. If yes, the ray will be received; otherwise,
ectedrays, tworays with one-wall refiection, andtwo rayS Wit i not. For the ray-cone scheme, the reception test can be

double-wall reflections. easily carried out by using a reception sphere centered at the

Lee proposed an area-to-area model [25] for flat-terrain r Sceiving point with radius equal ted/v/3 [8], whereq is the

g|on.s..A ;et O.f nqm|r_1al conditions is assumeq and, when.t ﬁgle between two adjacent rays ahid the total length of the
realistic situation is different from the assumptions, correcti

factors are calculated and included in the prediction formula. Since ray cones are overlapped, when a receiving point is

Other models can be found in [39]-{42] and, specifically, f%cated in the overlapping area between the ray cones, the Rx

vill then receive two rays and ray double counting occurs [67].
This gives errors, and some procedures are proposed to deal with
this issue [67], [68].
1. RAY-TRACING MODELS 2) Intersection Test of a Ray With an Objedo determine if
Ray theory emerged as a highly promising procedure for pra-ray hits an object, one has to test the intersection of a ray with
viding an accurate site-specific means to obtain useful simifie object. This is a classic problem in computational geometry
lation results [8], [9], [57], [58]. It should be noted that thednd graphics [69]. A naive SBR method tests all the objects to
ray-tracing method also serves as a starting point for statisti€ig@termine whether a ray hits an object. When the number of ob-
modeling [59]-[62]. According to the ray optics and the uniforiiCts is large, the testing can be very time consuming and ineffi-
theory of diffraction (UTD), propagation mechanisms may |rf2|ent Itis pointed out in [70] that intersection testing can con-
clude direct (LOS), reflected, transmitted, diffracted, scatteregime more than 90% of CPU time for a naive SBR algorithm.
and some combined rays, which, in fact, complicates and, in
many realistic propagation environments, slows down the c&- Image Method
culation procedure. In this section, some of the more commonlyThe image method is a simple and accurate method for deter-
used ray-tracing methods will be briefly described. mining the ray trajectory between the transmitter (Tx) and Rx.
Fig. 4 shows the basic idea of the image method. For this simple
A. Shooting-and-Bouncing Ray (SBR) Launching Algorithm case, the image of Tx due 1 is first determined Tx1 in

The basic procedure of a ray-tracing method is the SBR &l0- 4)- Then the image dfx1 due toW2 is calculated (x2).
gorithm [63]. First, a ray is launched from the transmitting arf-Onnecting Rxand’x2, one can find a reflection point{2) on
tenna (Tx), then the ray is traced to see if it hits any object 2. Another'reflectmn ppmtfl) is the intersection point of
is received by the receiving antenna. When an object is hit, fd-1 W't_h the line Connt_ectmg32 andTxl1. o
flection, transmission, diffraction, or scattering will occur, de- The image method is accurate, but suffers from inefficiency
pending on the geometry and the electric properties of the dﬁhen_the number_of_walls mvol_ved is Iargg and reﬂectlon times
ject. When a ray is received by a receiving antenna, the elec®i€@ hlgh.. For realistic ap_phcatmns, special techniques such as
field (power) associated with the ray is calculated. A schematfe hybrid and acceleration methods have to be used to reduce
of the SBR method is shown in Fig. 2. the computation time.

This algorithm has some fundamental issues that need to be i
considered. The first is how to launch a ray. The second is héw HYPrid Method
to determine if a ray hits an object. Third, if there are several Tan et al. [71] proposed a hybrid method combining the
possible objects that can be hit by the ray, how is it determingdage and SBR methods. The SBR method is used to quickly
which one s really hit? The fourth is how to determine whetheridentify a possible ray trajectory from Tx to Rx. When the
ray is received. In the following, ray launching and reception crirajectory is found, a series of walls involved can be determined.
teria as well as ray intersection with an object will be reviewedhe exact reflection positions can then be accurately found by

1) Ray Launching Model and Reception Criteri& ray is the image method. This method has the advantages of the SBR
actually a ray tube and is usually a cone, as shown in Fig. 3 [8&fficient) and image (accurate) methods.

indoor prediction models, the reader is referred to [17], [1
[43]-[56].
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D. Acceleration of Ray-Tracing Algorithms Fig. 5. Image generation and the illumination zones of the images: the basic

concept and path tracing using illumination zones [76].

The ray-tracing method is simple and is most widely used
in the area of site-specific propagation prediction. However, This method has similar drawbacks to the AZB method, i.e.,
the ray-tracing method can be very computationally inefficienithen interaction levels are high, the establishment of the vis-
This is why there are many publications focusing on the accdbility graph will be much more time consuming and compli-
eration of the ray-tracing algorithms. There are several waysdated.
achieve the acceleration. The firstis to reduce the number of oba similar procedure for the image method is presented in

jects on which actual ray-object intersection will be performeglzs1-[77]. This technique generates an image table for each BS
The second is to accelerate the calculation of the intersectiggation. These images take into consideration the various wall
test. All acceleration methods concern the preprocessing of faflections, transmissions, and edge diffractions. To further ac-
propagation environments and/or the positions of Tx and/or Ryglerate the ray-tracing procedure, accurate “illumination zone”
In this section, we will provide a brief summary of these effortgoncepts are used to restrict each image to an illuminated area.

1) Angular Z-Buffer (AZB) [70], [72]: This method is based Thus, only objects inside the illumination zone need intersec-
on the light buffer technique used in computer graphics. Thign testing. Fig. 5 shows the illumination zone concept, where
basic idea is to divide the space into angular regions accordipg, is the image of the BS with respect to Wall 1, aBf,
to a source point. The source point can be a Tx or an image(8écond-order image) is the imageR$; with respect to W2.
it related to a reflection plane. When a ray is launched from thgye mobile station (MS) is in the illumination zoneBS..
source point, only those objects located in the angular regionn [78], an efficient method for visibility list construction
containing the ray need to be tested for ray intersection. Thésdeveloped. This method is especially designed for a large
method can accelerate the ray-tracing algorithm, but, when milimber of receiving points. Some unnecessary repetition cal-
tiple reflections are needed, the preprocessing is not easy. Thifations are avoided by using a so-called “point-to-area” al-
is because there are many source points (including the Tx anglithm. A dynamic calculation of the visibility list is used to
large number of its images) and an AZB should be establishggelerate the 3-D ray-tracing procedure.
for each of them. 3) Dimension Reduction MethodFo achieve efficient ray-

2) Ray-Path Search AlgorithmBased on the idea that ray-tracing procedures and retain acceptable accuracy, ray-tracing
tracing routines should be applied only to those areas where raygorithms may be carried out in nonfull 3-D geometries. Ex-
are likely to exist, the ray-path search algorithm in [73] and [74mples of this approach may include the 2-D/two-and-one-half
employs the visibility graph to limit the intersection test. Thglimensional (2.5-D) method, the vertical plane launch (VPL)
visibility graph contains several layers. The first layer includasethod, and so on. The following is a brief summary of some
all objects visible to the Tx (for LOS rays). The second layeff these methods.
contains objects visible to the first layer (for transmitted, re-  z) 2-D/2.5-D Method: When the heights of buildings in a
flected, and diffracted rayS). Further Iayers are of similar reCLH'egion are much |arger than the he|ght of the Tx, the main prop-
sive relationShip. Since the determination of V|S|b|||ty betwe%ation is a lateral one. In this case, the Comp|ex 3-D environ-
two objects is not easy, acceleration methods such as boundifght can be approximated by much simpler 2-D structures and a
boxes are employed for establishing the visibility graph.  significant saving in computation time can be achieved. Rizk

When aray is launched from the Tx, only those objects in ttad. [79] presented a 2-D ray-tracing modeling method for micro-
first layer of the visibility graph need to be tested for the firstellular environments. Based on the image method, the obtained
intersection. To determine theh intersection of the ray, only prediction results compared well with measurement data.
objects in theuth layer need to be tested, thus leading to saving b) VPL Method: The VPL technique is proposed in [9].
of computation time. The usual 2-D ray tracing is used in the horizontal plane.
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Fig. 6. Schematic illustration of the ray-launching procedure in the VPL method [9].

Each ray in the 2-D case represents a vertical propagatigery fast [81]. Yunet al.[82] developed an efficient ray-tracing
plane. When a ray hits a vertical wall, specular reflection frommethod employing the fast ray-traversing algorithm for rectan-
the vertical wall and diffraction from the rooftop horizontalgular grid [81]. Different from the usual space-division method,
edge can occur. When the ray hits a vertical edge, diffractitime new method requires that the wall should be exactly located
also occurs. The over-rooftop diffraction creates two verticah the grid lines to acquire best efficiency.

propagation planes, one in the same direction as the incidenThe new method labels each grid cell according to the room
ray and the other in the direction of reflection. Diffraction fron{or building) identification number, i.e., cells in the same room
the vertical edge creates a new source and many new rayfave the same identifications.

2-D planes should be launched. These rays are further tracetivhen a ray is traversing from one grid cell to another, and
in a similar manner until some criteria are reached. Fig. 6 istlae label of the new cell is different from the previous cell, the
schematic illustration of the VPL method [9]. wall between the two cells will be hit. In this case, the inter-

Rizk et al. [80] compared the results using lateral, full-3-Dsection test that is used in usual space-division methods is com-
and VPL methods. It is found that when the average buildimgetely avoided. As a result, a significant reduction in CPU time
heights are around the Tx height, VPL can give very good pris-expected. Specifically, the CPU time for the new method was
dictions. shown to be around 15% of that of the visibility method for a

4) Space-Division MethodThe space-division method isrealistic indoor environment [82].
widely used in computer graphics. The basic idea is to first b) Triangular Division: In [83] and [84], triangular divi-
create a grid (usually rectangular) in the propagation enwionmethodswere proposed. Itisshownthatagreatimprovement
ronment, and then establish a lookup table registering objetsCPU time was also achieved when using this method. In
residing in each grid cell. When a ray is launched, it is traced jB4], the triangulation strategies are described in detail, and a
the grid. For each grid the ray is traversing, the lookup tableriay-traversing algorithm is developed. It should be pointed out
checked to see if any objects reside in the grid. If yes, the raytieat the most important feature of the triangular grid method
tested for intersection with these objects. If any object is hit,developed in [84] is that, when finding the segment hit by
reflected (or diffracted) and/or a transmitted ray will be creatdtle ray, only two cross products of two vectors need to be
and the new rays will be further traced. calculated.

The space-division method can give fast ray traversing and ef+ig. 7 shows the basic ray-traversal procedure. When a ray,
ficient ray tracing. This is due to the fact that the algorithm fdre., , from the sourcé, is leaving the first intersection edge
traversingthe grid canbefastandtheintersectiontestis performea in the triangle4 BC, we need to determine which edge, i.e.,
only on a small number of objects. Two types of space-divisiofC or BC, will be hit next. We can build a unit vecterfrom
methods that have been applied to propagation in urban envirtie intersection point on AB and pointing taC, the opposite
ments will be summarized in the following subsections. vertex to edgel B. The sign of the cross-product betwaeand

a) Rectangular Division:The rectangular division v then determines the edge to be hit. If the sign is positive, the
method has the advantage that the ray traversing in the griday hits BC; otherwise, the edgd C will be hit.
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launched. When ray cones are used, it is usually assumed that
the angles between adjacent rays are equal. This is true if the
spherical wavefront is approximated by a regular icosahedron
and rays are launched from each of the vertices of the icosa-
hedron. Since the number of the vertices of the icosahedron
is 12, the number of rays launched is usually too few to get
satisfactory accuracy. To launch more rays, the icosahedron is
tessellated, but the angles between adjacent rays will no longer
be equal. Fortunately, the difference between these angles is not
significant [8] and, in practice, they are assumed to be equal.

It is pointed out earlier in this paper that the ray-cone model
has the double-counting problem [67]. Several methods have

It is shown in [85] that the CPU time for the triangular gricheen proposed to reduce or avoid its effect. In [67], a method of
method is about 30% of that of the visibility method for an indistributed wavefronts was developed to remedy this problem.
door environment. The triangular grid method was also usetktead of counting hit-or-miss rays, the method in [67] takes
to calculate the path loss of Munich City, and the results wetfige contribution of all nearby rays into account. The total field
compared with the measured results provided by the COST 28teived by an antenna is the “weighted” sum of several wave-
project. It is shown that the average error standard deviatiorfignts. Rays near the Rx contribute more power than those far
7.2 and is very good compared with other results in the COSilvay from the Rx. The distributed wavefronts method improves
231 project [86]. Estimates of the saving in CPU time were vetiie accuracy of the calculated fields, but is relatively complex

Fig. 7. Determination of the edge to be hit by a ray.

significant and more than an order of magnitude [87]. to realize (counts and keeps record of a large number of rays)
. _ and is also inherently inaccurate.
E. Improvement of Accuracy of Ray-Tracing Algorithms Yun et al. [68] proposed a simple method to avoid the ray

The ray-tracing method can provide site-specific predictiondouble-counting problem. Itis based on the fact that a ray from
Due to the fact that the environmental database may not be &s-to Rx is uniquely defined by a sequence of objects involved.
curate and the materials of the objects in the region of interddius, when a ray is received, this sequence is stored. When
may not be known, the ray-tracing method can only provide apnother ray is received, the corresponding sequence will be
proximate results for realistic propagation environments. ~ checked with the existing sequences. If there is an identical

Another factor affecting the accuracy of the ray-tracing presequence, the new received ray is a double-counted ray and
cedure is the incomplete account for all kinds of rays. This #ould not be taken into account. This method adds little extra
because the more rays taken into account, the more computagffart for the existing SBR code, but avoids ray double counting
time will be needed, leading to unacceptable efficiency. Exar@nd, hence, improves the accuracy.
ples of techniques used to improve the accuracy of ray-tracing-or the ray-tube launching model, the power is assigned to
algorithms are described in the following sections. each tube according to its cross-sectional area. There is no need

1) Additional Ray Mechanisms—Effect of Diffracto make uniform ray distribution in theory in this case. It does
tions: Diffractions from vertical and horizontal edges ofnot have the problem of double counting. Usually, the informa-
buildings are important contributions to the received poweion of the cross section needs to be kept on track, and the re-
The over-rooftop propagation is mainly due to diffractionseption scheme is different from the reception sphere model.
from the horizontal edges. 3) Other Issues:Rizk et al. [95] investigated the influence

Methods for calculation of diffraction coefficients for metaof database accuracy for ray-tracing techniques based on 2-D
or materials with finite conductivity were developed [88]-[91]environments. The building layouts built with different maps,

A comparison among the perfectly absorbing wedge (PAVW)e materials assumed for the walls, the dimensions and loca-
method, UTD, and UTD heuristic methods can be found #ons of buildings, and the positions of Txs are examined.

[79]. It is found that errors given by these three methods areln [96], the relationship between the received power and dif-

comparable. ferent ray combinations and interactions, wall material char-

Rizk et al. [92] proposed a method to include the slopacteristics, antenna position offsets, and database inaccuracies
diffraction from wedges to improve the accuracy of calculatiowere investigated.
of the diffracted field in transition regions using classical UTD. In [97] and [98], comparisons between experiment and ray-
Several decibels (approximately 6 dB) of improvement can b&cing results were performed and it was found that the ray-
achieved. tracing method was suitable for predicting signal and interfer-

The diffraction from building corners (wedges) is taken intence levels.
account in [93]. New diffraction coefficients for objects with Rizk et al.[79] studied the repeatability of propagation mea-
finite conductivity are developed [94]. The artificial dip insurements. It is pointed out that the divergence between the re-
the usual diffraction calculation is removed. Comparison witheated measurements will be as large as 5 dB over a distance
FDTD shows that the results of the new method are of godeks than 50 m. The standard deviation between repeated mea-
accuracy. surements is about 3 dB. It is thus concluded that the compar-

2) Ray-Launching Modelsin the SBR method, the de-ison between measurements and predictions should emphasize
tection of reception of rays depends on how these rays dhne global tendency, instead of detalils.
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Rizk et al. [99] examined the effects of lamppost and panel The currently developed spatio-temporal models usually
scattering in urban propagation simulation. The metal lampp@stsume certain distribution of scatterers around mobile sta-
is approximated by a cylinder and the panel is represented bijans and/or BSs and then derive the joint time-of-arrival and
finite plate. It is found that the scattering by metallic cylinderangle-of-arrival density functions. The scatterer distribution
is as important as the reflections and diffractions. The panel cazan lie in a circular area [22], an elliptical area [108], [109],
have a nonnegligible effect on the simulation results. or in clusters [110]. It is also found that, based on indoor

Tree effects of tree and vegetation on the propagation chareasurements, rays can also arrive in clusters and a joint
acteristics are investigated in [100]-[102]. The tree canopy spatio-temporal model is developed for indoor environments
simulated as an elliptical cylinder horizontally placed to nearlgg11].
buildings [101]. Itis found that ten rows of wide trees may cause As the more accurate modeling of outdoor-to-indoor propa-

4-5-dB extra path loss. gation is needed, characterization of wall structures is receiving
more attention. Walls are usually represented by half-space ma-
IV. STATISTICAL MODELS terials [8] or slab and layered models [76]. Measurement results

o ) ~are widely used for calculation of reflection and transmission
Small-scale channel modeling is concerned with multipaifrough these walls [112]-[116].

fading and is usually investigated using statistical methods. Ananalytical and numerical characterization of walls is also
impulse response model is often employed and, for time-igyajlable. Honcharenko and Bertoni [117] investigated the re-
variant cases, its transfer function has the form flection and transmission properties of concrete walls with pe-
riodic structures. Cheet al. [118], [119] studied some com-
. posite wall structures using periodic surface-integral formula-
h(r) = Z a; exp(—70:)6(T — 7i) tion. Both TE and TM incidences were treated. Géiial.[120],
=0 using the filament-current and thin-current assumptions, ana-

wherea;, 67, andr; are the amplitude, angle of arrival, and timayzed structures with laminateav(-ply) structures. The finite-
delay of theith multipath, respectively [26]. Usually, parame&lément method is used in [121] for the analysis of propaga-
ters such as the time delay spread, the coherence bandwiliff) into reinforced concrete walls. Dallet al. [122], using
Doppler spread, and coherence time are of interest. the FDTD method, analyzed the propagation properties of rein-
Turin et al.[103] studied the statistical model for urban multiforced concrete structures. It is found that the transmitted field
path propagation based on experiments. It was found that the B&s resonance and nulls. These resonance and nulls are depen-
cess delay forms a Poisson sequence. The multipath spread $@4¥ on the structure and the thickness of the wall. These res-
found to be almost totally dependent on the local environmepance-type effects are very important and may have critical
of the Rx, independent of the distance between the Tx and RRPact on wide-band and ultra-wide-band communication sys-
Suzuki [104] further investigated Turin’s experimental data arf§mS-
proposed a modified Poisson process to model the path arrivatiolloway et al. [123] proposed a different method to char-
time. Turin’s mathematical model was employed by Hasher@fterize complex walls with periodic structures. Holloway used
for the development of a simulation program for urban multthe homogenized method to replace the complex wall with three
path propagation [105]. layers of materials. The electrical parameters of the center layer
Salehet al. proposed a statistical model for indoor multipati@ré dependent on the angle of incidence. The resonant prop-
propagation [106]. The model is based on experimental res il is predicted and accurately characterized using this method.
taken for a medium-sized two-story office building. The nelid. 8 shows a comparison between reflection/transmission co-
model introduced the cluster-ray concept, i.e., the rays arrigicients calculated using Holloway’s method and the FDTD
in clusters. The cluster arrival times are modeled by a Poisst¥¢thod [124]. The resonant effects can be clearly seen in this
process. Within each cluster, rays are also arriving accordingi@-re. The possible use of FDTD in these calculations now
a Poisson process. opens the door for calculating a wide variety of these walls and
Rappaporet al. [44], [47] developed a measurement-basedfie implementation of the obtained results in urban propagation
statistical model for factory buildings. The effect of Tx—Rx segnodeling codes.
aration distance, small-scale Rx movement, and correlation ofAnother structure of interest is the metal-framed glass (win-

multipath amplitudes on local areas were examined. dows) with periodic geometry. Since the size of the periodic cell
is usually larger than the wavelength, caution has to be taken for

its characterization. An equivalent-ray method was proposed by
the authors to accurately characterize transmission through win-
As the fast development of wireless communications codews [125]. The proposed method represents each periodic cell
tinues to progress, new techniques are employed to increase(thii@dow) with an equivalent ray representation with amplitudes
capacity and the QoS of the deployed systems. The applipaecalculated using UTD or a numerical method such as FDTD.
tion of smart antennas and MIMO systems requires a spatiéhen aray hits the structure, itis replaced by precalculated rays
temporal characterization of wireless channel. In addition &mtering the building (90 rays for 18@iffraction pattern). This
the path loss and time delay spread, angle-of-arrival and joiatcertainly different from accounting for transmission through
spatio-temporal models become necessary for the developmeimdows by using a single complex transmission coefficient pa-
of modern wireless communication systems [107], [108].  rameter. Preliminary results show that the method gives very

N—-1

V. NEW TRENDS IN PROPAGATION PREDICTIONS
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