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A New Approach to 3-D Ray Tracing
for Propagation Prediction in Cities

George LiangMember, IEEE and Henry L. BertonifFellow, IEEE

Abstract—A vertical-plane-launch (VPL) technique for approx- some building environment since the dominant paths involve
imating a full three dimensional (3-D) site-specific ray trace to multiple forward diffraction over many buildings [2].
predict propagation effects in cities for frequencies in the 300- In order to find the contributing rays in an urban environ-

MHz-3-GHz band is described and its predictions are compared ) - .
with measurements for Rosslyn, VA. The VPL technique em- ment wherein building walls are nearly always vertical planar

ploys the standard shoot and bounce method in the horizontal Polygons, we have developed the vertical-plane-launch (VPL)
plane while using a deterministic approach to find the vertical method. The VPL approach accounts for specular reflections

displacement of the unfolded ray paths. This approximation is from vertical surfaces and diffraction at vertical edges and
valid since buildings walls are almost always vertical. The VPL o5 yimates diffraction at a horizontal edges by restricting the

method shows significant improvement compared with the slant- diffracted to lie in the pl fincid in the ol f
plane/vertical-plane (SP/VP) method for rooftop antennas. For a ilracted rays 1o lie in the plane ot incidence, orin the piane o

base station located at street level, the VPL method gives better reflection. Compared to the full three-dimensional (3-D) shoot
predictions than the two-dimensional (2-D) method in locations and bounce ray (SBR) method [3] or the 3-D image method

where propagation over buildings is significant. [4], that can handle at most one or two diffractions for any edge
Index Terms—Geometrical optics, propagation, urban areas. ~ orientation, the VPL approach can treat many multiple forward
diffraction at horizontal edges. Unlike the vertical-plane/slant-
plane (SP/VP) approximation [5] whose application is limited
. INTRODUCTION to low base-station antennas, the VPL method can be used for
ECENTLY, there has been considerable interest in usimgoftop antennas and areas of mixed building heights. It pro-
ray-tracing techniques together with the uniform theoryides nearly identical results with the two-dimensional (2-D)
of diffraction (UTD) to predict propagation within urbanmethod for low transmitting and receiving antennas in a tall
environments for frequencies in the UHF band. This interestilding environment, in which case propagation takes place
is sparked by the growth of wireless communications aratound buildings. The predictions of the VPL method are in
the introduction of personal communication services (PC%)ood agreement with the measurements made in Rosslyn, VA.
which requires the use of microcells covering ranges of less
than 1 km to support the anticipated high density of users. Il. VERTICAL-PLANE-LAUNCH METHOD

Over these small ranges, statistical prediction models baseq-he concept of the VPL method for a rooftop antenna is

on measurements can s_h(_)w co_nS|derabIe error, eSpeC'al!Xn'H'icated in Fig. 1, which shows half planes originating from

areas having mixed building sizes. In contrast, ray-racing, enica| line through the transmitter and extending outward in
techniques that are able to find the dominant propagation pPalis, girection. As an example, the plane labeled “1” extending
can be expected to exhibit accuracy and efficiency over thesg, yeen the transmitter and receiver 1 in Fig. 1 contains a
small ranges, thus providing a theoretical model that is super}%, that must propagate over the intervening rows of building.
to the statistical models. . i . The ray reaching receiver 2 consists of two segments with the
_ The key to any robust ray-tracing propagation model is {ijent ray contained in vertical plane 1 and the reflected ray
find a computatlonglly fast way to determine th? qom'”af‘t '3 contained in plane 2 representing a reflection from the tall
paths so as to provide accurate path-loss predictions. Itis Wellqing then traveling over a series of lower buildings before

known for outdoor propagation prediction that in addition t9i\ing at the receiver. For receiver 3, the illuminating ray in

specular reflections, diffraction at edges must be accounigd \ertical plane 3 must undergoes diffraction at the vertical

for, especially in nonLOS regions. Unfortunately, dif'fraction%dges of two buildings before traveling over the rooftops of
are very inefficient to model since a single source ray er buildings to the receiver

an edge will generate a whole family of new rays [1]. The ke 4 full 3-D SBR method, where rays are launched in

generation of so many diffracted rays limits the number of i snace and all directions are treated in a unified manner,

diffractions that can be considered on any given ray path §0, \/p| method takes into account the nearly universal use
at most two, unless an approximation can be made to find 8 e tical walls in building construction and differentiates the
few contributing rays. Such an approximation is essential fﬂ'f)rizontal and vertical directions. In the horizontal directions,

2-D rays representing the vertical planes are launched from

Manuscript received March 18, 1997; revised January 12, 1998. the source in a manner similar to that of the 2-D pin-
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Fig. 1. Approximate 3-D ray-tracing method using vertical planes.
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Fig. 2. Rays generated from the VPL method in the horizontal plane.

vertical plane intersects an exterior face of a building wallinfolded set of vertical plane segments between the source
with one plane continuing along the incident direction and and receiver and uses deterministic equations to calculate the
second plane going off in the direction of specular reflectiomertical displacement and received signal strength.

as shown in Fig. 2. The plane that continues in the incidentA vertical plane segment is considered to have illuminated
direction contains rays that propagate directly over the buildirtige receiver if two conditions are met. The ray must intersect
and rays that are diffracted over the buildings at its horizontdle capture circle of a receiver, as described in [6] and it
edges. The plane that is spawned in the reflected directimust lie in the vertical wedge of the illumination. The capture
contains rays that are either specularly reflected from tb&cle is a concept used in conjunction with rays traced at a
building face or are diffracted at the top horizontal edge afiscrete angular separation to ensure that the signal associated
the wall. The path that a ray travels in the vertical directiowith a continuous family of rays undergoing the same set of
is found by examining the profile of all the buildings in theeflections and diffractions before illuminating the receiver is
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counted once and only once. In the vertical plane the illumi- W—
nation wedge is used to represent the extent in the vertical Source o Comet |

direction of the region illuminated by a continuous family of
rays that have undergone a particular set of reflections and
diffractions.

Once the receiver is considered to be illuminated then all the
interactions along the unfolded path can be use to determine
the total path loss. In addition to the path length effects, the e S —
total path loss depends on the product of the reflection and of the angis i he °§J§‘§§ﬁi§?§?ﬁl"“
diffraction coefficients. For a vertically or horizontally polar- o
ized source, the reflection coefficient at walls is approximated oes wall B
by that of a TE- or TM-polarized plane wave, respectively, e sl of refections?
at a dielectric half space [7] with a dielectric constant of Yes
¢, = 6. The use of the reflection coefficient for a dielectric ~ % Jﬂ
half space withe, ~ 57 is suggested by direct measurements Find receivers
[8], and this range ot, is found in our predictions to give
the least error with the measurements. Diffraction at edges
can be approximated as the product of the UTD diffraction
coefficients from an absorbing [9], perfectly conducting [10],
or dielectric wedge [11] although this is limited to a few Find diffracti
edges in cascade. Alternatively, numerical techniques such as-—————g<m
discussed in [12]-[14] can be employed when more than a fEW | i meceomers Ly Yes
horizontal edges must be accounted for, as discussed beloyv. pe

The ray-trace architecture is describe by the flow chalt
shown in Fig. 3 and contains three major modules. Orje
module contains the functionalities used to determine if p
vertical plane will intersect with the walls of the building.
The second module determines whether a receiver will e
illuminated by the vertical plane and, if so, calculates thg
path loss associated with this path. Finally, the third majgr | Yufoldray puh anc
component finds all the vertical building corners that will be lo vertical edge
illuminated by the vertical planes and stores the information
necessary to subsequently determine the diffracted field |at
a receiver. The ray trace utilizes these three modules in|a
recursive and repetitive manner for each plane emitted from Store ray path
a source. . J

The VPL technique is able to account for rays that undergo
multiple interactions as a result of a combination of forwarglg 3. Fiow chart of the VPL method.
diffractions at horizontal edges with reflections from building
walls and single or double diffraction at a vertical edge of a o o )
building. The VPL method neglects rays that are transmitt&§nting each surface of the building explicitly, this method
through the building, diffuse scattering from the walls, an@llows for a simpler representation by assuming the walls are
rays that travel under a structure. It also neglects reflectiof@tical- The vertical dimensions and locations of the building
from the rooftop, which travel upward and, hence, awah Ir_;ltl\_/e to a datum point are explicitly r_etalned in the database.
from the buildings and receivers. These simplifications aR¥ildings that are comprised of multiple stacked structures
made because it is believed that the rays do not significan@(e represented by an equal number of separate polygons that
contribute to the total received power in a microcellulapVerlap each other. Buildings with simple slanted roofs can
environment or that they occur very infrequently and thele represented by including a larger vertical dimension at the

inclusion would substantially increase the model’s complexityigher vertices. By combining two slanting roofs, peaked roofs
and the computation time. can also be represented as two structures coupled together

along the line forming the apex of the roof. While reflection
from the roofs is neglected, by including slanting roofs we are
A. Description of Building Database for Ray Tracing able to more accurately model diffraction over such buildings.
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Since ray launching is confined to the horizontal plane, . .
the buildings are represented by their footprints as closBd Reflection from Vertical Walls
polygons. A simple building may consist of an arbitrary Reflections from building walls are considered to be possi-
number of points representing the vertical edges of the buildibte if the anglef, between the incident 2-D ray representing
and ordered in a counterclockwise direction. Instead of repitee vertical plane and the outward normal of the wall in the
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Fig. 5. Test of reflection sectors in the vertical plane.

Source Point 2

Fig. 5 shows several different cases for a wedge-shaped
sector that can occur when testing the illumination wedge in
the vertical plane. When the wedge illuminates the face but
i i o the not the top edge of building 1 as shown in Fig. 5(a), the
horizontal plane is greater than90The angled, in Fig. 2. | opical plane segment in the reflected direction is continued
represents the case when a reflection from the building wallvﬁ,]"e the vertical plane segment in the incident direction is

possible whiled, indicates the case when it is not. In_ genera{erminated. The most general case when no pruning of the
when a 2-D ray passes through a polygon representing a buIJ y occurs is shown in Fig. 5(b), where the wedge of rays

ing there will be at least one reflecting and one nonreflecting inates the face and the top edge of building one. In this
surface. For the case when a building is comprised of multiplg e the transmitted vertical plane continues to building 2 in
stacked structures represented by nested polygons there {58, iqent direction, and a specular reflected vertical plane

reflected 2.D ray generated by each surface Wh.OS? OUtW?sr%reated at building one. For the case shown in Fig. 5(c) the
normal makes an angle of greater tharf 9@t the incident 3(§3posite is true—neither the transmitted nor reflected vertical

Fig. 4. Creation of wedge sector due to reflection from wall.

2-D ray. In the vertical plane, reflections are consider tg anes are generated because the wedge fails to intersect the
possible if the vertical extent of the ray family represente all. Finally, in Fig. 5(d) the vertical plane that is transmitted

the plane overlaps the vertical height of the wall. The initiaFL,let building one is continued to the next building, while no
plane from a source is of infinite extent in the vertica)  fiected plane is created at building one.
direction but, after the first reflection, its extent will be limited

by the angles between the source and the(tap and bottom ] ) ] ]
(c2) edges of the reflecting wall (as shown in Fig. 4). C. Multiple Diffraction at Horizontal Edges

If the source is higher than the top edge of a reflecting The continuation of the incident plane past a building is
surface (as for source point 1 in Fig. 4), then beth and used to represent rays propagating over the buildings and to
a2 are negative, while if the source is below the top edge (approximate rays diffracted by the horizontal edges. A list
for source point 2), themy; > 0 but oo < 0. An additional of building walls intersected by the vertical plane segments
case not shown in Fig. 4 is when both and oo > 0 as is created for each vertical plane segment that begins from
a result of the source being below the bottom of the walh source or is spawned from a reflection. When the final
These wedge-shaped sectors give the limits in the reflectettical plane segment illuminates a receiver point, the entire
vertical plane of the geometrically reflected fields and aseries of horizontal building edges lying between the source
tracked through subsequent building interactions to determiaed receiver is available in the unfolded vertical plane. Since
the region illuminated by the reflected rays. Outside of theot every edge that intersects the vertical plane interacts with
wedge sector, rays that are back diffracted from the top edde ray reaching a receiver location, only those edges that
of the wall give a dominant contribution to the field in thenfluence the ray field need to be found in order to determine
reflected vertical plane segment. The procedure used to kéleg diffraction loss due to propagation over the buildings.
track of the regions in which the back diffracted rays contributBhe significant edges can be described by the concept of
through subsequent building interactions is discussed belowhe convex hull, which finds the set of points that forms the

The major computational effort in the program is to desmallest polygon for which each point in the set is either in the
termine the intersection points of the vertical plane segmerisundary of the convex polygon or in its interior. The convex
with the building walls. Because a binary tree is created by thell can be thought of as the shape of a rubber band going
reflected vertical planes, allowing fa¥ reflections generates around the edges and ending on the source and receiver points.
27’:‘;0 2™ plane-wall intersections that must be computed fd¥or diffraction over buildings, it is only necessary to find the
each initial vertical plane. In order to reduce the number apper convex hull; that is, only those edges that protrude above
such computations, a pruning procedure basedagnand an imaginary line connecting the source and receiver points.
a2 IS used to terminate the tracing along certain branchedote that the source and receiver locations are the end points
as suggested in Fig. 5. An additional restriction is imposed the convex hull.
by limiting the number of back diffraction from horizontal A profile of all horizontal edges is initially constructed
building edges to a single event. from the unfolded vertical plane between the transmitter and
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receiver. The algorithm then removes all edges that are beldifferent manner when performing the convex hull test and
the line between the source popit= («/,2’) and prediction in calculating the path loss. Since the back diffracting edge
point p = («, z) and from the remaining points, if any, findsmust be included in the vertical profile of edges, it becomes
all the edges that form the largest convex perimeter of edgescessary to perform two convex hull test, one in the segment
These edges are designated as diffracting edges that blockdhthe unfolded vertical plane between the source and the back
ray from traveling directly between the source and the receiveliffracting edge and the other in the segment between the edge
Within each segment between these convex hull poiraed the receiver. In this way, all significant edges will be
there can be additional edges that might interfere with thecluded in the excess loss calculations.
propagation of the field if the edge lies in the Fresnel zone.In Fig. 6 the unfolded vertical plane of a typical trace
In the vertical profile, the Fresnel zone is an elliptical regioshows a ray path that has undergone a back diffraction along
about the line joining two adjacent points in the convex hullith diffraction over building rooftops and reflections from
that are at its foci. The half-widtlhw of the Fresnel zone at building walls. The vertical profile shown in Fig. 6 represent
any point between two convex hull can be approximated byhe unfolded path of five ray segments. Each segment or fold
lines of the vertical plane in 3-D is delimited by a reflection
w nAs(l — s) 1) (light dashed line), a back diffraction (dotted line), the source,
l or receiver. In this example there are six points in the convex

wherel is the length of the line connecting the two convex huftull including the source and receiver, which are the end
points, s is the distance along the connecting line measur®@ints, and four horizontal edges where diffraction must occur
from a convex hull point) is the wavelength, and is the in order for the signal to reach the receiver. The edges include
Fresnel zone number. The complete list of diffracting edgéie single-back diffracting edge as well as the two edge of the
consists of the edges in the convex hull and any edges witfigll building and the edge just prior to the receiver. After all
the Fresnel zones connecting convex hull points. A FresriBp convex hull edges have been found, edges that fall within
zone indexn = 0.5 is adequate to account for all significanthe separate Fresnel zones between each pair of convex hull
diffraction effects. In order to reduce the number of diffractioRoints are determined. In the example shown in Fig. 6, only
calculations associated with the Fresnel zone edges, only the edge closest to the source (shown as a heavy dashed line)
edge that most significantly interfered with the Fresnel zof@lls inside then = 0.5 Fresnel zone.
is used. The additional diffraction loss caused by the edge
is obtained from the application of a simple formula for a ) ) )
nonobstructing knife edge [15]. D. Diffraction at Vertical Edges

The effect of diffracting past all of the significant edges can Diffraction at vertical edges (corners) are treated in a manner
be determined from numerical integration [12], [14]. Howevesimilar to that of a 2-D ray trace in the horizontal plane,
for the predictions reported here we have used a simplifiachere building corners are represented by a point. Vertical
procedure that is more computationally efficient. If the lighlane segments that pass through the corner’'s capture circle
of convex hull points has four or fewer edges, the UTRre considered to have illuminated the corner and are stored
diffraction coefficients [11] for all the edges are cascadeds a series of source planes for that corner. The vertical edge
For more than four edges in the convex hull, a procedureissthen treated as a secondary source of vertical planes, whose
used to select the four edges used to approximate diffractiegrtical extent is limited by the largest illumination wedge
over the rooftops. This procedure retains the edge closestofoall the source planes. Single-corner diffractions are the
the receiver and the one immediately after the transmitter.résult of illumination from the source, which may illuminate
then finds the two other edges falling in between that protruttee edge after one or more reflections and/or diffraction at
the furthest above the line joining the source and receiver.hbrizontal edges, while double-corner diffraction is due to
one of the edges in the convex hull is a back diffracting edgédumination from first-order corner-diffracted rays, again, after
then it must be retained and the other three edges are fodimdher possible reflections and diffractions at horizontal edges.
by the procedure just outlined. An example of diffraction around the building is shown

The VPL method will allow for a single-back diffractionby the dashed rays in Fig. 2. The incident or source ray
from a horizontal edge anywhere along the ray path. If the tdjuminates the corner after traveling over two buildings while
edge of a wall is illuminated, but the vertical wedge reflectettie diffracted rays originate at the corner and are traced
from the wall fails to illuminate the top edge of the next walidentically like the rays from the transmitter.
then a back diffraction is considered to have occurred at theWhen a plane that is diffracted from a vertical edge illumi-
first edge. The back diffraction acts as a secondary sourtaes a receiver point, the list of reflecting walls and horizontal
and is implicitly carried forward because the vertical wedgedges for each vertical plane that illuminated the corner is
immediately after the back diffracting edge has an infinitattached to the list of horizontal edges between the corner and
extent inz once again. For this instance, the geometrical optibe receiver. The diffraction coefficient [11] for the corner is
rays do not propagate over the rooftop but rather it is tlketermined from the angles that the incident and diffracted
diffracted rays that carry energy over the building. Since basfertical planes make with the normal to the illuminated wall.
diffraction is a comparatively weak propagation phenomenohhen using the techniques described in the previous section,
we allow for its inclusion only once along a ray path. Thall the diffracting horizontal edges, if any, are found and
addition of a back diffraction edge is treated in a slightltheir excess loss is calculated. Finally, the total path loss is
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Fig. 6. \Vertical profile of horizontal diffracting edges.

the sum of the free-space path loss and the excess path loss Ill. PREDICTIONS IN AN URBAN ENVIRONMENT

due to reflections, horizontal, and vertical edge diffractions. \jeasurements were conducted by AT&T at 900 and 1900
This procedure is performed once for each source ray thati; in the downtown core of Rosslyn, VA, which is com-
has illuminated the corner. For double-corner diffraction, a}Urised of a few lower buildings dispersed among mostly
combinations of vertical planes from the source to the firgt;n_rise office buildings, as shown in Fig. 1. The building
corner from the first to the second corner and from the sec tprints, as well as the transmitter and receiver locations,

corner to the receiver need to be used to find all possible 13y 5re shown in Fig. 7. The 400 receivers or prediction points

paths. are ordered consecutively for each street along the drive route
and are located 5 m apart and approximately 2.5 m above the
E. Ground Reflection ground. Transmitters 5 and 6 are on rooftops at a curb height

. . . of 42 and 44 m, respectively, and both employ directional
A reflection from the ground is accounted for by assuming .\ (beamwidth 25-30with Tz5 directed along the

the ground is horizontal in .th? vicinity of the rgceiver. Th%ositiveu axis andZ’xz6 along the positiver axis in azimuth,
two-ray model for paths within the same vertical plane While both are downtilted ® All other transmitters use an

then used,_ ta!qng the source in the “’Yo'fay mode| .to be tBﬁwnidirectional antenna at both frequencies and are located
closest point in the convex hull. The fields of the direct an m above street level

ground reflected rays are added coherently to allow for their

L . he measurements were taken simultaneously for both
destructive interference at large distance. The ground reflecied, | .ios and one second average of the signals were

pathr, has a path _Iength equal to the distance from the imapélcorded at 1-m intervals as the measurement vehicle drove

soflljrce (th the recewer_. Theblength of the diregiand ground down each street. The measured path loss for each prediction

reflected rays, are given by points was determined from the average of all measurements
points that were within a 5-m-diameter circle of the receiver

re =@ -2+ W—y)>2+(z—2)° in order to average out the fast fading of the signal. For
s (@ comparison, we have predicted the sector averaged received
Ty = \/(a: -+ y—-vy)+ (z + 2 — 2zg) power normalized over 1 W of transmitted power by summing

the individual powers of the contributing rays [16], except for

: the use of the two-ray model to account for ground reflections.
where(z’, 1/, 2') and(z, y, z) are the coordinates for the clos-

est point in the convex hull and the receiver point, respectively, ) . .

and z, is the height of the ground at the receiver. The effeé' Comparison with the Slant/Vertical Plane Method

of coherently summing the two rays can be approximatedFor a rooftop transmitter, the dominated propagation mech-
by the product of the direct ray signal and the facdr— anisms are expected to include paths that go over as well
I, ek —r0))|2 wherel, is the Fresnel reflection coefficientas around the buildings. This includes paths that travel over a
for a plane wave incident on a lossy dielectric half-space. series of buildings before diffracting at a horizontal edge down
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Fig. 7. Transmitter and receiver locations for core Rosslyn.

to the receiver. In conjunction with this path directly over thinstead of the diffraction cone of rays [1]. This approximation
buildings, there can also be rays that reflect from a buildingtroduces a small error to the ray trace since the ray that
wall in the vicinity of the source before propagating over tharrives at a receiver is not completely contained within the
buildings and rays that reflect from a building wall near thenfolded vertical plane segments.
receiver after the ray has gone over the other buildings. Finally,Predictions for the rooftop antenna were made with both the
paths that undergo a single diffraction at a vertical corner of\PL and SP/VP methods. Fig. 8 compares the predictions of
building in combination with propagation over lower buildingshe VPL method (dashed curve), the SP/VP method (dotted
or reflections will also contribute to the total power receivegurve), and the measurements (solid curve) Tar5. The
at the receiver. thick vertical lines separates the receivers along different
The SP/VP method, as described in [5], is intended &reets of the measurement area. The VPL method is seen
account for the paths that propagate over as well as around i@rovide better agreement with the measurements compared
buildings by confining the rays to lie in a set of orthogonavith the SP/VP method, especially for receivers close to the
planes that contain the transmitter and receiver. This apprdsansmitter (receiver numbers 1155-1182 and 1315-1325). For
imation can accurately predict the path loss if the differenéBese locations the SP/VP method misses some important
in height between the transmitter and the receiver is not veigys reflected from the buildings because those rays are not
large, and if the buildings are of nearly uniform height. On theonfined to either the slant or vertical planes. The VPL method,
other hand, for a rooftop transmitter, the slant plane beconft@vever, can account for rays that propagate over buildings
very steep and cannot properly account for ray paths that i@oaddi.tion to reflecting off a nearby building close to the
not lie in this plane. For example, any ray that undergoes mdf@nsmitter or the receiver. _ _
than one reflection does not lie in the slant plane. An additional There is also a considerable improvement in computational
deficiency associated with a very steep slant plane occurs wiigi¢ of the VPL method over the SP/VP method since only
the slant plane fails to intersect with the buildings that a Single ray-trace set needs to be performed for the entire
further from the transmitter than the receiver. In this case,Sgt Of receivers in the VPL method. On the other hand, a
is possible that a ray path can interact with those buildin§§Parate ray tracing must be done for each distinct set of
before illuminating the receiver. §Iant and vertical planes between each transmitter and.recelver
The VPL method overcomes the limitations of the Sp/viP the SP/VP method. In general, the VPL method is able
method because it allows the ray path between the source Sh@roperly account for the ray paths for a rooftop antenna
receiver to lie anywhere in 3-D space. Although the actu‘éﬂ'th substantially better run-time performance than the SP/VP
ray tracing is confined to the vertical plane, the process WthOd'
unfolding the all the vertical plane segments when resolvin ) )
the vertical displacements allows the rays to travel any pathfn Comparison with the 2-D Method
3-D space. The only approximation to the ray path in the VPL For street-level transmitters that are 10 m above the ground,
method is that the rays diffracted at a horizontal edge are takkée predictions for the VPL and 2-D ray trace in the hori-
to lie in the incident and specularly reflected vertical plane®ntal plane are expected to be similar when the surrounding
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Fig. 8. Comparison of VPL and SP/VP methods versus measurements of rooftop antenna at 900 MHz.
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Fig. 9. Comparison of VPL and 2-D methods versus measurements for street level at 1900 MHz.

buildings are much higher. In a high-rise urban environment, Fig. 9 shows a comparison of the predictions obtained from
propagation over the buildings does not significantly contribuge 2-D ray trace (dotted curve), the VPL method (dashed
to the total power received. Instead, the dominate propagatiturve), and the measurements (solid curve)farlb, which
paths are expected to lie in a nearly horizontal plane thatlocated near the center of core Rosslyn (shown in Fig. 7).
contains the transmitter and all the receivers. Therefore, thike predictions for both methods were made by allowing one
propagation mechanisms are associated with specular reflamner diffraction and up to six reflections before and after
tions from the walls, in combination with single or doublehe corner diffraction. In combination with this, the VPL also
diffraction at the vertical corners of the buildings. These rapcludes a maximum of up to four diffraction at the horizontal
paths can be accurately and readily found by performing a 2Hnilding edges. In general, the predictions for both methods
ray trace in the horizontal plane. are more optimistic than the measurements, especially along
For an environment containing buildings of mixed heighhe line of sight streets. On the other hand, along streets that
where not all the buildings are significantly higher than thare heavily shadowed from the transmitter, the 2-D method
source or the receiver, propagation paths that go over iasvery pessimistic while the VPL method provides closer
well as around the buildings are needed for some receiggreement with the measurements. This is particularly evident
locations. In these cases, the 2-D ray trace provides pessimific the receivers located on streets that are on the extreme
predictions. On the other hand, the VPL method retains theft and right margins of the measurements areas (receiver
rays propagating over the buildings by accounting for tHecations 1001-1021 and 1357-1400). For receiver locations
vertical dimension within the ray trace. 1001-1021, the 2-D method provides slightly pessimistic pre-



LIANG AND BERTONI: NEW APPROACH TO 3-D RAY TRACING FOR PROPAGATION PREDICTION IN CITIES 861

118100 T T T T

118000

117900

117800

117700 -

y (m)

117600

117500

117400

| | 1

| | i
300 237400 2375?0) 237600 237700 237800 237900
X (m

117300 L
237100 237200 237

Fig. 10. Transmitter and receiver locations for south Rosslyn.

TABLE | able to reduce the large variabilities of the other methods as
SUMMARY OF THE PREDICTION ACCURACY FORCOMPARISON BETWEEN METHODS  reflacted in the smaller value of Eor Tx4b, n is |arger for
900Mz 1900MHz the VPL method because it does not give the very pessimistic
_ Tx 4b __Tx5 _ Tx 4?) . Tx5  prediction of the 2-D method at locations 1359-1400, which
TaB) 4“17)2 \6%; \AE/;P \3134%) a5 5“?2 \GIOE \OZZ offset the generally optimistic predictions of both methods.
o (dB) | 7.77 | 758 | 12.63 | 7.66 o (dB) 830 7.65 | 706  Forlws, the VPL method gives significantly smaller average
error and standard deviation.

dictions while the predictions from the VPL method matches , . i

more closely with the measurements. On the other side &f Comparison with Measurements for Ottir Locations

the prediction area at locations 1359-1400, due to heavyOther sets of measurements were conducted in core Rosslyn

shadowing the 2-D prediction are so weak that they fall belofer three additional transmitters location&«la, 7'z20, and

the bottom limit of the graph. On the other hand, the VPII'z6) shown in Fig. 7, as well as for two other transmitters

method still gives pessimistic predictions although they a(@z10 and7’z11) located 10 m above street level in a region

now within 20 dB of the measurements. that is shown in Fig. 10 south of the core area. The buildings
In general, the VPL method is able to provide better resultgthin this area are similar to those in core Rosslyn, except

than the 2-D method for a mixed-height building environmem the region located at the bottom left-hand third of the

such as it exist in Rosslyn. This improved result is due tmap, where there are mainly low-rise residential buildings.

the VPL method’s ability to account for rays that propagaté/ithin this region there are 714 receivers locations numbered

over the buildings that are not considered in the 2-D methazbnsecutively along each street, as shown in Fig. 10, that are 5

The cost is the increase in the computational time due to theapart and 2.5 m above the ground. There is also considerable

additional complexity of considering rooftop diffraction. terrain variation along both the andy axes within this south
In order to provide a quantitative assessment of the accurd&®gsslyn area.
of each method, the averagg) and standard deviatiofr) ForTz10 in south Rosslyn, the predictions at most locations

of the prediction error is calculated for the difference betweere in good agreement with the measurements, as shown
the predictions and measurements. The average error is useéig. 11. The predictions follows the major trends of the
to show the systematic error of the prediction method, whiteeasurements for all streets except for receiver locations
the standard deviation of the error is intended to show thetween 3352-3416 and 3598-3663 were they are 10-20 dB
range of variation which would indicate the accuracy of thieelow the measurements. For these receivers the pessimistic
predictions. Table | shows the prediction errors for the VPpredictions of VPL method result because we have allowed for
method and the other two methods for both frequencies. Fanly one diffraction from a vertical edge. When compared with
all transmitter locations, the comparisons do not include tliee 2-D ray trace where double diffraction at vertical edges is
results for the receivers along Arlington Ridge Road (receivercluded, it is evident that two vertical edge diffractions need
locations 1357-1400) because the building database did twbe accounted for in order to narrow the difference. The need
include a chain-linked fence lining the far side of the streéb include double vertical edge diffraction is also evident for
which would have been a significant scatterer. The VPL Bx11, as shown in Fig. 12, where predictions for the receivers
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TABLE I
SUMMARY OF THE PREDICTION ACCURACY FORVARIOUS OTHER 7'« LOCATIONS
900MHz 1900MHz

n (dB) [ o (dB) | n (dB) [ ¢ (dB)
Tx 1la -1.40 10.03 -1.19 10.10
Tx 2b 3.41 9.01 2.90 9.34
Tx 6 -8.44 5.92 2.79 6.14
Tx 10 -5.03 10.67 -3.84 11.84
Tx 11 0.11 10.52 -0.51 11.33

overall predictions.
Table Il lists the prediction errors for the rooftop and stree@Nténnas.

level antennas in core Rosslyn and the two 10-m base stations

in south Rosslyn. As in the previous cases, the prediction

errors for transmitters in core Rosslyn were calculated withoutThe VPL method is a robust ray-tracing technigque that can

the results for the receivers along Arlington Ridge Road (iprovide relatively accurate site specific propagation predictions
1357-1400). In all cases, the predictions are on average mirea heterogeneous building environment of a city for base-

3500 3600 3700
TABLE llI
AVERAGE STATISTICAL RESULTS FOR BOTH TYPES OF TRANSMITTING ANTENNAS
900MHz 1900MHz
Tx 7 (dB) | o (dB) | n (dB) | o (dB)
Street Level 2.35 9.22 2.28 9.88
Rooftop -7.23 6.80 0.97 6.91

pessimistic than the measurements, primarily as a result of
some receiver locations where the predictions are very low. In
located in the deep shadows are more pessimistic than figSe regions it is necessary to account for rays that undergo
double diffraction at vertical edges, especially for street-level

IV. CONCLUSION
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station antennas located at various heights above the ground. surfaces in mobile radio environmentZEE Trans. Antennas Propagat.

i i vol. 44, pp. 341-351, Mar. 1996.
T.he VPL is able to m.dUde a lafrger class of rays than th 9] L. B. Felsen and N. MarcuvitzRadiation and Scattering of Waves
simpler 2-D ray trace in the horizontal plane, or the SP/VP™ gnglewood Cliffs, NJ: Prentice-Hall, 1973.

method where the rays are confined to the slant and verti¢dll R. F. Kouyoumjian and P. H. Pathak, “A uniform geometrical theory of

planes between the transmitter and receiver. The method is sglfrag;'ogpforlj‘zﬁ’i%%l'” ,"\"IOF\’/e”legc;'z’ conducting surfaderbc. IEEE

able to overcome the deficiencies of the other methods withquf] R. J. Luebbers, “Finite conductivity uniform GTD versus knife edge

restoring to the complexity of a full 3-D ray trace. The ability  diffractionin rliredicggn of Proopa96ati0n patgéoﬁEEE Trans. Antennas

- _ : : : Propagat, vol. AP-32, pp. 70-76, Jan. 1984.

to T'nd the 3-D r_ay paths is partlcu!arly necessary for recel\{ﬁrz] L. E. Vogler, “An attenuation function for multiple knife-edge diffrac-

points that are in the nonLOS regions where the propagation tion,” Radio Sci. vol. 17, no. 6, pp. 1541-1546, Nov./Dec. 1982.

mechanisms into the regions are not intuitively obvious. [13] J. Walfisch and H. L. Bertoni, “A theoretical model of UHF propagation
. . in urban environments,/EEE Trans. Antennas Propagatol. 36, pp.

The model was validated with a large number of mea- 1785 1706 Dec. 1988.
surements for both rooftop and street-level transmitters ] H. H. Xia and H. L. Bertoni, “Diffraction of cylindrical and plane waves

; i i ; by an array of absorbing half-screenEEE Trans. Antennas Propagat.
various locations of Rosslyn, VA. For each transmitter site, the vol. 40, pp. 170177, Feb. 1092,

average(n) and the standard deviatid@) of the difference [15] w.c.Y. Lee,Mobile Communications Engineeringst ed. New York:
between the predictions and the measurements were calculateﬁc]zl.MCIC_Br%W-HiII,_ 1\?v82|l| harenko. L. R. Maciel. and H. H. Xia. “UHE
: . L. Bertoni, W. Honcharenko, L. R. Maciel, an . H. Xia, “

In order to Obta_m an overall sense of accuracy for the VP[E propagation prediction for wireless personal communicatioRsgc.

method, the weighted averages mfand o for all the street IEEE, vol. 82, pp. 1333-1359, Sept. 1994.

level and rooftop antennas at both frequencies were computed

and are listed in Table Ill. Table Il indicates that the VPL

method is able to provide predictions that have an average

difference of about 2 dB for street level antenna and .= George Liang (S'89-M'91-S'95-M'98) was born

standard deviation of approximately 9 dB at both 900 and 19 ] in Hong Kong on March 6, 1968. He received

MHz. For rooftop antennas, Table Il show a larger systemat the B.S. degree in electrical engineering from the
: ) p ) ! g y University of British Columbia, Vancouver, Canada,

error associated with the 900 MHz results while a standa in 1991, and the M.S. (in electrophysics) and Ph.D.

deviation of about 7 dB is obtained for both frequencie:

degrees (electrical engineering) both from Polytech-
In general, the results listed in Table Il are very good i respectively.
From 1991 to 1994, he was employed at Timber

for site specific propagation predictions. Further improvemer Ve I Er

b ted from the VPL technique bv making t 1994 he joined the propagation prediction group at
can be expec q y g I'F%Iytechnic University as a Research Assistant. Since 1997 he has been the
station and the inclusion of a more accurate model for terrdighnology research firm that he co-founded. The focus of his work involves
effects the development of a full-function propagation prediction software tool for

nic University, Brooklyn, NY, in 1995 and 1997,
comparison to other theoretical and empirical methods us
Hill, Inc., Valhalla, NY, as an Network Engineer. In
prediction with double vertical-edge diffraction for low bas@resident and Principle Researcher at Site Ware Technologies, Inc., a high
mobile and wireless communications.
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