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Influence of Diffraction Coefficient and Corner Shape
on Ray Prediction of Power and Delay Spread in
Urban Microcells

Hassan M. El-SallabiStudent Member, IEEESeorge LiangMember, IEEEHenry L. Bertonj Fellow, IEEE
loannis T. RekangsMember, IEEEand Pertti VainikaingnMember, IEEE

Abstract—For a low base-station (BS) antenna located on one
street, signals propagate into crossing and parallel streets by
reflection and diffraction at corners of buildings. Therefore, in
order to accurately predict the received signals, it is necessary to
properly model the diffraction coefficient at the building edge and
to accurately represent the shape and the electrical properties of
the building near the corner. This paper compares ray-tracing
predictions to measurements of received power and root mean
square (rms) delay spread and shows the need for a diffraction
coefficient having larger values than suggested by the commonly
used heuristic diffraction coefficient. A new heuristic diffraction
coefficient is proposed that has higher diffracted field strength
in the deep shadow region and in the region between the two
shadow boundaries. The proposed diffraction coefficient shows
better agreement with measurements of both received power and
delay spread compared to the commonly used heuristic diffraction
coefficient. The influence of building shape near the corner and
its electrical properties on the ray-tracing predictions are also
presented. The shape is shown to have an important role in
accurately predicting both received power and delay spread.
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Index Terms—Heuristic diffraction coefficient, ray prediction,
microcellular environment.

I. INTRODUCTION

HE DEPLOYMENT of high-speed digital communication
systems in urban environments will place new demands
on propagation models. Developed propagation models shofiil 1.  Picture of a building corer.
accurately predict the amplitude, delay, and direction of arrival
of multipath echoes created by the propagation environmeB§ antennas, reflection near building corners and diffraction
which are important parameters for new broad-band comat the corners are important in diverting the radio signals into
munication systems. The most common modeling approashadowed regions. Near the corner, reflected rays give the dom-
is ray tracing, which is based on geometric optics. Recentlgant contribution, while far from the corners the diffracted rays
ray-tracing techniques have been used for the prediction are the most dominant. Thus, accurately modeling building cor-
multipath components in site-specific scenarios [1]-[9]. ners, such as that shown in Fig. 1, is important for predicting
The accuracy of ray tracing depends on the physical procesgigs signal characteristics in the shadow regions. Moreover, the
that are taken into account and the accuracy of buildings daghoice of the diffraction coefficient is important for predicting
base. Reflection and diffraction are the main physical processis signal amplitude far from the corner.
that are considered in outdoor ray tracing algorithms. For low Diffraction formulas are well established for perfectly
conducting infinite wedges through the uniform theory of
Manuscript received June 21, 2001, revised March 6, 2002. This work \AgisffraCtion (UTD) [10], [11], for absorbing wedges [12],
supported by the Helsinki University of Technology (HUT), the Academy ond for nonperfectly conducting surfaces [13]-[16]. Many
Fin_land,ggt_iriTr; g?rérkz)s(/) &Ten%%r:tetré cfﬂL Qddﬁir\ﬁgitTechology in Telecommurif the impedance-surface diffraction formulas are based on
CaIt-llt.)rll\/?. (EI-SaIIabi, I.T. R)clekano)é, and P. Vainikain)gn are with the Radio LabMaHUthets_’ SOIUtlor,' [17] qnd are, rather cumpersome fo use
ratory, Helsinki University of Technology, FIN-02015, Espoo, Finland (e-maifOr' propagation prediction in mobile communications. Thus,
hsallabi@cc.hut.fi). the difficulty of using the rigorous solutions for propagation
G- Liang is with the EMAS Technologues Inc., Ain Arbor M1 48108 USAprediction forces simplifications to be made. In order to treat
H. L. Bertoni is with the Department of Electrical Engineering, Polytechnit,. . . .
University, Brooklyn, NY 11201 USA. diffraction over hills and mountains, Luebbers [18] modeled
Publisher Item Identifier S 0018-926X(02)05460-1. them as dielectric wedges by heuristically modifying the
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perfectly conduction UTD diffraction coefficient [10], [11]. ¢
The problem with Luebbers’ heuristic diffraction coefficient
(LHDC) is that it is small in the region between the two shadow
boundaries, and that it has a deep null in the illuminated
region that does not appear to have a physical basis. As a
result, amplitude predictions made by using the LHDC in the
aforementioned regions are low. In [19], [20] an improvement Source
of Luebbers’ diffraction coefficient is made to eliminate the dip
in the diffracted field in the lit region but it is not clear if the
presented definition of reflection angles is universal. Holm [21]
has proposed a further modification of the LHDC. However, 0-face n-face
this modification does not address the value of the diffracti%g_ 5
coefficient inside the illuminated region and the null found for
the LHDC. In addition, the diffracted field is still low in the
region between the two shadow boundaries. pends on the anglesand¢’ between one face (usually O-face)
As applied to diffraction at building corners, it may not befthe wedge and the observation point and source point, respec-
realistic to even model the corner as an impenetrable wedtjeely.
The internal structure of the walls near the corner, as well asLuebbers introduced a heuristic modification to the UTD
penetration through windows near the corner, render all of tHéfraction coefficient (for a conducting wedge) to be applicable
forgoing diffraction coefficients invalid. One realization of &0 finite conductivity dielectric wedges in order to make the
building corner is analyzed using the finite-difference time-ddields continuous across the shadow boundaries. He identified
main (FDTD) method [22]. The FDTD diffraction coefficient istwo of the four terms in the diffraction coefficient of the
indeed larger than that of Luebbers’ over the range of diffractigrerfectly conducting wedge [10] and multiplied them by the
angle of importance for turning corners in urban canyons. In thigane wave Fresnel reflection coefficient. He conjectured that
work, we propose a simple new heuristic diffraction coefficierthis approach would yield a reliable estimate for the diffraction
(NHDC) in order to gain the benefit of the larger diffracted ameoefficient, particularly, around the incidence and reflection
plitude predicted by the absorbing wedge diffraction coefficieshadow boundaries. LHDC is applicable when the wedge inte-
[12] for glancing rays, and yet makes the total field continuour angle is large, the observation point lies near the shadow
at reflection shadow boundaries [10]. The NHDC overcomésundary, and the observation angles are larger than the angles
both problems that appear when the LHDC is used, i.e., the af-incidence [19]. Detailed formulation of the LHDC can be
tificial dips and the low value in diffracted signal strength. Aound in [18].
set of wide-band measurements of amplitude and delay spreadhe LHDC is plotted in Figs. 3(a) and (b) for the cases when
made in Helsinki are used to evaluate and compare the predie source can see one or both faces of a right angle wedge, re-
tions made using the new heuristic diffraction coefficient angpectively. For low antennas oriented for vertical electric field,
those made with LHDC. the field is nearly parallel to the vertical building corners. Thus,
The formulation of the diffraction coefficient is presented ithe plots in Fig. 3 are made assuming the transverse electric
Section Il. An overview of the vertical plane launch ray tracin¢TE) polarization. The diffraction coefficient has a peak at the
algorithm used in predictions is given in Section Ill. Thehadow boundary of the incident and reflected waves in Fig. 3(a)
wide-band measurement system and the measurements naautkat the reflection shadow boundaries in Fig. 3(b). The figure
in Helsinki, which are used for comparison, are described $fows that the diffraction coefficient has a null fgrto the
Section IV. Section V discusses the influence of the diffractideft of the shadow boundary and is small in the region between
coefficient on the predictions and presents the comparistire two peaks which occur at the two shadow boundaries. The
between predictions and measurements of both received powelt does not appear to have a physical basis. It seems to come
and rms delay spread. The influence of the building corngpm the mathematical formulation. We have also plotted in
shape on the prediction of these parameters is describedrig. 3 the diffraction coefficient for a wedge with absorbing
Section VI. faces [12]. The coefficient magnitude has a peak at the inci-
dent wave shadow boundary, but none at the reflection shadow
boundaries. However, it is larger than Luebbers’ coefficient for
rays glancing along the face of the wedge, which are responsible
When the source and observation points are both in the pldagthe received signal at distances far from the corner.
perpendicular to an edge, the diffracted electric field is given by In order to gain the benefit of the larger diffracted amplitude
predicted for glancing rays by the absorbing coefficient, and to
preserve the continuity of the total filed at the reflection shadow
p' o—ike 1 boundary, we propose a new heuristic diffraction coefficient.

Field point

Ray geometry for diffraction by a wedge.

Il. DIELECTRIC WEDGE DIFFRACTION COEFFICIENT

Fag = E;D(¢,¢)

plp+p") The proposed NHDC is given by
whereF; is the incident field at the edge. The termsandy ) ) = — 1
represent the distance from the source to the edge and from the v2rk

edge to the observation point, respectively, as shown in Fig. 2.

The termD(¢, ¢') is the UTD diffraction coefficient, which de- x
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functions are responsible for making the field continuous across
the shadow boundaries. The reflection coefficients are given by

cos§; — ap cos b,
FO n —

2

(4)

cos ; + ap cos 6,

[aa]

;“ 3ol wherea, is /e, for parallel polarization and is/,/e,. for per-

S pendicular polarization of the electric field. The angles of in-

§ _agh i cidence#d; and refractionf, are measured with respect to the

g ~o Absorbing (Felsen) normal of the wedge face 0 ar.

”" _s0- 7 Ditectric gmvgbers) | The magnitude of the NHDC for a right-angle wedge and for
—o— FDTD simulation TE polarization is plotted in Fig. 3. Itis seen that this coefficient

60 ] is equal to or greater than the LHDC for almost all valueg of

including angles in the regions between the two shadow bound-
aries. Moreover, the new diffraction coefficient is much stronger
for ¢ approaching0° when¢’' = 45° [Fig. 3(a)] and some-
Angle ¢, degrees what stronger for small angleswhen¢’ = 120° [Fig. 3(b)].
0 . . Fa) . ‘ These conditions are significant for coupling energy from the
line-of-sight (LOS) street into a cross street at an intersection
of the four building corners. In this case, the strongest diffrac-
tion contributions to the coupling come from the building corner
whose two faces are visible from both the LOS street and the

0 50 100 150 200 250 300

@ side street. Diffraction at this corner corresponds to Fig. 3(b)

g with ¢ lying between the two shadow boundaries. Because the

S NHDC is larger than Luebbers’ coefficient, the use of the NHDC

a | will substantially increase the predicted signal.

6;3 In order to further justify the use of the NHDC, we have con-

u sol o~ Absorbing (Felsen) | sidered one realistic type of building corner and have computed
T Dicloctic (Leabbers) the diffraction coefficient using the FDTD method. The building
—o— FDTD simulation | corner assumed for this simulation is a hollow dielectric wedge

having wall thickness of 0.5 m, with a square conducting post
embedded in the corner to represent a structural element in the

% 50 100 150 200 250 300  building frame. A dielectric relative permittivity of 5 and con-
Angle ¢, degrees ductivity of 0.005 S/m at frequency of 900 MHz were assumed
) forthe walls. Using the FDTD, we calculate the field at 53 points

uniformly distributed on an ar@®° < ¢ < 270°) of radius equal
Fig. 3. Comparison of diffraction coefficient for a 9@ielectric wedged,. = t03m and Centered-at the building _corner. The Simu-lation re-
5, = 0.005 S/m) for source and receiver at a distapce 3 m. (a)¢” = 450, SUItS areé processed in order to obtain the diffracted field from
(b) ¢’ = 120°. the total field. The FDTD diffraction coefficient is also plotted
in Fig. 3. The abrupt increase at 2655 due to our inability to
_ ) . separate the diffracted field from the field transmitted through
or by (3)given at the bottom of the page; whichever is greaterjfe 1yjding walls. Fig. 3 illustrates that in the illumination re-
magnitude. The angles and¢ are the incident and diffracted 4o pefore the first shadow boundary, the FDTD coefficient
ray angles with respect to the illuminated face of the wedge aigs its own variation, but is larger than Luebbers’ coefficient
n is related to the internal angle of the wedg®y the relation 5\or most of the range af. However, forg in the important
¥ =(2-n)m. region between the two shadow boundaries, i.e., between the
Equation (2) is just the diffraction coefficient for an absorbingeaks, the FDTD diffraction coefficient is nearly equal to the
wedge and includes only the incidence shadow boundary. TREIDC. Other corner constructions will lead to somewhat dif-
two additional terms in (3) are added heuristically in this work tterent diffraction coefficients, and deserve further study. How-
represent the reflection shadow boundary, which does not exaser, comparisons of measurements with ray predictions, which
in Felsen’s diffraction coefficient for an absorbing wedge [12hre discussed below, further confirm the need to use a diffrac-
The functionsF"(kLa™ (¢ + ¢')) are related to the complemen-tion coefficient having larger values than those predicted by the
tary error function, and are defined in [10], [11], [18]. Thes&HDC.

(m =1l —¢|)~ - FlkLa™ (¢ — ¢')]
L[+ lo =@/ - FlkLa® (6 - @) @)
ork | +Lo[r — (¢ + ¢ ' - FlkLa (¢ + ¢')]

+0, [+ ¢ — (2n — Dm]~t - FlkLa™ (¢ + ¢')]

D(¢7¢/) =
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lll. THE VERTICAL PLANE LAUNCH (VPL) ALGORITHM

x 10°
6.6751 Q
The vertical plane launch (VPL) method [3], [4] is a robust \—'—\:‘ L‘J » Q

three-dimensional (3-D) ray-tracing technique that can com- ge7sk g
vironment for base-station antennas located at any height. Th 3,674g> I ] LWL G [Eg E::\

pute the multiple arriving rays in a heterogeneous building en-

VPL approach accounts for specular reflections from vertical H
building surfaces and diffraction at vertical edges and approxi- ¢ 748 [
mates diffraction at horizontal edges by restricting the diffracted

M
Corner A
rays to lie in the plane of incidence, or in the plane of reflection. 6,6747>y Oﬂ 1 J

This approximation allows the rays to be found by first applying
the shooting and bouncing ray approach in the horizontal plane g 746k
to find the vertical planes, followed by analytical construction [
of the vertical ray path in the unfolded vertical plane. As a re- 6.6745> o
sult, the VPL code runs significantly faster than the full 3-D /\ ‘ AA 1 s
computer codes. When unfolded, each vertical plane contain 5857 0855 0859 38 3861 3862 3863 8.864 3865
two rays, one that reaches the mobile directly and one that is x10°
LeﬂeCtIed by the ground. The fields of these rays are added ¢gy 4. Microcellular measurement environment with measuring routes.
erently.

In the version used for this study, the VPL method neglects ~ © ' ‘ ' ' ' ' '
rays that are transmitted through the building, diffuse scattering
from the walls, and rays that travel under a structure. The _4q
received power delay profile for a pulsed source can be pre
dicted by individual versions of the transmitted pulse, delayec-c
according to the ray path length and weighted by the ray fielc § 20
amplitude. The statistical properties of the delay profiles car & s
be obtained from ray simulations. Details of the VPL algorithm 3 '
can be found in [3].

]
w
(=]

Normalized pow
A
f=]

IV. HELSINKI MEASUREMENTS

A measurement campaign was carried out in the city center @ — E-plane co-polarization
Helsinki. Finland. Fig. 4 sh th t . =50} | E-plane cross polarization
elsinki, Finland. Fig. 4 shows the measurement environmen —— H-plane co-polarization
and routes over which the transmitter is moved. The averag —— H-plane cross-polarization

height of the surrounding buildings is about 25 m. The routes -so : ' ‘ ' ' : .
L2 : . ; -150 -100  -50 0 50 100 150
in Fig. 4 are designed to measure microcell coverage for dis Angle, degrees
tance less than 1 km using antennas that are low compared to
the surrounding buildings. For future broad-band systems aFigl 5. Radiation pattern of a base-station antenna element.
networks, the received power and rms delay spread are param-
eters of concern and will be discussed here. Cell coverage grudarization. Each element of the array is a stacked microstrip
interference analysis are correlated with received power. Megatch antenna having two separate feeds for orthogonal polar-
while, the maximum data rate is directly related to the rms del&@ations with high cross-polarization discrimination (XPD) and
spread. sufficient bandwidth to meet the requirement of the measure-
The measurement system is based on a linear array of rhBnt system. Fig. 5 presents the radiation pattern of one ele-
dual-polarized antenna elements, slantdd®, with spacing of ment. The 3-dB beamwidth of the element is about B0the
0.7)\ between elements [23], and a complex wide-band raditplane and about 70n the H-plane. The XPD is higher than
channel sounder [24]. A wide-band signal is transmitted usi2® dB within the 3-dB beamwidth. The measured gain of the
a single mobile antenna, and received separately with eachetdment is about 7 dBi. The transmitter antenna is an omnidi-
the 15 antenna elements and both polarizations, using a fiesttional discone with gain of 2 dBi, vertical polarization, and
radio frequency switch. The carrier frequency of the soundé® dBm radiated power.
is 2.154 GHz and the receiver bandwidth is 100 MHz. A chip The route types shown in Fig. 4 are LOS and out-of-sight
frequency of 30 MHz is used for a pseudo random (PN) mo{0S), which includes both perpendicular and parallel streets.
ulating sequence of length of 127 in the transmitter, resultifthe routes C-D, G—H, L—-M, and P—Q shown in Fig. 4 represent
in delay resolution of 33 ns. In the receiver, the demodulateéifferent side streets that cross the LOS street with the receiver
signal is divided into phase |- and quadrature Q-branches aday, which is shown as the BS. The routes E-F and |1-J repre-
sampled with two 120 Msps analog-to-digital (A/D)-convertersent parallel streets at both sides of the LOS street. The trans-
The signal samples from each branch of the switch are themitter is placed on a trolley with the antenna of a height of 1.8
stored for off-line processing to obtain the complex impulse rea, and is moved over the measurement routes at an approximate
sponse (IR) of the channel corresponding to each element apeed of 1.1 m/s. The linear antenna array at the BS are located
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at heights of 3, 8, and 13 m. The measurement results presen ~ ~*°

here are only for BS height of 3 m.

Two IRs were averaged from each channel to reduce the ¢§
fect of switching between the antenna elements. The IRs fro;: _aoh
each element and polarization were recorded at a rate of appr &
imately 5 IRs per moved wavelength-@.14 m) at the given g -sof
speed. To avoid nonstationarity of the channel, the whole me §
surement campaign was carried out at night with no traffic. Th% 60
measured complex IRs of each element are obtained from t2
+45° slanted microstrip antennas. The complex IRs of the tw

polarizations are off line processed by vector addition to pr¢  _g . . . . . . .
0 20 40 60 80 100 120 140 160

—30F

= Measurements
— VPL with LHDC
—— VPL with NHDC

-70

duce the vertically polarized signals. The vertically polarize: Crossing Street Distance, m
power delay profiles are averaged spatially over antenna e (@)

ments and over a distance dfto remove any fast fading. The -3¢0
processed data are used to obtain both the wide-band recei
power and rms delay spread.

- Measurements
—— VPL with LHDC
—— VPL with NHDC

V. COMPARISON OFMEASUREMENTSWITH NHDC AND
LHDC PREDICTION

Comparisons between measurement results and prediction'§
the VPL algorithm using both the NHDC and LHDC are made< -7°
for the received power and the rms delay spread. For all pré
diction results shown here, the same simulation parameters ¢ ~2°}
used. Reflection at building walls is modeled by the Fresnel re .
flection coefficient using the permittivity,, = 5. This valueis % 50 100 180 200
consistent with the range. ~ 5-7 suggested by direct mea- Crossing Street Distance, m
surements [25]. For all predictions, rays are traced up to tr " . _ ' (b)
seventh order of reflection and including a single vertical corne
diffraction for receivers in cross streets, but allowing for doubli
vertical corner diffraction for receivers in parallel streets.

ved Power, dBm

|
[}
=]

—50}

— Measurements
— VPL with LHDC
~— VPL with NHDC

A. Wide-Band Received Power

For a PN probe signal, the spatially averaged wide-band rg -7
ceived power for a measured power delay profile can be calc§
lated as presented in [26], [27]. In order to maintain the site-sp g ~
cific information in the measurement results as much as possit=
and remove the fast fading, the measurement data are proces
to obtain a local mean power in steps of 0.5 m along the tras  _,4, . ;
eling route. The obtained mean measured power is comparec Crossing Street Distance, m ¢
the mean predicted power. The predicted mean power is col ©
puted with a spatial resolution of 0.5 m since it is calculated as
the sum of powers of the rays reaching the receiver, whichAg. 6. Power comparison of VPL with NHDC and LHDC versus
inherently the spatial average. measurements when mobile travels along perpendicular streets. (a) Route C-D.

1) Received Power in Perpendicular Streefsig. 6 depicts () Route G-H. () Route P-Q.
the measured and predicted mean power for routes C-D, G—-H,
and P-Q on perpendicular streets. Route C-D is at the endnath the NHDC is about 0.1 dB, and the standard deviation is
the block having the BS. In Fig. 6(a) the received mean powabout 3.7 dB. These values are lower than those obtained from
is close to—30 dBm in the LOS region, but it drops by aboutthe VPL with LHDC (see Table I).

20 dBm in near shadow regions, and a further 25 dBm far fromFig. 6(b) shows the corresponding comparison for route G-H.
the corner. Fig. 6(a) shows that the rate of power decreaséliee maximum received power along the route-i39 dBm in
higher in the near shadow region where reflected rays dominéte LOS region, with a minimum value of abouB0 dBm in

than in the deep shadow regions where the diffracted rays gthe deep shadow region. Fig. 6(b) depicts that the rate of power
dominant contribution. The predictions with the NHDC genedecrease from LOS to OOS is higher than that of the route C-D,
ally follow the measurements better than when LHDC is useghich can be explained as follows. Since the distance from the
However, at distances beyond 120 m the measured poweBB to the intersection of the route G—H is larger than that of the
lower compared to the power predicted by the NHDC. This magute C-D, the direct rays to the BS span a narrower range of
result from an error in modeling the large (about 15-m) colomngles. These rays are generated by rays that are multiply re-
nade entrance to a building by a flat surface in the building dafifected between the buildings on the side street. For route G-H,
base. The mean error between the measurements and the YHelrays on the side streets are more nearly perpendicular to the

Power, dBm

20
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TABLE |

SUMMARY OF POWER AND RMS DeLAY SPREAD PREDICTION ACCURACY FORCOMPARISON BETWEEN THE TWO DIFFRACTION COEFFICIENTS

POWER

DELAY SPREAD

VPL/NHDF VPL/LHDF VPL/NHDF VPL/LHDF

ROUTE | Mean | Std| Mean | Std Mean
(dB) | (dB) (dB) | (dB) (ns)

Std Mean Std
(ns) (ns) (ns)

C-D 0.06 |3.67|-3.94|4.06|-12.52

17.48 | -17.83 | 20.28

G-H 2.56(3.41]-0.72 | 4.88 7.82

19.97 5.64 | 19.28

P-Q |-0.26|4.58|-3.95|5.82|-15.18

15.12 | -18.75 | 17.12

E-F 0.07|3.48 | -5.77 | 3.43 5.13

134.27 | -17.78 | 111.89

I-J 4.12|13.85| 2.53|3.82|-23.59

81.43 | 55.87 | 113.33

buildings than that of the route C-D, so that more reflection: -85
are required for the same distance from the corner and henc
the signal falls more rapidly in going from LOS to OOS loca-
tions. This difference is seen by comparing the slope of tran% -75
sition in power from LOS to OOS locations in Figs. 6(a) and ©

(b). Fig. 6(b) shows that the predictions with the NHDC gener- g

ally follow the measurements and is closer than the prediction S -85

with the LHDC, especially for locations in the range from 0 to B
80 m. The mean value of the prediction error of the VPL with . >

NHDC is about 2.56 dB and the standard deviation is 3.41 dE 8 -95)-

The mean is higher than the corresponding value of LHDC bLfI
the standard deviation is lower (see Table I).

The comparison of results for route P—Q, which is about 40(2 -105F

m from the BS, is depicted on Fig. 6(c). Route P—Q has th
sharpest power transition from LOS to OOS as compared to 8

-70r

-80f

-90f

-100k
(U

-1101

== \Measurements
— VPL with LHDC
~— VPL with NHDC

the previous side streets. The mean prediction error of VPL witl  -115

NHDC for this route is about-0.3 dB and the standard devia-

tion is about 4.6 dB, which are both smaller than their corre:
sponding values obtained with LHDC (see Table I). It is cleal
that the predictions using the VPL with LHDC underestimates

the measurements. _70t

2) Received Power in Parallel Street&ig. 7 shows com-

parison results for routes E-F and I-J on parallel streets witt@ -75

respect to the LOS street of the BS. The comparison result
for route E—F in Fig. 7(a) show that the VPL predictions using ;

NHDC follow the measurement results quite well, in contrast to 85t

the predictions obtained with LHDC. From the mean and stan-g
dard deviation given in Table |, it is seen that the mean errorq, -90
using NHDC is much lower than that when using LHDC. As &

shown in Fig. 7(b), for the route I-J, both the LHDC and the ¢ £ 95

NHDC give similar results. On route |-J, there is a row of trees 8 _qol

in leaf in the middle of the street from 0 to about 150 m. This
may explain why the measured power is lower than the pre- -105

dicted power when the mobile is away from the crossing stree
-110

20 40 60 80 100 120 140 160 180
Parallel Street Distance, m

(2)

= Measurements
— VPL with LHDC
— VPL with NHDC

L | _

junction, since rays bouncing between the two sides of the par 0 50 100 150 200

allel street will experience more attenuation due to the trees. Ir
general, the comparisons for all routes indicate that the VPL
with the NHDC provides better agreements with measurement
results. Fig. 7.

Parallel Street Distance, m
(b)

Power comparison of VPL with NHDC and LHDC versus

measurements when mobile travels along parallel streets. (a) Route E-F. (b)
Route 1-J.

B. RMS Delay Spread

Dispersion in the delay domain is an important phenomenarificant
which is usually measured by the rms delay spread. It has a sgetion

effect on the design of communication systems. This
presents a comparison between predicted and measured
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TABLE I 100
SUMMARY OF MEASUREDRMS DELAY SPREAD INALL ROUTES 90 B
m— Measurements
T 8 — VPL w?th LHDC
v‘ MEASUREMENTS el —— VPL with NHDC
! o
- ROUTE [ Mean Std | Min Max =3
Py
(ns) | (us) | (ms) | (ns) §
o
C-D | 45.4| 23.5| 9.5|101.9 £
o
G-H | 41.3| 15.0| 9.6| 86.3 =
L-M 27.1 15.8 9.4 96.1
o . . . . . . .
P-Q | 51.0] 22.6| 9.5)134.5 ® % “Grossing Street Distance, m~ o °°
E-F 114.1} 103.3 9.5} 627.9 (a)
110 T
I-J 100.5 53.8 | 12.6 | 261.2 100l !

- Measurements
— VPL with LHDC
— VPL with NHDC

results of rms delay spread. The predictions are obtained usi
the VPL tool with LHDC and NHDC. For the sake of compar-
ison, it is necessary that the predicted power-delay profiles hag s
the same time resolution of the measurement system. In orc g
to achieve this, each arriving ray is assumed to have a time d g
pendence that is delayed version of the/Psequence used in =
the measurement system. The arriving multipath rays are th

added coherently in each time bin. As a consequence of tF

yspread ns

200

summation, the shape of the resultant power delay profile (ar ° % Grossing Street D|Stan§;° m
hence the rms delay spread) is a function of the phase of ma (b)
individual arriving rays. 120 ,
The phenomenon described above is also observed in me
e\, t:
surements of power during time delay bins due to coherenta _ 1ot = VRt with LHDG
— VPL with NHDC

dition of multipath arrivals. As a result, the rms delay sprean
obtained from measurements shows a wide range of fluctuatit & g o
from one point to the next along a measurement route. The siZ. @
tistics of the variation in rms delay spread along the various me w
surement routes is listed in Table Il. The minimum value of rm: 8
delay spread is almost the same for all routes and is related § 0
system resolution, while the maximum values are about nine =
more times the minimum values. On the heavily shadowed pz
allel streets, the mean value of delay spread is about two tim 0 s . . . ‘ ‘
0 20 40 60 80 100 120 140

greater than the mean value on the cross streets, and the m Crossing Street Distance, m
imum delay spread shows even greater variation. ©

It is not reasonable to expect propagation models to produce
better agreement with measurements than that obtained e-8. Delay spread comparison of VPL with NHDC and LHDC versus
tween identical measurements in the same location. Repeaggisurements when mobile travels along perpendicular streets. (a) Route C-D.

. oute G—H. (c) Route P-Q.

the measurements over the same route after a few minutes
shows large differences in rms delay spread at the same point
on the route [2]. Thus, in order to remove the phase uncertairityver received power as noted in Fig. 6(a). Itis seen from Figs. 8
the rms delay spread calculated from averaged measured posared 9 that there can be considerable differences in the delay
delay profiles are processed to obtain mean rms delay sprepdead obtained with LHDC and NHDC, and considerable dif-
at 0.5-m-separated points for comparison with prediction. Terence between either of them and the delay spread obtained
calculation of the rms delay spread is carried out by using them measurements. Since the VPL prediction with LHDC and
well known second central moment approach [28]. NHDC use different diffraction coefficients and the VPL has a

Figs. 8 and 9 depict comparison between measured and gheeshold for excluding rays that have amplitudeXotlecibels
dicted mean rms delay spread for perpendicular and parall& = 20 dB in this work) lower than the maximum, the found
streets on routes C-D, G-H, P-Q, and routes E—F, I-J, respmamber of rays is higher and the path lengths are different for
tively. In Fig. 8(a), the rms delay spread beyond the distancetbe case when the NHDC is used. This is reasonable because
110 m increases more than predicted, this may be due to latiye NHDC predicts higher amplitude compared to the LHDC.
electrical irregularity of the building entrance which causes difthus, different power-delay profiles are predicted with different
fuse scattered rays that results in wider excess delay paths wdiffraction coefficient. As a result different rms delay spread are
lower amplitude that results in higher rms delay spread apdedicted. Table | shows the mean and standard deviation of

60

20
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Fig. 9. Delay spread comparison of VPL with NHDC and LHDC versu&ig. 10. Effect of the shape and the properties of corner A on a the prediction
measurements when mobile travels along parallel streets. (a) Route E-F.a9ng the route L-M. (a) Power. (b) Delay spread.
Route [-J.

spread. In this section, the emphasis will be on the shape of

prediction errors on different routes. Generally, the predictidhe building corners and their electrical properties, since they
of VPL with NHDC gives slightly better agreement with mea@'€ usually modeled by right angle wedge but may have a
surements than the VPL with LHDC, although, the statisticgifferent shape. o

difference between the delay spreads found using the two alterF19. 1 shows a picture of the corner labeled A in Fig. 4. The

native diffraction coefficients not as significant as that observé@lid and dotted lines of the insert in Fig. 10(a) represent the
in power predictions. real shape and the usually assumed right angle corner shape,

respectively. The comparison of measurements made on route
L—M to predictions made using the VPL with NHDC are given
in Fig. 10. The curves in Fig. 10 depict the received power and
The influence of database inaccuracy on path loss predictionss delay spread along the route L—M, found from the measure-
was investigated in [29]. It was shown that some of the detaitsents and predicted using the two shapes of corner A. As can
of each building block, especially openings between buildinge seen in Fig. 1, the corner has a flat surface rather than sharp
are important for accurate predictions. It was also found thabrner. Actually, the flat surface reflects the signal onto the long
the predictions are more sensitive to errors in the location ségment of route L—M. Modeling the corner by & 9@edge im-
building corners than to errors in the building size. To thglies that the corner acts as a diffracting edge, which results in
authors knowledge, there is no comparative work that studigedicted signal amplitude that is smaller than measured, as seen
the effects of the inaccuracy of the database on the rms deiayig. 10(a).

VI. INFLUENCE OFCORNER SHAPE
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TABLE I
SUMMARY OF POWER AND RMS DeLAY SPREAD PREDICTION OF ROUTE L-M
UNDER DIFFERENT PROPERTIES OF THECORNERA in FIG. 4
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current heuristic diffraction coefficient are made with measure-
ment results from different path types in a small cell. The use of

the NHDC results in a more accurate power predictions in the

POWER DELAY SPREAD

Mean | Std | Mean Std

ROUTE L-M (dB) | (dB) | (ns) | (ms)

Exact shape with ¢, =2 | 5.41|4.64| 2.81( 13.26
Exact shape with ¢, =6 10.29 | 3.71 | -7.20 | 12.28
Right angle shape -0.45(8.38 | 14.38 | 15.45

shadow regions, where power predictions have historically been
more pessimistic when compared to the measurements. The in-
fluence of the shape of the building corner on the ray tracing
prediction has been investigated. The corner shape has an im-
portant role in the coupled field strength in OOS propagation. It
has been shown that a detailed representation of the corner can
be important for accurate prediction of both received power and
delay spread. As future work; a detailed study on the influence
of database of the large building entrance on propagation char-

acteristics, since they are usually not included in the database.

As shown in Fig. 1, the reflecting surface of the corner con-
sists basically of glass. For the low BS antennas discussed here,
it is the doors and window above them that are responsible for
the reflections. If the reflection coefficient for this wall is com-
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agreement with measurements. The mean value of the predi@Per-

tion error of the VPL with NHDC and reflective surface with

e, = 6is about 10.3 dB, which is much higher than that with

e, = 2. However, the standard deviation of the former is slightly
lower (see Table Ill). The transition slope of power decreasel!!
from LOS to OOS is higher compared to the routes G-H and
C-D for the reason mentioned earlier, in Section V-Al. The rms
delay spread shown in Fig. 10(b) is better predicted by using thé?!
correct corner shape aad = 2. Predictions made with the right
angle wedge shape give a much higher delay spread in the re[—3]
gion from 20 to 70 m, while predictions made with = 6 are
generally too low.

For comparison, the mean and standard deviation of the pre[4]
diction errors of the signal power and rms delay spread are listed
in Table 1l for both shapes of building corner and both values
of £,.. From the results listed, we conclude that the corner shapé5
has clear influence on the prediction of the received power and
the rms delay spread. It is seen that the influence on the predic-
tion of the received power is greater than on the prediction of!
the rms delay spread. This result emphasizes the importance of
the accuracy of the shape of the building corners and their elecl’]
trical properties for accurate predictions. Our studies have also
shown that the position of the corner is very important. Since([8]
the corner acts as a reflector, inaccuracy of its position relative
to other corners at the intersection may lead to the prediction of
high reflected power along the OOS street. (9]

VIl. CONCLUSION [10]

This paper has presented results showing the influence of the
diffraction coefficient and the shape and electrical properties off1]
building corners on the prediction of received power and the
rms delay spread in a microcellular environment. In order tqi2]
overcome the limitations of the existing heuristic diffraction co-
efficient used in ray tracing programs, a new heuristic diffrac*3
tion coefficient has been developed. The NHDC has higher dif-
fracted field in deep shadow and eliminates the dips in the dift4]
fracted field that appear in the LHDC. Comparison of the results
obtained from the VPL ray tracing tool using NHDC and the
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