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ABSTRACT

The paper presents fast two-dimensional (2-D) diffraction modelling in the horizontal plane for site-specific
propagation prediction in urban micro-cellular environments. Comparison with measurements and simulation of
published results validate the 2-D modelling that significantly reduces the computation time and overcomes the
limitation and difficulty of existing techniques for multiple building diffraction. The modelling makes three
contributions which are 1) extension of an expression for multiple building forward diffraction and use of the extended
formulation, 2) equivalent source technique for parallel-street multiple diffraction and 3) inclusion of reflections from
curved surfaces of street building corners. Additional comparisons of three-dimensional model prediction with
measurements for an urban line-of-sight environment place the work in a more complete context. The results show that
an increase in the number of rays may not enhance the accuracy of ray-tracing model prediction.

INTRODUCTION

It is necessary and important to develop efficient propagation prediction tools for the design and development of future
broadband communication systems. The lengthy time spent in ray-trace computation is a major existing problem with
mobile radio propagation prediction for urban micro-cellular environments [1-3]. The use of two-dimensional (2-D)
methods in a horizontal plane appears to be a solution for site-specific prediction for both transmitter and receiver
lower than the surrounding buildings [1, 4, 5]. It was seen that fast 2-D methods which do not require a building height
database can provide good, at least acceptable, accuracy in most cases. However, further studies on multiple diffraction
are required, because after the first diffraction there is a difficulty in determining and successfully using the second and
later diffraction, especially for parallel streets [2-4]. It is difficult to select a formulation for amplitude factors and
distance parameters from different formulations used in the technical literature. Moreover, the uniform geometrical
theory of diffraction (UTD) [6] itself may become incorrect when multiple diffraction edges modelling the buildings
are in the transition zone of the preceding edges. Incidentally, it is necessary to include the reflection rays from curved
surfaces of street building corners, which have larger amplitudes and may play important role in total signal reception
in the shadow, i.e. out-of-sight, regions.

This work focuses on 2-D diffraction modelling to overcome the limitation and difficulty of existing diffraction
formulations. In particular, the 2-D diffraction modelling makes an extension of the expression of [7] for multiple
forward diffraction and an equivalent source simplification for parallel street multiple diffraction, as well as the
inclusion of the reflection rays from convex or concave surfaces of street building corners. To validate the three new
efforts, comparisons of model predictions with measurements are made, along with simulation of published
measurements and predictions.

To place the paper in proper perspective, the measurement set-up is first summarised. Descriptions of 2-D diffraction
modelling are given then. To make a more complete context of the work, a comparison of three-dimensional (3-D) ray-
trace model prediction with measurements in an urban line-of-sight (LOS) environment is included. The salient points
of the entire work are described in the following.

MEASUREMENT SET-UP

A number of propagation measurements were performed in an area in the city centre of Helsinki, Finland, shown in Fig

1. The base station (BS) was placed on a balcony and the mobile station (MS) moved with a car. Both stations are
much lower than the surrounding buildings. The key parameters of the measurement system are listed in Table 1. The
BS antennas were fixed towards the main street from BS to D and the 3-dB main lobe of radiation patterns ranges

about from — 20" to 20° off their pointing direction in both horizontal and vertical plane. The measured signal
strengths were converted into path loss, in dB, defined by the ratio of radiated to received power for isotropic antennas.
The estimated root mean square error for position is 3 meters.



TWO-DIMENSIONAL DIFFRACTION MODELLING

The total path losd., in dB is formulated as
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where L,, is the path loss of a multiple diffraction ray, that was expressed in [8]Eands the electric field of rays
for vertical polarisation transmission and reception applying to most cases of mobile radio and this work.  This work

uses aboutM =8 dominant rays which appear adequate for model prediction in urban street grid environments as
indicated by Fig 1, where the base station was in the centre of the main street. When a mobile station is at a side street,
e.g. street AOB, multiple diffraction from street building corners on both sides of a main street contributes to the total
received signal.

As a first effort, a multiple diffraction ray is determined by the multiplication of a fdfip / E,| of an extended
formulation and a single diffraction field by a street building corner (numbé&rinigr spherical-wave incidence from
the base station. This formulation extends the applicable region of the expresdion bE, | of [7] and additionally

accounts for a base station placed on, or very close to, either side of a main street. As defindd,irifitl E are
the field magnitude of an incident plane wave and its corresponding total field at the local edge modelling the street
building corner. The buildings along side streets are considered as rows of knife edges with an equal spading

the rows are numbered. For the row number 1, it is unnecessary to include multiple diffraction. The extended
formulation for multiple building forward diffraction is presented in the Appendix.

As a second effort, an equivalent source technique is introduced and used for parallel-street multiple diffraction
problems, similar to the image source [3] for reflections. It is the key point that an equivalent source must keep the
shadow boundaries for the mobile and the same amount power of a direct wave on the edge just before the first parallel
street (e.g. a street from B to C of Fig 1 results for which were already presented [5]). For such and similar
configurations, the ray-tracing techniques used appear unable to reduce up to 20-dB difference between measurements
and predictions as seen in Fig. 8 of [3] and Fig. 16 of [4]. The equivalent source technique makes the parallel street
propagation predictable by using a simple yet accurate method which has been successful for side-street environments.

Applying the new formulation ofE,, / E,| and including more rays, this technique appears efficient for propagation
predictions for the mobile terminals along a number of parallel streets and has more applications.

As a third effort of this work, rays from reflections at curved surfaces of street building corners are derived and
included. For example, reflections from a building corner at the first cross street junction of Fig 1 take place. A normal

vector of a tangential plane of the concave surface varies in a range, nearty f}om — X towards the base station.

A reflection angle off such a normal vector may be estimated by a half of the angle between the incoming (from BS)
and forgoing (to MS) directions of the ray, if MS is in they region of the side street. The reflection can be
calculated by using the well-known Fresnel reflection coefficient. Rays from this and similar reflections may involve

other processes such as multiple diffraction formulate|cEr;),s/ E0| and single or multiple reflection.

COMPARISONS AND SIMULATION

An example of comparisons of 2-D model prediction with measurements is presented in Fig 2. Using the new multiple
diffraction formulation for grazing incidence, the equivalent source technique produces results in the streets from F to J
and from F to G. Near the junction O of side street AOB, contributions of multiple-reflection rays from street building
corners are significant.

Comparisons of 3-D ray-trace prediction in an LOS region with measurements are presented in Fig 3 and Table 2. The
four- and eight-ray model predictions are obtained by adding two reflection rays to existing two- and six-ray [9]
models, respectively. One is a single reflection from a transverse wall at the street junction D. Another is a double

reflection from the wall and the ground. It is interesting to see that the root mean squarfk,errisr smallest for the
two-ray model.



Simulations of published results [2-4] spent much less computation time and provide an improvement over the
predictions of Fig. 16 of [4]. Derived from the equivalent source technique for parallel-street multiple diffraction, the
simulation reduces that difference between measurements and predictions and appears in the order of that
measurement. Presentations of the simulations are omitted.

CONCLUSIONS

Three new efforts are validated comparing with measurements and simulating published results. They are the extension
of an expression for multiple forward diffraction and use of the extended formulation, an equivalent source technique
for parallel street multiple diffraction and the inclusion of reflections from curved surfaces of street building corners.
The entire 2-D diffraction modelling significantly reduces the computation time and overcomes the limitation and
difficulty of existing techniques for multiple building diffraction. The comparison of 3-D model prediction with
measurements for an urban LOS environment makes a more complete context of the work. The results indicate that an
increase in the number of rays may not enhance the accuracy of ray-tracing model prediction.

APPENDIX

The appendix introduces the extended formulatior] f,, / E,| for multiple forward diffraction. LetA be the
wavelength, K be the wave-number@@ be the azimuth angle off the BS antenna pointing directorand
g =sina+/d /A . Inthe range ofg > 0, the ratio of|[E, ,; / E,| [7] is written as
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where subscriptss’ and ‘h’ of UTD diffraction coefficients D, and Dgh denote soft and hard boundaries,
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respectively. And they take signs ‘-~ and ‘+’ on the right-hand side of egns. 3 and 6. The soft boundary corresponds to
vertical polarisation transmission and reception in the horizontal plane. The transition fuRd{i¥n) can be

approximated byF ( X) = /TiX exp(j7T /4 + jX ) for X <107 and F(X) =1 for X >10.
For 0< g=a+/d/ A <0lincluding the grazing incidence of — O, the extension folE,,, / E,| is expressed

as
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Here, the simple expressionl/+/3n+1 by Walfisch and Bertoni [10] is used. It approximates
M(n+1/2)/(y7n!) derived in [11] valid for both hard and soft boundaries. Duekeb>>1 and @ small

leading to cos{a /2) [11, the second term on the right-hand side of egns. 3, 6 and 8 is negligibly small compared
with the first term. Therefore, eqns. 7 and 2 are dependent on and insensitive to the polarisation (type of boundaries).

Since d ranges about from 30 to 100 metek] >> 1 is naturally satisfied at UHF (300 MHz-3 GHz) and
microwave frequencies used in mobile communications.



Numerical comparisons of eqgns. 2 and 7 of hard boundary with formulations of [12-14] are presented in Fig 4, at
d/A =200 for g=sinavd /A from 0 to 0.494. Atg =0, it is seen thatl/ v 31+ 1 of egn. 7 indeed

approachesl'(n +1/ 2) / (\/Fn!) which all other formulations take. Formulations by Saunders and Bonar [12] and

by Juan-Llacer and Cardona [13] give nearly same numerical results. Results of Xia and Bertoni formulation are
computed from equation (17) of [14]. This series solution is rapidly convergerg@ femall and almost the same

numerical results as those of formulations in [12, 13] are generated. Numerical results of eqg.20d and of
eqn. 7 forg < 0.1 agree with those of other formulations.

To further examine eqns. 7 and 2 @r= 2sin(a /2) small andg = a~/d/ A small, approximate eqgn. 4 by

F(X) =[VrX -2 Xex jr /4)] exd jrr 14+ i) ©)
for X = 79° small [6]. One thus derives from egn. 3
D,,/+d=-1/2+ gexp( jm /4). (10)
As a result, egn. 2 can be approximated by
E.../ E, = 0227+ 155exd j / 4 (11)
for g=0.1 andn= 6. And egn. 11 further becomes
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for g > 0.146. Similarly, egn. 7 can be approximated by
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for N >>1 or N - oo. The settled fieldQ by equation (14) of Walfisch and Bertoni [10] is written as
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and approaches
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for a~/d / A ranging about from 0.02 to 0.4. It can be further expressed by
Q=235¢"°. (16)

It is interesting to see that eqn. 16 is comparable with asymptotic expressions of eqns. 14 and 12.

For N =6, eqn. 13 becomes
E.../ E,=0229+ 154exd jr / 4. (17)
Incidentally, eqgn. 2 smoothly approaches eqn. 7 wgen 0.1 for N < 6. Also, eqn. 7 avoids the difficulty of egn.

16 and is valid an+/d / A — 0. Agreeing with other formulations [12-14], the extended formulation of eqns. 7 and

2 significantly reduces the computation time. Both egns. 7 and 2 additionally apply to soft boundary. This enables the
application in the horizontal plane for vertical polarisation transmission and reception.
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Fig 1. Top view of a street grid of Helsinki city centre, Finland, BS representing Base Stati@h sndlicating its
position

Table 1: Measurement system parameters

Table 2: Average error A,, and root mean

para.metf:rs descriptions square error A,.,, at 0.9005/1.8 GHz for com-
frequt_enmgs 900.5/1800 MHz parison of 3-D model prediction with measure-
polgrmatlon vertical . ments in an LOS region
ra.d1a.§ed power P, 25 dBm items A,, (dB) A,m, (dB)
Féasmge;!glgt he ifgrnf meters two-ray -0.143/-1.05 5.25/6.46
BS horn antenna gain 6.3 dB at 900.5 MHz g)xuf;;;y :2;?7{;0 3396 ?g;;gg?

9.2 dB at 1.8 GH ; ' ' 29/9.
MS relative height A, 15 m 2 eight-ray -4.56/-6.36  7.29/9.62

MS antenna type monopole
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