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Investigation into the Sensitivity of the Power
Predictions of a Microcellular Ray Tracing
Propagation Model

Georgia E. Athanasiadoember, IEEEand Andrew R. Nix Associate Member, IEEE

Abstract—This paper investigates the sensitivity of the three-di- growing interest on ray based algorithms, the published work

mensional (3-D) ray tracing microcellular model presented in [1], on the sensitivity of the predictions of these models is limited
[2]. The variation of the received power is examined for different [4]-[7].

ray permutations, wall characteristics, antenna position offsets and Th traci lgorith | din thi is based
database inaccuracies. Predictions of the different configurations € ray tracing aigorithm empioyed in this paper IS based on

in line-of-sight (LOS), non-LOS (NLOS), and deep shadow areas the theory of images. The model allows the rapid generation
are compared with each other and also with narrowband mea- of complex channel impulse response characteristics, and can

surements. The analysis illustrates that although the model pro- evaluate scenarios incorporating many thousands of objects by
duces reliable results with five orders of reflection and one order of utilizing the concept of “illumination zones.” In the model the

diffraction, higher orders of reflection and double diffracted rays biect datab is held in two di . but th traci
enhance the model’s performance in deep shadow areas. It is alsoOPJECt database Is held In two dimensions but the ray-tracing

shown that good agreement with measured results can be obtained €Ngine operates in three dimensions. The base station and the
for wall conductivity in the order of 10 =2 S/m and values of rela- mobiles are assumed to remain below roof top height and based
tive permitivity around five. The sensitivity analysis to the antenna  on this assumption, the buildings are modeled as infinitely tall.
positioning and database inaccuracies indicates that the receiver However, the antenna heights are specified and the ground is
positions which suffer the highest power deviations are those at | ,'d d. Th t din th di . | (3-D
the boundaries of the LOS areas, as well as the positions in the also consiaered. 1he rays are racg '_n ree- Im'en3|0.na (3-D)
deep shadow regions. In general, for antenna offsets up to 1 m, the SPace and all reflections, transmissions and diffractions are
predictions of the model are not significantly affected. Finally, the computed using 3-D vector mathematics. This hybrid analysis
building databases with 1m maximum displacement do not have allows factors such as polarization and 3-D antenna patterns
severe effects on the predictions, but databases with less accuracyy pe fully considered. (For a more detailed description of the
can seriously degrade the performance of the model. ; .
model, see [1] and [2]. For more references on ray tracing
Index Terms—Building databases, material characteristics, models, see the works cited in [1]-[7], [9], and [11].)
propagation modelling, radio channel predictions, ray tracing, | gection II, the measurements used for the sensitivity
sensitivity analysis. ' L - .
analyses are presented. The variation of the received power is
examined for different orders of reflection and diffraction in
I. INTRODUCTION Section Ill, and for various wall characteristics in Section IV.

URING the last decade, ray tracing has emerged as tﬁgction V examines the predictions for 23 transmitter positions

dominant technique for small cell propagation modelin .round the original antenna location. Finally, Section VI
nvestigates the effects that the database inaccuracies have

Naturally, two of the most critical issues related to all propa- th its by studving 40 diff i i0s. Th
gation models are accuracy and sensitivity of their prediction%r.‘ € power results by studying fiereént scenarios. 1he

Building upon work previously presented in [1]-[3] about thgnalysei are performed for IIOS‘ er;(?hS an(rj] als?tq?ep sfra(:o(\;v
ray tracing algorithm and its accuracy, this paper investigat as wnere energy can only reach through muftiple retiecte

the sensitivity of the narrowband predictions to various input pg_nd diffracted rays.
rameters. The sensitivity analysis enables the user to configure
the propagation model correctly, and hence, obtain accurate re- Il. MEASUREMENTS ANDMODEL SET-UP

sults. It provides valuable information about the impact of eachThe narrowband measurements used in this paper were per-
of the simulation parameters and the obtainable prediction 3§rmed in central Bristol, U.K. [8]. The measurement site, the
curacy, given the margins of the input parameters. Despite @gamined transmitter position and the test route are depicted in
Fig. 1. The transmitted power was 30 dBm (including the cable
Manuscript received December 3, 1998; revised June 11, 1999. The measffad antenna losses) at 1.823 GHz. Typical half wavelength ver-
ments and the sensitivity analysis shown in this paper were supported in gégally polarized dipoles, mounted below the roof height of ad-
by British Telecom as part of the Virtual University Research Initiative (VURI)gcent buildings were used at both ends of the radio link. The
project. This work was performed while G. E. Athanasiadou was with the Centre . heiaht of b h
for Communications Research, University of Bristol, U.K. ransmitting antenna V\/ElS on a mast a_t a height of 5 m above the
G. E. Athanasiadou is with Adaptive Broadband Ltd., The Westbrook Cent@round level. The receiver was at a height of 1.57 m, mounted on
Cambridge CB4 1YG, U.K. (e-mail: gathanasiadou@hotmail.com). g trolley which was slowly and carefully moved along the pre-
A. R. Nix is with the Centre for Communications Research at the Unlversnd fined Th band . ded field h
of Bristol, U.K. (e-mail: andy.nix@bristol.ar.uk). efined route. e narrowband receiver recorded field strengt

Publisher Item Identifier S 0018-9545(00)04822-2. against distance from the starting point, with a spatial sampling
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Fig. 1. Microcellular map of the measurement area. position about 50 m away from the transmitting antenna. When
the receiver turns left and moves into NLOS positions, the mean
1%gnal level decreases significantly (more than 20 dB;2Q m).

o
(=}

rate of 4 cm. The fast fading was extracted from the measured “it turns into the second corner and enters a deep shadow re-
sults with a sliding rectangular window averaging process. A on, a further drop (less than 10 dB,a60 m) is evident. An
wavelengthwindow(equivalentto1.67m)waschosen,sothatt%&gre’ase in power of at least 18 dB&é m) happens acroés the
results maintain their site specific information as much as POs,

sible. Three measurement runs were performed along the s md of Hobb's Lane (see Fig. 1), which acts as a street canyon
' . . rep 9 30¥he transmitted electromagnetic waves. As the mobile re-en-
route and with the same configuration. For more representat

s th hadow area, the power falls again, however higher
resultsandinordertoremoveIocalizedtemporaleffects,thesIPéSt e deep shadow area, the power falls again, however highe

tading envel Were aver 410 prod mean envel nal levels are measured since the distance between the two
ading e_ elopes were ave age 0 produce a mea . enve opgh Eznnas has been reduced. When the receiver turns left and en-
was noticed that there was a high degree of correlation betw

the various runs, although some of them were taken on differ%SPS less shadowed areasl18 m), the signal increases by about

dB and keeps increasing as the trolley approaches the second
days [8]. The RMS error of each of the measured envelopes WI'_% section of the route. The transition from NLOS to LOS

respect to the mean envelope was as high as 3.45 dB and the {of . : : :
RMS error was 2.69 dB. These numbers illustrate how repe[g) 157 m) is not as dramatic (approximately 10 dB increase)

gcause the two antennas are already very close and strong re-

able and representative the measurements are for the route uH[ &lions have already raised the mean signal strength. The mea-

study. Since it is not reasonable_to expect the prediction tO(_)lSSL?red power falls slowly as the receiver moves away from the
reproduce the measurements with more accuracy than their QW

o o . Uhsmitter and finally re-enters a NLOS area near the end of the
repeatability, these values set the upper limit of attainable acelh e Obviously, because the power changes are site dependent
racy of a propagation model in that environment. : ’

. . there is no simple rule for the degree of variation of the signal
The building database of the measurement site (part P . :
which is shown in Fig. 1) was extracted from the U.K. OrI8ve| as the receiver moves into or out of LOS, NLOS, or deep

dinance Survey “Landline” database. The digital map ngadow areas. The simulation results shown in Fig. 2 are for

then pre-processed to remove any redundant information (e ine reflections and two diffractions and agree very well with
. pre-p . . Y N (€l measurement trend, remaining very close to the measured
internal walls), and diffraction corners were automaticall

added. The simulated area is approximatedy x 500 m? Yalues for the majority of the route positions. Their mean and
. o)

and contains 438 external walls. The walls and the ground RMS difference are 1,07 dB and 3.37 dB, respectively. (Note

. . Fat the errors in this paper are calculated with all values in the
modeled as smooth, and with the same electrical pmpertlgaarithmic scale.) pap

(g = 5,0 = 0.005 S/m). The wall thickness is 0.6 m. Unlike
the field trials, the spatial resolution between the prediction
points is 0.5 m. This is because the predicted received power,
which is produced from the summation of the power of the
rays reaching the receiver, is inherently time averaged and no
further action is needed in order to remove the fast fading.As described in [1] and [2], the basic propagation mecha-
Unless otherwise stated, for the results presented in this papisms used by the model are specular reflection, corner diffrac-
all rays with up to seven orders of reflection and one ordéon and wall transmission. This section investigates the sensi-
of diffraction are traced, and the model’'s parameters are tadty of the microcellular propagation model to the maximum
described in this paragraph. permitted orders of reflection and diffraction. Although wall
Fig. 2 depicts the mean measurement and the prediction aldrepnsmitted rays are also supported, this propagation mechanism
the predefined route. The starting point of the route is at a LOSgenerally ignored for outdoor microcellular studies and only

IIl. SENSITIVITY OF THE POWER PREDICTIONS TO THE
MAXIMUM PERMITTED RAY INTERACTIONS WITH THE
ENVITONMENT
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-20 TABLE 1l
ERROR STATISTICS OF THEPREDICTIONS COSIDERING VARIOUS ORDERS OF
REFLECTION AND 1 ORDER OF DIFFRACTION WITH RESPECT TO
R THE MEASURED RESULTS
-40
E Mean error (dB) RMS error (dB)
c)
~ 3 Refl. - 1 Diff.
5 Y N & BV B et s 3refl. - 1 diff. 2.25 7.17
£ 5 Refl. - 1 Diff.
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: 9 Refl. - 1 Diff.
-100 ; — 9 refl. - 1 diff. 0.85 3.48
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Distance (m)
-20
Fig. 3. Power predictions considering different number of maximum allowed
reflections.
-40
TABLE | o
ERRORS OF THE POWER RESULTS &
CONSIDERING VARIOUS ORDERS OFREFLECTION AND 1 ORDER OF A 60 7 Refl. - O Diff,
DIFFRACTION WITH RESPECT TO THEPREDICTIONS FORNINE REFLECTIONS I IR W |\ N I WP 1Y S R
AND ONE DIFFRACTION § 7 Refl. - 1 Diff.
Mean error (dB) RMS error (dB) -80 7 Refl. - 2 Diff.
3 refl. - 1 diff. -3.09 5.71 , 7 Refl. - 3 Dif.
_100 41 B : : .
S refl, - 1 diff. -0.53 1.18 0 50 100 150 200
Distance (m)
7 refl. - 1 diff. -0.14 0.43

Fig. 4. Power predictions for different orders of corner diffraction.

used in order to predict outdoor-to-indoor and indoor-to-ouvith the increase of the number of reflections, since the simu-
door coverage. lation results for each position tend to converge to a value after
a certain order of reflection. The RMS difference between the
A. Sensitivity to the Maximum Permitted Order of Reflection sjmylation results obtained for nine and five orders of reflection
In this section, simulation results are compared for three, fivis,1.18 dB. However, these predictions deviate as much as 8.2 dB
seven, and nine orders of reflection, together with one orderafcertain NLOS points (between80 and 100 m in Fig. 3).
diffraction. It has to be mentioned that these are wall reflection&lthough with seven reflections the predictions have not quite
i.e., the ground reflection is not considered here as an extra ortached their converged value at several mobile positions in the
of reflection [1]. As depicted in Fig. 3, in LOS regions the signaleep shadow area, the RMS difference between the simulation
level is the same for all the above ray permutations. In thetgsults for seven and nine reflections is only 0.43 dB. In Table Il
areas the received power is determined by a few rays; the diratg shown the error statistics of the results with the above model
together with some strong rays with only one or two orders of rgonfigurations in comparison with the mean measurement along
flection. Compared with these dominant rays, the contributiotize same route. With five or more reflections, the RMS error is
from the rays with higher orders of reflection are not significaritelow 4 dB and decreases with the increasing number of reflec-
enough to change the total power under LOS conditions. As tiiens, while the mean error is less than 1 dB.
mobile enters NLOS areas where the previously dominant rays o ) ) ) )
cannot reach, higher orders of reflections are needed in orfer Sensitivity to the Maximum Permitted Order of Diffraction
to obtain accurate power predictions. The more shadowed th&he importance of the corner diffraction in the modeling of
NLOS area, the more reflections are required for the power mdtdoor scenarios is demonstrated in this section. Simulation re-
sults to converge to their final values. In the deep shadow aresasdts with 0, 1, 2, and 3 maximum orders of diffraction, together
between the second and third corner of the route (betwdh with seven orders of reflection are compared with each other
and 115 min Fig. 3), as the number of reflections increases frand with the narrowband measurements. Generally, diffraction
3 to 5, the predictions improve dramatically. In this region, thattenuates the power of a ray much more than a reflection, and
difference between the power values for the highest (9) and thtethe same time increases the complexity of the model enor-
lowest (3) permitted orders of reflection is 9.6 dB on averagmously. However, as illustrated in Fig. 4, it is a very signifi-
while at some points, it is as high as 21.5 dB. cant propagation mechanism for the study of outdoor scenarios
Table | provides the error statistics of the above predictiolfsee [4], too). When no diffractions are allowed, only the power
with respect to the received power with the maximum studiexd the LOS areas can be predicted, while for long sections of
order of reflection (9). It can be seen that the error decreaghke route, no rays reach the mobile, even after seven orders of
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TABLE I 18000 n : > -
ERRORS OF THEPOWER RESULTS CONSIDERING VARIOUS ORDERS OF "4. 7 Refl.: O Diff. 1 Diff. 2 Diff. 3 Diff. Vo
DIFFRACTION AND 7 ORDERS OFREFLECTION WITH RESPECT TO THE g ARV A PO L
PREDICTIONS FORSEVEN REFLECTIONS AND THREE DIFFRACTIONS % 15000 | "l : 1 Diff.: 3Refl. 5Refl. 9 Refl. : ' \
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= 12000 ! T N
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= "Na ety
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TABLE IV 0 50 100 150 200

ERROR STATISTICS OF THEPREDICTIONS CONSIDERING VARIOUS ORDERS
OF DIFFRACTION AND 7 ORDERS OFREFLECTION WITH RESPECT TO

THE MEASURED RESULTS

Distance (m)

Fig.5. The number of traced rays (with power 150 dBm) for different ray
permutations.

Mean error (dB) RMS error (dB)
7 refl. - 0 diff. -12.52 27.98 addition of extra orders does not affect the results. Hence, the
7 refl. - 1 diff. 071 153 radio channel can be modeled if sufficient number of ray inter-
actions with the environment are considered.
7 refl. - 2 diff. 0.97 3.40 Fig. 5 shows the number of rays detected by the model for dif-
7 rofl. - 3 diff. 0.99 3.40 fergnF ray permutations and with power greater thds0 dBm.
This is only a subtotal of the actual number of the traced rays

at each position, since valid rays with power less than the pre-
. . defined power threshold are not considered. As expected, more
reflection (e.g., between 65.5 and 79.5 m). Moreover in aregsss are traced by the model as the maximum permitted inter-
where strong reflections exist, diffraction affects the predictiong.tions with the environment rises. The mean number of rays
by making the transition smoother from LOS to NLOS areas afitreases from 122 to 1037 as the reflections rise from three
in and out of the illuminated areas of strong reflections (betweg nine, with one order of diffraction. When three, five, and
~115 and 150 m and also from179 m and onwards). seven orders of reflection and 1 diffraction are considered in the
As it can be seen in Fig. 4, the simulation results reach thelf,qy, the rays found are 9.32, 37.89, and 94.15%, respectively,
converged values at all positions, with two orders of diffractionys ihose traced when up to nine reflections and one diffraction
The maximum difference between the power predictions witf}o permitted in the model.
one and three orders of d|ffra(_:t|on is 1.55 dB. The RMS d_'f' However, what is really striking is the complexity that each
ference between the results with three orders and those witQd, order of diffraction adds to the model. Unlike reflections
and 2 is less than 0.6 dB (Table II1). As shown in Table IV, thgih oniy have a limited illumination zone (most of the time
errors of the predictions for one to three orders of dlffractlorq]uch smaller than their 18amaximum angular width), each
compared with the measurements, are aimost the same (ingllhinated diffraction corer acts as a secondary source which
three cases the RMS errors ar8.5 dB). Although triple dif- |5, ncheg rays in almost all directions [1]. Each additional order
fracted rays could reach deep shadow areas far away from firraction increases the flexibility of the rays and as a re-
transmitter, they would be very weak to be considered. At hy; raises dramatically the total number of generated images
positions where only rays with three orders of diffraction couldayen, reflections and zero, one, two, and three orders of diffrac-
reach, roof top diffracted rays should dominate since they woyld, ‘the mean number of rays along the route is 15, 984, 5234,
reac_h most positions with up to two dlffracuons_and multiple "nd 7534, respectively, while for the same interactions, the max-
flections. Nevertheless, these areas are most likely to be outsjd& n, number of rays is 52, 2302, 11756, and 17 135, respec-
the coverage limits of a microcell. Hence, three orders of Comt‘ﬁfely. Most of these rays are very weak and do not contribute
diffraction are too many for a typical coverage study, while with, 1o channel characterization, while the strong and most sig-
two orders of diffraction the model produces reliable predictionggeant ones are only a small portion of the traced rays. Permit-
even in the deep shadow areas of the microcell. ting up to seven orders of reflections and two diffractions, the
number of rays found with power greater thad50 dBm are
C. Number of Traced Rays depicted in Fig. 6, together with the number of rays with power
In order to ideally model an outdoor environment, a verjnside a 30 dB window from the strongest ray at each point.
large number of ray interactions with the environment shoulthere is obviously a disproportional relation between these two
be considered. This would increase the complexity and the runumbers. In LOS areas where the model can trace many thou-
ning time enormously. However, what is most encouraging $&nds of rays, only a few of them (less than 0.5%) are really im-
that after a certain number of reflections and diffractions, theortant. As the mobile enters into NLOS areas where less pow-
model’s predictions at each point converge to a value, and tldul rays exist, the power levels fall and more rays are included
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Fig. 6. Total number of rays (considering seven reflections and twd9- 7- Power predictions for various values of wall conductivity.
diffractions) together with the number of rays inside a 30 dB window from the

strongest ray. coefficient of the walls (see [9]), while the diffraction coeffi-
] ] ] cients are indirectly affected through the reflection coefficients
in the 30 dB power window. In the best case, just 11.1% (34} the walls of the corners [10]. Wall thickness mainly influ-
rays) of the traced rays have power inside the 30 dB windQ¥ces the transmission coefficients and it is not examined in this
from the strongest ray. _ paper. In the case of buildings with thick external walls, the re-
Although at each point only a few of the traced rays Cont”b“F%ction coefficients are predominantly determined by the ray
to the channel characterization, itis important that the model c@iich reflects off the exterior surface of the walll.
handle a very large number of rays, in order to produce reliable|giigual building material data is not currently provided
results for complex environments, even in deep shadow argag, the databases, since they are normally generated from
away from the transmitter. Criteria based on power can limit the, o photography. General information about the building
total number of rays considered at a certain point (and hengge modern, Victorian, etc.) is the best that can be hoped for,
significantly speed up the model), but not the total number @fiinqyt a site survey. All walls in the ray tracing models are
the generated images. This is because a ray that is insignificggfia|ly represented by a single bulk set of parameters. Because
compared to the other beams illuminating the same region, Gi\he variety of materials that exist in an area, the input pa-
be very important for another area where powerful rays canngimeters for the wall characteristics should not be those of one
reach. This ray can also be reflected or diffracted and produgsscific material, but the characteristics which can represent
vital rays for the channel characterization at other receiver Igye \whole environment [11]. Field trials at the examined area,
cations or even the same position, if the antenna radiation pgtsimilar regions, are useful in order to calibrate the model to
terns are not omnidirectional. Moreover, an image that gengfspecific type of environment. However, although the single
ates a relatively weak ray at a certain position, can produc@ @y set of parameters is very convenient, a more selective char-
very strong path a few meters away, since the incident angleserization (e.g., for large metallic surfaces) is also possible in
can change and hence, the corresponding reflection and diffrggs employed model and would increase its accuracy. In order
tion coefficients also change. For the wideband characterizati@ﬁanmyze how the predictions are affected by the simulated
of the channel, even more rays must be taken into account |8 characteristics, all the simulated objects are characterized
tha'F case, a ray can only b.e ignored if |.t is very smgll in con?J-y the same set of values,( = 5, ¢ = 0.005 S/m) and by
parison with the other rays in the same time bin, and if, togethgf 4 nging one of these values at a time, the model’s sensitivity
with the other rays with similar delays, cannot reach the powgy that parameter is evaluated.
threshold of the analysis.
For all these reasons, it is difficult to simplify the image tre@d. Sensitivity to the Conductivity of the Walls
based on power criteria, without compromising the accuracy.rirst the behavior of the model is examined as the values
Mfany potential rays (i.e., images) are needed in order to o cont.:Juctivity range from 1062 S/m to 10 S/m (Fig. 7). Al-
tain acgurate results, even in de_ep Shf”‘dOW areas away fromt eﬁgh the conductivity of most building materials is in the order
transmltter. The outdoor model investigated here, |s'capable09 10~* to 10~® S/m (e.g., stone and brick), the conductivi-
handling a large number of rays arjd gupports the W'de.band't%?; of materials like glass and metal, which are also frequently
well as the narrowband, characterization of complex m'croceelhcountered in the outdoor environments, significantly deviate
lular environments [1]. from these values [12], [13]. As depicted in Fig. 7, while the
conductivity remains relatively low (102-0.0005 S/m), the
IV. SENSITIVITY OF THE POWER PREDICTIONS TO THEWALL power pregictions do not cha)r/19e cénsiderably. The I%MS dif-
CHARACTERISTICS ference between the results with very low conductivity €
Apart from its position, each wall in the building database i80~1? S/m) and those witlr = 0.0005 S/m is just 0.71 dB,
also characterized by its conductivity)( permitivity (¢,.) and while their maximum difference along the route is 2.13 dB. By
thickness. These parameters directly affect the total reflectifunther increasing the conductivity by one order of magnitude
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TABLE V
ERROR STATISTICS OF THEPOWER RESULTS CONSIDERING VARIOUS WALL
CONDUCTIVITIES WITH RESPECT TO THEPREDICTIONS FORo = 5 % 102 S/m
Mean error (dB) RMS error (dB) ,E«
2
o=10"8/m 326 413 %
[
6= 5%10 S/m 2.66 3.44 5
o=10S/m 17.80 20.75
TABLE VI 0 50 100 150 200

ERROR STATISTICS OF THEPREDICTIONS CONSIDERING VARIOUS WALL

Distance (m)
CONDUCTIVITIES WITH RESPECT TO THEMEASURED RESULTS

Fig. 8. Power predictions for different values of wall permitively.
Mean error (dB) RMS error (dB)
o=10"2S/m 3.97 5.25 TABLE VI
ERROR STATISTICS OF THEPOWER RESULTS CONSIDERING VARIOUS WALL
0 =5*10"S/m 3.37 4.76 PERMITIVITIES WITH RESPECT TO THEPREDICTION WITHE,. = 5
_ -3
G =5+10" $/m 0.71 3.33 Mean error (dB) RMS error (dB)
o=10S/m 18.52 20.64 63 _4.00 5.45
&=35 -1.69 2.31
(¢ = 0.005 S/m), a considerable drop in the received signal c—7 255 374
levels appears in the results. The power decrease is 2.66 dB on ) ) )
average, but at certain mobile positions it is as high as 10.56 dB.
The power differences are more obvious in the deep shadow
TABLE VIl

areas where only multi-reflected rays exist. Each time a ray re-
flects off awall, the power deviation due to the various reflection
coefficients, increases. As a result, in the case of multi-reflected
rays the difference accumulates and becomes noticeable. As the
walls become more conductive & 10 S/m), the channel char-
acteristics change significantly. Note that as the reflectivity of &=3 -3.29 6.70
the walls increases, higher power levels occur not only in shad-
owed areas but in LOS positions as well. As expected, the re-
ceived power increases dramatically (up to 38.16 dB at certain &=5 0.71 3.53
points), while the range of the predictions (the difference be-
tween the maximum and minimum values) along the route is
33.75 dB, approximately 20 dB less than the power range with
the other conductivity values.

Table V shows the error statistics between the predictiogsthe walls on the predictions. The power results are examined
with 0.005 S/m and the other values of wall conductivities. EXor wall permitivity 3, 3.5, 5, and 7, which are values within
cept for the case of conductive walls, when there is a massiy@ range of permitivity of the building materials in an outdoor
20.7 dB RMS difference, the variation for the other cases éwironment [12], [13]. Fig. 8 depicts the received power along
within logical limits (3.4—4.1 dB). As depicted in Table VI, thethe route for the above permitivity values and Table VII shows
mean error with respect to the measurements varies from 3.9 error statistics in comparison with the results for permitivity
to 0.7 dB and the RMS error from 5.2 dB to 3.5 dB as the coB: The predictions with permitivity 3.5 and 7 are relatively close
ductivity values range from 102 S/m to 0.0005 S/m. Hence, to the evaluations foe, =5, with RMS errors of 2.3 dB and
although the wall conductivity notably affects the predictiong.7 dB, respectively, while the RMS error for =3 is 5.45 dB.
the model produces evaluations with acceptable errors in co@enerally, as the value of permitivity rises, the received power
parison with the measurements for a wide range of values. Fificreases. For the whole route, the mean power for permitivity
thermore, it can be seen that compared to the measurementsgatt®s, 5 and 7 is-54.84 dBm~51.53 dBm,—49.84 dBm, and
best predictions are achieved with the value of 0.005 S/m.  _47.28 dBm, respectively.

o ) o Table VIII shows the error statistics of all the above predic-
B. Sensitivity to the Relative Permitivity of the Walls tions with respect to the measurements. The RMS errors of the

Similar analysis to that in the previous section is performgatedictions with permitivity 3.5 and 5 are both less than 4 dB

here in order to examine the effect of the relative permitivitiwhich is in accordance with results presented in [4]). As shown

ERROR STATISTICS OF THEPREDICTIONS CONSIDERING VARIOUS WALL
PERMITIVITIES WITH RESPECT TO THEMEASURED RESULTS

Mean error (dB) RMS error (dB)

e=35 -0.98 3.98

g =7 3.27 4.57
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N Position 3 with its standard deviation are obtained and shown in Fig. 10.
* The channel characteristics differ significantly under LOS and
Position 4 Position 2 NLOS conditions, and hence, as the transmitter moves around,

the receiver positions close to the boundaries of the LOS area
experience high deviations on their received power (e.g., around
150 m and 175 m). The same behavior is noticed at the bound-
aries of the illumination zone of strong reflections (e.g., around
Position 1 120 m and toward the end of the route). However, the most
sensitive predictions with respect to the transmitter position are
those along the deep shadow sections of the route. This is due
to the fact that the rays reaching this area find their way through
narrow roads, most of the time under marginal conditions. The
Position 8 larger the radius of the circle of transmitter positions, the wider
the areas of large fluctuation and the higher the variance of the
Position 7 results. For- = 2 m the deviation is substantial along the entire
route, except for the positions directly in front of the transmitter.
The total standard deviation for radius 0.5 m and 1 m are close
(1.22 dB and 1.82 dB, respectively), but it is almost double for
in Table VIII, the worst error in comparison with the measure- = 2 m (3.39 dB). The mean received powers fo0.5 and
ments is 6.70 dB and occurs fey = 3. The model is most 1 m are also very close to the power of the original position.
sensitive when the relative permitivity changes from 3 to 3.Similar to the signal deviation, the mean power differs from the
Especially in the deep shadow area between the second and taiidinal prediction at the receiver positions on the boundaries of
route corner{62-115 m), the effect of the value of permitivitythe LOS areas and the illumination zone of strong reflections,
on the predictions is more obvious. For this section of the routes well as in the deep shadow areas.
the results with permitivity 3 and 3.5 have an RMS difference of Comparing the received power of all the examined transmitter
8.72 dB, and they differ by as much as 13.2 dB at certain poingsitions with the results for the original transmitter location,
In the route section between the third and just before the fouttie RMS error along the route for each circle of antenna loca-
corner ¢~115-150 m), where the receiver is moving along #ions is produced and depicted in Fig. 11. In all cases, the errors
NLOS area with strong reflections, it is obvious that the relaticere very small directly in front of the transmitter but have large
between permitivity and power is not simple and sudden peghsaks at the boundaries of the LOS ared @B). For most of
and deeps can appear in the received power due to the chathgereceiver positions the errors for=0.5 m andr =1 m are
of the reflection coefficient with the changing permitivity andvery close, while the error for =2 m is always higher. For each
the fluctuation of the total reflection coefficients caused by thgosition and for the entire route, the RMS errors with respect to
addition of the multi-reflected rays inside the wall [9]. the original position were calculated and found to be less than
2.23 dB, 3.01 dB, and 6.43 dB, fer =0.5 m, 1 m and 2 m,
respectively. The total RMS errors are shown in Table IX and
are less than 3.7 dB. The total mean errors are small (less than
0.2 dB) because the results fluctuate around the predictions of
One of the difficulties in the study of outdoor environmentthe original position, as the transmitter moves around this loca-
is to accurately map the physical position of the base statitan in a symmetric manner.
and the mobiles to the simulated environment. For this reason|n order to examine the error added to the model’s predic-
in this section the sensitivity of the power predictions to thiéons due to the antenna misplacement, the simulated results are
correct positioning of the antennas is investigated by changiogmpared with the mean measurement along the same route. As
the transmitting antenna location and analyzing the effects tinstrated in Fig. 12, the error for the original transmitter posi-
the channel characteristics. Instead of randomly moving the dion and the RMS errors for the transmitter circles wita0.5m
tenna, the study is performed for specific positions on circlesnd 1 m are very close, while fer=2 m the error is larger, es-
the center of which is the original transmitter location (Fig. 9pecially in the NLOS areas. Most of the peak errors (especially
For each circle, eight different positions“4&part from each the substantial ones at20 m and 80 m) exist for all config-
other are studied, starting @t east from the original location urations, indicating that they are not caused by the inaccurate
and moving anticlockwise. The same procedure is performpdsitioning of the transmitter. The errors due to the movement
for three circles, with radii«) 0.5 m, 1 m, and 2 m, respec-of the antenna appears to be small as long as the transmitter re-
tively. (The 7th position of the circle with 2 m radius is insidamains around 1 m from its original location.
the nearby building and hence, it is not considered.) In total, theThe error statistics with respect to the measurements for each
radio channelis studied for 23 different transmitter positions aipasition and for the entire route, were also calculated. The RMS
compared with the reference channel of the original location, egors of all the examined transmitter positions are higher than
well as with the results of the field trials. the error of the central transmitter location, but in most cases,
From the predictions calculated for the 8 positions on the cihey are close (for =0.5 m and 1m, the RMS errors differ by
cumference of each circle, the mean received power togethess than 0.6 dB). For all the transmitters on the circumference

Position 5
Original position

Position 6

Fig. 9. Studied transmitter positions.

V. SENSITIVITY OF THE POWER PREDICTIONS TO THE
POSITIONING OF THEANTENNAS
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Fig. 10. The mean and the standard deviation of the received power for the transmitter on the circumference of the circles with ragi0s$ (a) (b)r =1
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TABLE IX
TOTAL ERRORS OFEACH OF THE THREE DIFFERENT TRANSMITTER
CIRCLES WITH RESPECT TO THERECEIVED POWER OF THECENTRAL

r=05m r=Ilm r=2m

a
2
g
'*3 20 |- TRANSMITTER POSITION
2
g Total mean error Total RMS error
§ 15 (dB) (dB)
2 r=0.5m 0.19 1.30
£10
5 r=1m 0.19 1.92
8 5 14 l, | N 1
E 0Ny Lojd™ i r=2m 0.10 3.60
@ bl i 1 ¢ i i i
W \ ) i
2 0

0 50 100 150 200

Distance (m) position, it can be seen that for misplacements of the antenna

up to 1 m the predictions of the model are not severely affected.
Fig. 11. RMS errors along the route of the three different transmitter circlgSerformance degradation starts occurring when the antenna is

with respect to the received power of the central transmitter position.
P P P moved by more than 1 m, as seen from the RMS errors for the

of the circles withr =0.5 m and 1 m, the RMS error with re_case withr = 2 m.

spect to the measured results is smaller than 4.1 dB. For the 2 mVI S A 5
radius circle, the worst calculated error was 6.34 dB. As shown " ENSITIVITY TO T%E CCURACY OF THEBUILDING
in Table X, the total RMS errors for=0.5m, 1 m, and 2 m are ATABASE

3.59dB, 3.73 dB, and 4.57 dB, respectively. If these values areThe predictions of the propagation model are limited by the
compared with the 3.48 dB RMS error of the central transmittaccuracy of the building databases. In this section, the sensitivity
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the new position is4, y), © = xg + 79 * cos(©g) andy =
r=05m r=lm r=2m original Yo+ 70 *sin(Op), wherer is a uniform random number from 0
tor and®g is a random angle from 0 to 360Hence, when the
maximum node movement i the mean misplacement of the
building nodes for the whole database j2. Four sets of simu-

N
wn

[\
(=]

2

Z

g

2

S

£

5 15

§ lations were performed, for databases withupto 0.5m,1m,2m,

2 and 3 m node variations. Each set consists of ten route predic-

£ 10 tions, one for each of the different building databases with the

‘f same maximum offset-]. The predictions are obtained along

£ S| the same predefined route, the only difference being that the re-

o ceiver positions which (due to the movement of the walls) are

E 0 : now inside a building, are not considered. In total, the radio
0 50 100 150 200

channel is studied for 40 different building databases and com-
pared with the reference channel of the original configuration

Fig. 12. RMS errors along the route of the three different transmitter circlég]d also with the measurements. (For a different approach n

Distance (m)

with respect to the mean measurement. the investigation of the sensitivity of a ray based model to the
database inaccuracies see [5].)
TABLE X In Fig. 14, the mean received power together with its stan-

TOTAL ERRORS OFEACH OF THE THREE DIFFERENT TRANSMITTER CIRCLES

WITH RESPECT TO THEMEAN MEASUREMENT dard deviation for each set of predictions with the same max-

imum displacement{, are shown. As with the sensitivity to the

Total mean error | Total RMS error transmitting antenna position, the receiver locations close to the
(dB) (dB) edges ofthe LOS area experience high deviations (around 150 m
I=0.5m 0.90 3.59 and 175 m), as they lose the LOS with the movement of the
walls. The same happens at the boundaries of the illumination
r=1m 0.90 373 zone of strong reflections (e.g., around 120 m and toward the
= 2m 0.81 457 end of the route). Moreover, as the walls change orientation, the
focus of the reflected energy also changes, affecting the received
original 0.71 3.53 power everywhere and especially in the areas where the power is

mainly defined by strong reflections (e.g:30 m). Once again,

the predictions are most sensitive in the deep shadow sections
of the route where most of the time the rays manage to arrive
under marginal conditions.

The larger the maximum permitted misplacement of the
walls, the wider the area of large fluctuation and the higher
the variance of the channel characteristics. o 2 m the
deviation is substantial everywhere except for the positions
directly in front of the transmitter. For = 3 m the variation is
massive along the entire route. The total standard deviation for
7 =0.5mand 1 mare close (1.81 dB and 2.24 dB, respectively),
but it almost doubles (in dB) as the maximum displacement
becomes 2 m (4 dB) and then 3 m (8.2 dB). As the maximum
allowed wall offset increases, the building databases become
increasingly dissimilar with each other and their results become
uncorrelated. The mean received powersfer0.5 and 1 m are
also close to the power of the original building database. On the
contrary, the mean signal levels far= 2 m and 3 m deviate
from the original prediction, especially in the deep shadow
Fig. 13. Part of the original database (grey line) together with a new datab&¥&as where the deviation at many places is more than 10 dB.
(black line) (forr = 2 m). In this study, the power generally increases in these areas, as

initially the signal was relatively low and the movement of the
of the outdoor model to the inaccuracies of the input databasealls made it easier for more rays to reach this region.
is investigated by randomly misplacing the simulated walls and Comparing all the resulting power values with the predictions
analyzing the effects on the received signal levels. Insteadadfthe original database, the RMS errors along the route for each
changing the position and the orientation of each wall indepeset of databases with the same maximum displacement is pro-
dently, the building nodes are moved so that the buildings rédced, as depicted in Fig. 15. The errors for all the sets are very
main closed polygons (Fig. 13). Each node is displaced bysmall directly in front of the transmitter but have large peaks at
random distance (from 0 to a predefingdnd toward a random the boundaries of the LOS areaq{ dB). For most of the re-
direction. If (zo, 7o) is the original position of a building node, ceiver positions the errors fer=0.5 m andr =1 m are close,

0 50 100 150
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Fig. 14. The mean and the standard deviation of the received power of the ten different building database with maximum disptdcéners (, (b) 1 m,
() 2m, and (d) 3 m.

TABLE XI

o]
wn

r=0.5m

r=1m

TOTAL ERRORS OF THEPOWER PREDICTIONS FOREACH OF THE FOUR
DIFFERENT SIMULATION SETS WITH RESPECT TO THERECEIVED POWER OF

™)

=

g

B 20 { THE ORIGINAL DATABASE

u

:' 15 Total mean error Total RMS error

g (dB) (dB)

s

= . r=0.5m 0.41 2.03

é 10

“ r=1m -0.22 2.51

St i

e 5 i 1R

E ki r=2m 1.61 491

e b Al

Z 0 AL r=3m -1.29 8.71
0 50 100 150 200

Distance (m)

Fig. 15. RMS errors of the power predictions along the route for the foar =0.5 m). For each building database and for the entire route,
different simulation sets with respect to the received power of the originghe error statistics with respect to the original received power
database.
were calculated. For =0.5 m and 1 m the RMS errors were
found to be smaller than 2.49 dB, but foe=2 m and 3 m they
while the error forr =2 mis generally larger (as high as 12 dB)vere as high as 7.05 dB and 17.19 dB, respectively. As depicted
and forr =3 m it becomes significant (up to 20 dB). Due to thén Table XI, the total RMS errors for =0.5, 1, 2, and 3 m are
random movement of the walls, the error does not increase @03 dB, 2.51 dB, 4.91 dB, and 8.71 dB, respectively.
erywhere as the maximum displacement distance is increasingrinally, in order to examine the prediction error due to data-
(e.g., at 70 m the set far=1 m has smaller RMS error than forbase inaccuracies, the simulated results are also compared with
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nodes does not severely affect the model’'s predictions. How-
r=05m r=Im r=2m r=3m original ever, databases with less accuracy can seriously degrade the per-

formance of the model, as seen from the RMS errors in the case
of maximum displacement of 2 m and 3 m.
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; VII. DIscussiON—CONCLUSIONS

£ 10(; In this paper the sensitivity of the power predictions of the

° 3-D ray tracing microcellular model presented in [1], [2] was

£ 5 investigated. The variation of the predictions was examined for

();, Ll different ray permutations, wall characteristics, antenna offsets,

& 00 p~ 100 150 200 and databagg inaccuracies. . ' .
Distance (m) The sensitivity analysis to the maximum permitted ray inter-

actions illustrated that after a certain number of reflections and
Fig. 16. RMS errors along the route for the four different simulation sets wiiiffractions, the addition of extra orders did not affect the re-
databases of maximum displacement 0.5, 1, 2, and 3 m with respect to the Sults, since at each point the predictions converged to a constant
measured power. value. It was also shown that although at each point only a few

of the traced rays contribute to the channel characterization, it

TABLE XII is important that the model can handle a very large number of
TOTAL ERRORS WITHRESPECT TO THEMEASURED POWER FOREACH rays, in order to produce reliable results for complex environ-
OF THE FOUR DIFFERENT SIMULATION SETS WITH DATABASES WITH ments' even in deep shadow areas away from the transmitter.

M o] - =05, 1,2,and 3 . 2 ) :
AXIMUM FFSETY and=m The analysis showed that at LOS positions and in the regions

Total mean error | Total RMS error where strong rays existed, a few orders gf.reflection were
(dB) (dB) adequate to predict the channel characteristics. However, in
the deep shadow areas, more reflections and diffractions were
needed in order to obtain reliable results. The great importance
r=1m 0.48 3.90 of diffraction in the modeling of outdoor environments was
also illustrated since, despite the considerable complexity
that diffraction adds to the model, without this propagation
r=3m -2.00 8.70 mechanism, the model could not give any predictions for the
majority of the NLOS area. For up to seven orders of reflection
and two orders of diffraction the predictions were very close
to the values of convergence. If the run-time is important, five
reflections with one diffraction appeared to be a reasonable
the mean measurement along the same route. As illustrateddmpromise for a typical coverage study.
Fig. 16, the error for the original database and the RMS errorsThe sensitivity analysis to the conductivity and permitivity of
for » =0.5 m and 1 m are close. Fer=2 m more error peaks the simulated walls, showed that for the scenario under inves-
appear, while for 3 m the predictions disagree considerably wiijation (a typical urban environment in the center of Bristol),
the measurements. The large peak errors at 20 m and 80 m exisid agreement with the measured power results could be ob-
for all configurations, indicating that they are not caused by thained for wall conductivity in the order of 16 S/m and values
inaccurate wall positions, but they are most probably due to otif-relative permitivity around 5. These results generally agree
jects or features not included in the simulation (e.g., alarge scaith findings in [4], although 3-D ray tracing is used here in-
terer during the measurements). stead of the simpler two-dimensional model of [4].

The errors with respect to the measurements were also calcuthe sensitivity of the predictions to the correct positioning of
lated for each of the examined database and for the entire rotite antennas was examined for 23 different transmitting antenna
Forr =0.5mand 1 m, a couple of databases had slightly smallgwsitions on circles, the center of which was the original an-
RMS error in comparison with the measurements than the orignna location. The receiver positions which suffered the highest
inal, which was expected since the original database also hamiver deviations were those on the boundaries of the LOS areas,
an inherent accuracy error. For all databases wite-0.5 m as well as in the deep shadow regions. With respect to the mea-
and 1 m, the RMS error with respect to the measured resutgred results, the RMS errors of all the power predictions with
was smaller than 4.45 dB. For the 2 m maximum displacemetite transmitting antenna 1 m and 2 m away from its original po-
the worst calculated error was 6.32 dB. For=3 m, apart sition were less than 4.1 dB and 6.34 dB, respectively. In gen-
from a case with 17.31 dB RMS error, the predictions for adiral, antenna offsets up to 1 m, did not affect the predictions
other databases had RMS errors less than 9.96 dB. As showsérerely.

Table XII, the total RMS errors for =0.5m, 1 m, 2 m, and Finally, the sensitivity of the microcellular model to the inac-
3mare 3.74dB, 3.90dB, 4.61 dB, and 8.70, respectively. Coruracies in the input building databases was also studied. Four
pared with the 3.48 dB RMS error of the original database, it caimulation sets with ten runs each were performed, for databases
be seen that generally, up to 1 m maximum offset the buildingth up to 0.5 m, 1 m, 2 m, and 3 m maximum offset of their

r=0.5m 1.12 3.74

r=2m 0.90 4.61

original 0.71 3.53
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building nodes. As the walls changed orientation, the focus of[9] M. C. Lawton and J. P. McGeehan, “The application of a deterministic
the reﬂected energy also altered, aﬁectlng the recelved power ray IaUnChing algorithm for the prediCtion of radio channel character-

istics in small-cell environmentsJEEE Trans. Veh. Technohol. 43,

everywhere. Also, important rays were obstructed by the dis- oy 1904,
placed walls and others found their way through to areas thdto] R. J. Luebbers, “Finite conductivity uniform GTD versus knife edge
they were previously blocked. Once again, the predictions were  diffraction in prediction of propagation path loss|[EEE Trans.

most sensitive in the deep shadow sections of the route. In conr;

Antennas Propagatvol. AP-32, pp. 70-76, Jan. 1984.
] S.Y. Seidel and T. S. Rappaport, “Site-specific propagation prediction

parison with the measured results, the RMS error was smaller  for wireless in-building personal communications system desIgEE
than 4.45 dB and 6.32 dB for all databases with node displaci— Trans. Veh. Techngivol. 43, pp. 10581066, Nov. 1994.

ment up to 1 m and 2 m, respectively. Hence, building databas

] A. R. Von Hippel,Dielectric Materials and Applications New York:
S’ The Technology Press of MIT and Wiley, 1954.

with 1 m maximum node offset do not have severe effects on thgs] American Institute of Physics Handbo&kd ed. New York: McGraw-
model’s predictions, but less accurate databases can seriously Hill. 1972.
degrade the performance of the model.
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