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Abstmct- The performance of site specific ray tracing 
methods based on UTD to predict the path loss are com- 
pared against measurement based models and measure- 
ments. An empirical formulation based on a simple least 
squares regression At from one site is used as a prediction 
tool at another site having similar building environment. 
Comparing the accuracy of both types of prediction mod- 
els, it is found that the site specific method provides an 
improvement over the traditional method of measurement 
based path loss prediction. 

I. INTRODUCTION 

HE development of mature systems for Personal Com- T munication Services (PCS) are envisioned to employ 
base station antennas at lamp post heights covering dis- 
tances of lkm or less. Prediction of the path loss for such 
low low antennas is required to determine the actual shape 
of individual cells, and to evaluate interference with neigh- 
boring cells. Typically predictions are made using empir- 
ical models derived from measurement data collected in 
various building environments. In these models the vari- 
ation of the average signal strength is given as a simple 
inverse power law of the form 6, where R is the radial 
distance from the base station, A is the signal level at 1 
meter, and the value of the exponent n, can range from 
2 to 6 [l]. The accuracy of such models are limited, with 
significant mean error and standard deviations ranging up 
to 8dB [2]. While the model can be modified to account 
for general environmental factors such as terrain, or subur- 
ban or rural environments, it yields circular coverage areas, 
which is not realistic. 

In this study, measurements taken in Trenton, NJ and 
Rosslyn, VA are used as the basis in the simple model out- 
lined above to create a predictor algorithm for other areas 
of Trenton and Rosslyn, respectively. In these two cities we 
are also able to accounted for the height, shape and location 
of individual buildings to make theoretical site specific pre- 
dictions of the sector averaged path loss using ray methods 
embodying the uniform theory of diffraction (UTD) [3]. In 
general the theoretical site specific predictions are more ac- 
curate then the predictions based upon a simple regression 
fit to measurements. 
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11. MEASUREMENT AREAS 

The measurements reported in this work were made in 
Trenton, NJ and Rosslyn, VA. In Trenton, the areas stud- 
ied were in residential neighborhoods consisting primarily 
of two story houses, typically 24 feet tall. The transmitting 
system for this area consisted of two antennas at 18 and 36 
feet from the ground, with an operating frequency of 1800 
MHz. The two antennas heights were therefore above and 
below the surrounding buildings respectively. A street map 
showing the measurement points at Site B, as provided by 
an ETAC positioning system, is shown in Figure 1, along 
with building footprints. The original map from which Fig- 
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Fig. 1. Building Layout and Receiver Locations for Site B in Trenton, 
NJ. 

ure 1 was taken also showed the building heights in stories. 
The buildings in Rosslyn are primarily office/commercial 

structures, with typical heights of ten to thirty stories. 
Once again the position of the measurement point or mo- 
bile is recorded as the mobile is driven about the streets 
surrounding the base station. Figure 2 indicates the trans- 
mitter and receiver locations on the streets of Rosslyn, and 
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Fig. 2. Measurement Points and Building Footprints for Rosslyn, 
VA. 

the building footprints. For this work we will only examine 
the measurements at a frequency of 1900 MHz, and a base 
station antenna height of 10 m. 

111. MEASUREMENTS 
It is common to plot the measured signal strength as a 

function of the logarithm of the radial distance from the 
mobile to the base station, and to construct a straight line 
approximation using the least squares fit. For the 36 foot 
antenna in Trenton at Site B, the data and least squares 
fit are shown in Figure 3. In this case the slope of the least 
squares fit line gives a path loss index of n = 3.9, and the 

Fig. 4. Measurements with Line Fit of Site B for the High Base 
Station Antenna at Site A 

1 

is 5.0 dB. These findings show that predictions based upon 
a simple regression fit to the measurement in one area can 
have a considerable average error and standard deviation 
when applied to measurements in another area with the 
same type of buildings. A similar discrepancy was found 
from measurements made using the base station antenna 
at 18 feet. We will show that the theoretical predictions of 
this work outperform the above predictions at Site A. 

Figure 5 shows a scatter plot of the measured signal 
strength in Rosslyn versus the logarithm of the radial dis- 
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Fig. 3. Measurements with Applied Fit for the High Base Station 
Antenna at Site B 

standard deviation between the fit and the measurements 
is 4.2 dB. 

The regression fit in Figure 3 for Site B may be used as a 
predictor for the high antenna at a different area of Trenton 
having similar buildings, and referred to as Site A. Figure 4 
shows the measurements taken at Site A, and the fit from 
Site B. The average error between the fitted line from Site B 
and the measurement is -4.8 dB and the standard deviation 
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Fig. 5. Measurements with Applied Fit for the Base Station Antenna 
at Site 2b in Rosslyn 

tance between the mobile and the base station at location 
tx2b in Figure 2. The line represents a least square regres- 
sion fit of the data and has a slope index of n = 4.6. When 
the fit line is compared with its own data the standard 
deviation is found to be 8.8 dB. 

Figure 6 shows the plot of the fit line from the data of 
tx2b plotted against the measurements for the base station 
located at tx la  in Figure 2, which is located one block over 
from base station location tx2b. When the regression fit 
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Fig. 6. Measurements with Line Fit of Site 2b for the Base Station 
Antenna at Site la  in Rosslyn 

line from tx2b is used as a predictor at site txla  the aver- 
age error is -3.4 dB and the standard deviation is 8.7 dB. 
Since both transmitters are located in the same building 
environment and are separated by only one block, it would 
seems reasonable to expect a smaller average error, which 
represents the systematic error of the empirical model. 

IV. SITE SPECIFIC PREDICTIONS 

In the UHF band the signals traveling between the 
base station and mobile do so by propagating over and 
around intervening buildings by reflection and diffraction 
processes. Propagation prediction programs developed at 
Polytechnic University based on ray optics are is used to 
predict the sector average signal. A infinite number of rays 
can exist between the transmitter and receiver. Therefore 
in order to have a manageable computational problem it is 
necessary to trace only those rays that are the significant 
contributors at each receiver point. 

Certain classes of rays will dominate depending on the 
relative height of the base station antenna to the surround- 
ing building environment. When the transmitter is at or 
above the building rooftops the rays which multiply diffract 
over the buildings, in combination with reflections near the 
transmitter or receiver, are thought to be the dominate 
paths. When the base station antenna is significantly be- 
low the rooftops the signal arrives at the receiver primarily 
from ray paths which have undergone one or two diffrac- 
tions at a vertical building corner, in combination with 
reflections from the building walls. In the region between 
these two cases where the antenna is near the rooftops of 
the surrounding buildings, or in the case where the base 
station is located in a heterogeneous environment of high 
and low rise buildings, all ray classes will contribute to the 
predicted signal level at a receiver. 

In Trenton, signal contributions for both rays that prop- 
agate over and around buildings are considered. Figure 7 
illustrates the predicted and measured values of received 
signal for the high antenna at Site A, which are plotted ver- 
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Fig. 7. Comparison of Theoretical Site Specific Predictions and Mea- 
surements for the High Antenna at Site A 

sus position or sequence, number which indicate position 
along the drive path as shown in Figure 1. Good agree- 
ment is seen between predictions and measurements, with 
an average difference between them of -0.4 dB and a stan- 
dard deviation of 4.5 dB. In this case only contributions 
from paths lying directly over the buildings, and paths in- 
volving reflections near to the mobile were considered. The 
theoretical predictions have a considerably smaller average 
error then the predictions shown in Figure 3 for Site A that 
were made using the slope intercept model based on Site 
B measurements. The standard deviation of the error is 
nearly the same as found for the least squares fit at Site B 
itself. 

When the base station antenna is moved below the 
rooftops there are additional paths not considered in the 
high antenna case. In addition to the paths directly over 
the buildings, the paths including reflections near the mo- 
bile’s position, and the paths involving diffraction at a ver- 
tical edge, we now include paths having a single reflection 
near the base station before propagation over the buildings 
to the mobile. Also, the signal contributions due to prop- 
agation around buildings must be included. No single ray 
type is consistently dominant at all mobile positions. 

Figure 8 shows the predictions and measurements versus 
sequence number for the low antenna at Site A. The predic- 
tions are close to the measurements except at locations 13- 
17 and 57-64, where the predictions result are significantly 
pessimistic. The average difference between the predictions 
and measurements is -0.7 dB, while the standard deviation 
is 4.9 dB. These results are again consistent with the val- 
ues obtained for the high antenna case. It should be noted 
that had propagation around buildings been neglected, the 
average difference would be -5.1 dB. Therefore, when the 
base station antenna is moved below the rooftops, even in 
residential areas, it is necessary to consider propagation 
around the buildings to obtain accurate results. The di- 
electric permittivity, e,., used to calculate the reflection co- 
efficients from the buildings is 3 in this case. Similar results 
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trends. The predictions generally become more pessimistic 
as a receiver point moves deeper into the building shad- 
ows. The average difference between the predictions and 
the measurements is -0.8 dB with a standard deviation of 
9.4 dB. Recall that the average difference from the empiri- 
cal model of transmitter 2b was -3.4 dB, and the standard 
deviation was 8.7 dB. Therefore the theoretical site spe- 
cific predictions yielded a smaller average error than the 
empirical model, with comparable standard deviations. 

A .  Dielectric Constant of Building Walls 
Reflection from a building wall is typically approximated 

by the reflection coefficient of an infinite dielectric half 
space, whose reflection coefficient for a vertically polarized 

60 e4 'O electric field is given by, 10 20 30 U )  
sequence Mmba 

cos0 - ad- 
cos 0 + a J m  

= Fig. 8. Comparison of Theoretical Site Specific Predictions and Mea- 
surements for the Low Antenna at Site A 

The reflection coefficient is therefore a function of incident 

were obtained for predictions at site B, and are summarized 
in Table I1 

In Rosslyn the ten meter high base station antenna is 
surrounded by buildings that are typically tens of meters 
higher than the base station. In this high rise environ- 
ment propagation over the buildings is considered to be 
a negligible contribution to the overall signal strength at 
the receiver. Therefore the computational problem can be 
reduce to a two dimensional problem where the rays are 
traced in the horizontal plane and the buildings are con- 
sidered to be infinitely high. With this algorithm rays that 
are reflected from building walls, diffracted from building 
corners and rays involving combinations of these two pro- 
cesses are accounted for. 

The theoretical site specific predictions versus measure- 
ments for Site la in Rosslyn is shown in Figure 9. For this 
case, when modeling the reflections from building walls the 
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Fig. 9. Comparison of Theoretical Site Specific Predictions and Mea- 
surements for the Base Station Antenna at Site l a  in Rosslyn 

dielectric permittivity is 12. The predictions show good 
agreement with the measurements and follows the major 

angle, 8 and the dielectric constant, e, of the material. 
The value of Er used in the prediction will depended on the 
materials of each individual building but it is often not very 
convenient to classify each building separately. Therefore 
a generally accepted practice is to use a single value of er 
throughout the prediction area ranging between 3-15 [4], 

The actual value used in the prediction of the path loss 
plays an important but not so obvious role in the results 
when compared with the measurements. Figure 10 shows 
a plot of the predicted signals for er = 3, 7 and 12. A 

[51. 
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Fig. 10. Comparison of Site Specific Predictions for 3 t, Values at 
Site l a  in Rosslyn 

comparison of the curves shows that in the LOS and near 
LOS regions there is very little increase in the received 
signal even when the value of er is quadrupled. On the 
other hand in the deeper shadows of the building where the 
predictions are generally more pessimistic than the mea- 
surement increasing the dielectric constant enhances the 
overall signal strength by as much as 20dB. Table I sum- 
marizes the statistical results when e, is increased from 3 
to 15. At  er = 3 the predictions are very pessimistic with 
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7) -12.0 -4.3 -0.8 I 0.4 
cr 15.7 11.0 9.4 [ 8.8 

TABLE I 

n I E,. = 3 

THE PREDICTION ACCURACY WITH DIFFERENT c y  FOR T X ~ A  IN 

ROSSLYN 

 site^ I Site B j Site A I Site B [ 
-0.39 I -0.60 1 -0.71 I -4.5 I 

a large average difference of -12dB and standard deviation 
of 15.7dB. As E,. is gradually increased the average differ- 
ence steadily decreased until it becomes slightly optimistic 
between E, = 12 and 15, even as the standard deviation 
continues to decrease. 

igure 11 shows the predictions and measurements ver- 
sus sequence number for the low antenna at Site A, when 
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Fig. 11. Comparison of Site Specific Predictions for 3 + Values at 
Site A in Trenton 

E,. is 3, 6 and 9. When E, is 3 the average difference be- 
tween the predictions and measurements is -0.7 dB, while 
the standard deviation is 4.9 dB. For values of E ,  equal to 6 
and 9, the average difference is 9.7 and 12.55, respectively. 
For this case the higher values of E,. leads to predictions 
that are far too optimistic. This is in large part due to the 
contributions from paths around the buildings overwhelm- 
ing the contributions from paths lying over the buildings. 

Table I1 summarizes the prediction accuracy for the high 
and low antennas for both Sites A and B. The results show 

11 High Antenna I Low Antenna fl 

U 

TABLE I1 
THE PREDICTION ACCURACY WITH DIFFERENT er FOR TRENTON 

that as E,. increases the average prediction error for the low 

antenna increases while the standard deviation does not 
change appreciably. For the high antenna, when propaga- 
tion is primarily over the buildings, the prediction error is 
seen to be insensitive to the values of E,. 

V. CONCLUSIONS 
The results indicate that the theoretical site specific 

predictions that take into account building footprint and 
height are more accurate than using measurement based 
models. Moreover, accuracy of 1 dB average error and 4 to 
9 dB standard deviation are achievable. The results of the 
comparisons of the average difference 7) and standard de- 
viation c7 are summarized in Table 111 for sites in Trenton, 
N J  and Rosslyn, VA. 

Trenton-Site A Trenton-Site A Rosslyn 
High Antenna Low Antenna 
Fit I Site Fit I Site Fit I Site 

Trenton-Site A Trenton-Site A Rosslyn 
High Antenna Low Antenna 
Fit Site Fit Site Fit Site 

Specific Specific 
7) (dB) -4.8 -0.39 -5.7 -0.7 -3.4 -0.8 
cr (dB) 5.0 4.5 6.1 4.9 8.7 9.4 

TABLE I11 
SUMMARY OF THE PREDICTION ACCURACY FOUND IN THIS STUDY 

For the lower antenna height results given in Table 1, 
more ray paths must be accounted for, including reflections 
at buildings near to the base station preceding propaga- 
tion over rooftops to the mobile’s position, and diffraction 
around the corners of the buildings. These additional paths 
sometime give the dominant contribution. 
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