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Abstract 

This work describes high-resolution propagation measurements performed as a diagnostic survey in an operational UMTS 
network. The results were obtained using the measurement system previously presented in [1]. Measurements were 
performed in a dense urban environment in Amsterdam, the Netherlands. Results showed that the measurement approach 
can be used to create a setup that is similar to the actual network scenario, and that is capable of accurately identifying the 
dominant propagation effects while moving through the environment. The results are especially important for mobile-system 
operators, because they revealed some of the causes of inadeq"uate propagation prediction. This underlined the limitations of 
propagation-prediction models currently used by most mObile-system operators, and the importance of accurate propagation 
information to obtain the optimal network configuration. 

Keywords: Delay estimation; direction of arrival estimation; land mobile radio; land mobile radio cellular systems; land mobile 
radio propagation factors; mobile communication; electromagnetic propagation 

1. Introduction 

The complexity of radio propagation in urban environments 
makes it increasingly difficult to fully understand and accu

rately predict propagation behavior in order to achieve an optimal 
network configuration [2, 3]. As better radio-propagation meas
urement systems become available, the limitations of the propaga
tion-prediction tools that network operators use become more 
apparent. This also makes it clear that networks designed with such 
tools have a significant probability of being sub-optimal [4, 5]. It is 
known to operators that in specific areas in operational radio net
works, propagation phenomena can cause unexpectedly poor per
formance. This includes limited coverage, dropped calls, decreased 
data rates, and unexpected handovers. In order to obtain better 
insight and possibly solve these issues, more knowledge about the 
actual propagation effects is required. The use of more-advanced 
propagation-prediction methods, based on ray-launching or ray
tracing, can give more insight [6]. However, these models require 
accurate calibration, and do not always include all dominant 
propagation phenomena for the environment under test. Although 
the results of "drive tests" are sometimes used in an attempt to 
obtain more insight into the propagation phenomena, they merely 
give an observation of the effects. The quality and resolution of 
these results are limited, and only signal strengths are measured. 
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To date, only a few methods exist that can accurately identify 
the propagation effects in mobile scenarios. In [7], a measurement 
system was described based on a virtual uniform circular array that 
could be used to characterize the angular properties of the channel 
at the receiver in a static scenario with high resolution in azimuth, 
but with limited resolution in elevation. In [8], a method was pre
sented based on a virtual rectangular array lattice to obtain 
improved elevation resolution. Due to the large measurement 
duration, this system could only be used for static measurements. 
In [9, 10], systems were presented based on spherical and semi
spherical switched arrays that are capable of measuring radio 
channels at the receiver while moving; however, the performance 
in both angular domains was poor. Measurements of the directional 
propagation effects at both the transmitter and receiver were 
reported in [11, 12], using the Elektrobit PropSound Channel 
Sounder [13]. Similar measurements were also reported in [14, 15], 
using the RUSK ATM channel sounder [16]. Although these dou
ble-directional measurements provided much information about the 
double-directional propagation behavior, the system complexity 
either limited the ability to perform measurements while moving 
through the environment, or limited the angular-resolution per
formance. 

The measurement approach presented in [1] was capable 
making very accurate angle-of-arrival (AOA) and delay measure-

IEEE Antennas and Propagation Magazine, Vol. 53, No.1, February 2011 



ments, enabling the accurate characterization of the dominant 
propagation effects with high resolution and under mobile condi
tions. In the work described here, it is shown that this approach can 
be very helpful in obtaining more insight into propagation phe
nomena in real-world scenarios. The use of video data allows 
identifying the important scatterers, and relating the propagation 
effects directly to the environment. This information is very useful 
for system operators in order to improve network performance by 
adequate propagation prediction. 

In the framework of a collaboration between the Eindhoven 
University of Technology (TU/e) in the Netherlands, the Nether
lands Organization for Applied Scientific Research on Information 
and Communication Technology (TNO ICT), and Koninklijke PIT 
Nederland (KPN), the measurement system was used as a diagnos
tic tool in a dense urban environment. In this specific environment, 
poor performance was previously observed from the results 
obtained from "drive tests." The poor performance was caused by 
unexpected reduction of the power of the desired base-station (BS) 
signal and interference from a neighboring base station. The 
propagation phenomena that cause these effects are not predicted 
by the type of propagation models that are currently used by most 
mobile-system operators, including KPN. This means that it is 
impossible to improve the network performance in these areas 
based on the current propagation models. In order to identify the 
propagation phenomena that caused the Poor performance, the 
high-resolution measurement system was configured such that it 
generated propagation behavior similar to the actual network, and 
measurements were performed in the area. 

This paper describes the diagnostic survey and the results of 
the analysis. It is shown that the measurement approach can be 
used to generate a real network scenario. It is shown that the 
approach is capable of accurately identifying the dominant propa
gation effects with high resolution while moving through a real
world urban scenario. 

Firstly, Section 2 describes the scenario, the environment, 
and the problems in terms of poor performance and interference. 
Secondly, Section 3 discusses the initial propagation-prediction 
results used for the network design. In Section 4, the measurement 
setup and procedure, as well as the results of the measurements, 
are presented. Here, the effects of shadowing and, moreover, 
reflections by irregular surfaces, are shown to be significant. Fur
thermore, the limitations of the currently used propagation-predic
tion model, and the importance of improved propagation modeling, 
are illustrated. Finally, conclusions are drawn in Section 5. 

2. Scenario Description 

The area that was selected for measurements is shown in Fig
ure I. It was located close to the Amsterdam Arena Stadium, near 
the city of Amsterdam, the Netherlands. The area was character
ized by a main wide street (20-25 m), and a number of railway 
crossovers. Several three-to-seven-story-high buildings could be 
found in the area, consisting of concrete and steel, and with 
irregular faces caused by balconies and windows. Trees were 
found along the main street, and also scattered across the entire 
area. The traffic density during the measurements was low (five to 
10 cars per minute). A single-frequency UMTS (Universal Mobile 
Telecommunications System) network was operational in the area, 
with two base stations located at positions marked by Tx I and 
Tx 2, as shown in Figure I. The frequencies for the downlink and 
uplink channels were 2132.2 MHz and 1942.2 MHz respectively, 
for both base stations. At each base station, directional antennas 
were used as sector antennas, which exhibited a horizontal half
power beamwidth of 88° and a gain of 16.7 dBi. The antennas 
were driven by a 43 dBm signal. A mobile UMTS user (receiver), 
which moved in the area close to the trajectory marked with the red 
and green dotted lines in Figure I, was to be served by one of these 
base stations. 

Figure 1. The layout of tbe measurement site. Tbe green and red dotted lines represent tbe measurement trajectories, with tbe 
transmitter, Tx. active at Base Station 1 and Base Station 2 (underlying image copyright Microsoft Virtual Eartb, 

http://www.microsoft.comlvirtualeartb). 
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3. Stochastic Empirical Prediction Results 

The network was designed such that the area along the main 
wide street was served best by Base Station I. This was confirmed 
by the results in Figure 2b, which showed the best server area for 
Base Station I (orange) and Base Station 2 (light grey). The simu
lation results were obtained from a stochastic empirical propaga
tion model. The empirical model was developed by KPN for field
strength predictions, and was a modification of the widely used 
Okumura-Hata model [17]. The model did not include reflections 
or diffractions, but was based only on path-loss calculations. In 
order to increase the accuracy of the Okumura-Hata model, KPN 
expanded the model by including more detailed information about 
the propagation environment. Therefore, the area was subdivided 
into a grid of square subdomains of dimensions 20 m x 20 m, each 
with its own environmental classification, shown in Figure 2a. The 
different classifications ranged from open area (white), water 
(blue), and vegetation (green), to urban (brown), and each of the 
classifications was related to a certain amount of propagation loss. 
Because of confidentiality reasons, KPN could not provide exact 
details of the classifications. Signal powers were determined from 
the total path loss, according to the area classifications. 

� 
s 

(a) 

Figure 2. The layout of measurement site with (a) the grid of 
environmental classifications with open area (white), water 
(blue), vegetation (green), and urban (brown); and (b) the best
served areas for Base Station I (orange) and Base Station 2 
(light grey), determined using the stochastic empirical propa
gation model discussed in Section 3. 
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Figure 3. The measured power of both base stations along the 
trajectory obtained from (a) a previous KPN drive test and 
predictions using the stochastic empirical model discussed in 
Section 3; and (b) from the impulse responses obtained from 
the high-resolution measurement system. 

Although this took local information into account in a broad 
sense, no information about reflections, backscattering, delay 
spread, or angular spread was considered. As a result, propagation 
predictions for dense urban areas often contained errors. 

4. Measurements 

Measurements were performed in the area in an earlier study 
by KPN. The results for the received power along the trajectory, as 
well as the predicted values, are shown in Figure 3a. For Base Sta
tion I, the received power was considerably below the predicted 
value, whereas for Base Station 2, the power at some positions was 
above the predicted value. As a result, the received power of the 
undesired base station was above that of the desired base station at 
several positions, which caused undesired handovers and a reduc
tion in performance. To obtain more insight into the propagation 
phenomena that were significant in this area, and to find possible 
causes for the propagation-prediction errors, measurements were 
performed using the high-resolution measurement system 
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described in [I]. This system operated in a bandwidth of 100 MHz 
at a center frequency of 2250 MHz, which was close to the fre
quency of the actual UMTS network. 

4.1 Setup and Procedure 

Two independent measurements were performed in which the 
transmitter was placed at both base-station locations. The trans
mitting antenna consisted of an 8 dBi waveguide hom antenna, 
with an azimuthal half-power beam width of 55°. A tripod was used 
to elevate the antenna such that it was in almost the same position 
and had the same orientation as the original base-station antenna: 
this is shown in Figure 4 for Base Station 2, as an example. 
Although there was a difference in the beamwidths between the 
hom antenna and the base-station antennas mentioned in Section 2, 
this was not considered very important in the diagnostic analysis 
presented here. 

In the first experiment, the transmitting antenna was 
positioned outside, at a height of 29 m above ground 
level, close to Base Station I, marked in green in Fig
ure I. The direction of the main beam was pointed 
towards -60° in azimuth, where 0° corresponded to the 
north, and the positive angles were clockwise. No 
down-tilt in elevation was applied. 

In the second experiment, the transmitting antenna was 
positioned outside, at a height of 27 m above ground 
level, close to Base Station 2, marked in red in Figure I. 
The direction of the main beam was pointed towards 
70° in azimuth, and no down-tilt was applied. 

The receiving antenna consisted of a three-dimensional array 
of 31 monopole elements [I], and was mounted on top of a vehicle 
at a height of 3.5 m. The backside of the vehicle corresponded to 
0° and the positive angles were anticlockwise. The array was 
moved at a nearly constant speed of about 27 kmlh over a trajec
tory of approximately 450 m, indicated with green and red dotted 
lines in Figure I for the first and second experiments, respectively. 
A total of 9900 array snapshot sets of 10 snapshots were used for 
the angle-of-arrival estimation [18], which meant that a channel 
estimate was available every 4.5 cm, corresponding to 0.34 wave
lengths. 

4.2 Results 

In Figure 3b, the results of the total received power for both 
experiments along the trajectory are presented. The large-scale 
fluctuations of the power received from Tx I were similar to the 
KPN drive-test results in Figure 3a, obtained two months earlier in 
the same scenario. Furthermore, a more-constant received power 
level from Tx 2 was observed, which exceeded the level of Tx I 
along several parts of the trajectory. The difference in absolute 
power levels between the KPN drive test and the high-resolution 
measurements in Figures 3a and 3b was mainly due to insufficient 
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information about the measurement equipment (e.g., cable 
attenuation, antenna patterns) used in the KPN drive test. 

The results in Figure 5 show the estimated multipath compo
nents (MPCs) in the delay and angular domains along the trajec
tory obtained from the signals received by Tx I. Up to snapshot set 
k :: 2000, the received signal was very weak. Visual inspection of 
the environment showed that this was mainly caused by the 
obstruction of building ING. Apart from small reflections by 
building Arena and the railway infrastructure, through-building 
propagation was dominant in this area. Between 2000 < k < 5000, 
the receiver moved into and out of the line-of-sight region, and the 
received power as well as the delay spread and angular spread 
increased. Particularly in the azimuth domain, a number of distinct 
components were visible, which seemed to change rapidly in the 
azimuth direction. From the omnidirectional video data, it was 
found that these distinct components were caused by reflections 
from lampposts, traffic signs, and plane metallic objects. 

A number of other more-diffuse and less rapidly changing 
components were also visible. By using the omnidirectional cam
era data, these components could be related to reflections from 
irregular (building) surfaces and objects, and through-building 
propagation. 

The results in Figures 7-10 each contained the estimated 
multipath components, superimposed on a video frame, from the 
transmitter at Base Station 1 (Figures 7a, 8a, 9a, lOa) and from the 
transmitter at Base Station 2 (Figures 7b, 8b, 9b, lOb), at a compa
rable receiver position. Figure 7a shows the estimation results of 
snapshot k = 3900 . Here, the line-of-sight component was clearly 
visible, as well as other components caused by reflections from 
buildings, traffic signs, and other objects. 

Figure 4. The transmitting antenna, Tx 2, positioned outside, 
close to Base Station 2, and pointed in the same direction. 
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Figure 5. The estimated multipath components along the 
measurement trajectory from the signals received from Tx 1 in 
the (a) delay, (b) elevation, and (c) azimuthal domains. 

During the remammg part of the trajectory, the receiver 
remained mainly in the non-line-of-sight region. Reflections 
mainly from the upper parts of buildings FI to F4, shown in Fig
ure I, were also visible in the elevation domain as consecutive 
collections of multi path components at larger elevation angles. 
These collections of multi path components were visible in the 
azimuth domain as bands that changed from ¢::: -180° to 0°. 

These bands of multi path components consisted of a stronger 
specular component as well as a more diffuse part. The scattering 
in the diffuse part was caused by the irregular structure of the 
buildings, consisting of irregularly distributed windows and steel 
balconies. The results in Figures 8a and 9a show the estimates at 
k = 6720 and k = 7020 , respectively. In the short interval between 
8250 < k < 87 50 , a line-of-sight between Hv A I and Hv A2 existed. 
The moment just before the line-of-sight region is also shown m 
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Figure 6. The estimated multipath components along the 
measurement trajectory from the signals received from Tx 2 in 
the (a) delay, (b) elevation, and (c) azimuthal domains. 

Figure lOa, where a strong reflection via HvA2 and a small amount 
of through-building propagation of HvA I is observed. The line-of
sight region is shown in Figure II a. 

The results in Figure 6 show the estimated multi path compo
nents in the delay and angular domain along the trajectory obtained 
from the signals received by Tx 2. Up to k ::: 3500 , most of the 
received power was received via reflections by the railway infra
structure and crossovers, as well as via propagation around and 
through building Arena. The vertical spikes in the elevation 
domain resulted from propagation through the vertical open parts 
of the railway crossovers. From 3 500 < k < 6000, two more domi
nant contributions were visible. The strongest contribution, varying 
from ¢::: 30° to 0°, was caused by propagation over the railway 

crossovers. 
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Figure I I. The multipath component angles-of-arrival superimposed on omnidirectional video data for (a) the Tx at Base Station I 
and k = 8551, and (b) the Tx at Base Station 2 and k = 927 1. 

The other lower and more-diffuse contribution was caused by 
the front and side faces of building F2, perpendicular to the trajec
tory. This is visualized in Figure 7b, where the two strong collec
tions of multi path components were clearly visible. A small 
amount of through-building propagation was observed at building 
lNG, but this was much weaker than the reflections from building 
F2. The collections of multipath components from building F2 are 
also visible in Figure 6c as a band that changes from ; = -1800 to 

00• Although no specular path existed from the transmitter to the 
receiver via the face of building F2, scattering caused by the 
irregularities still caused significant power to reach the receiver. In 
the second part of the trajectory (k > 5000), similar significant 
contributions by reflections from building F I  and F2 were visible, 
as well as second-order reflections, most likely from the buildings 
Hv A I and Hv A2 and the trees in front of them. This is also visu
alized in Figures 8b-llb. Figure 8b shows that at k = 7590, the 
scattering of remote building F I was much larger than the scatter
ing of the nearby building F2. It could be seen from Figure 6 that 
the scattering of building F I  reached its maximum around 
k = 7000, while that of building F2 had a maximum around 
k = 8500 (see also Figure lOb). This clearly demonstrated that the 
scattering at these buildings was not completely diffuse. 

From the results discussed above, it became clear that the 
received power - overestimated by the propagation prediction 
model - and the large-scale signal fluctuations of the received sig
nal from Tx I were mainly caused by the strong shadowing effects 
by buildings HvA I and HvA2. Although in the shadowed areas, 
part of the energy was reflected back via the upper half of build
ings F I-F4, the amount of total received power was below that of 
Tx 2, for a large part. This can be seen more clearly in Figure 3b. 
The underestimated or relatively high received power from Tx 2 
was mainly caused by through-building propagation, reflections 
from rough building surfaces (F I-F4), and higher-order reflections. 
These effects caused the waves to propagate rather easily into and 
through this street. 

The results also showed that the prediction errors in the sto
chastic empirical propagation-prediction model were mainly 
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caused by the limited amount of information about the environ
ment that was taken into account, and important propagation 
mechanisms, such as reflections, that were not directly included in 
the model. Furthermore, it was shown that in the case of irregular 
surfaces, the effects of an entire surface can be important, instead 
of those from a single specular point. 

Other type of models, e.g., ray-based models [3, 19], will 
need to be considered in order to include propagation effects that 
cause energy to arrive via paths other than only the direct path. 
However, the use of ray-based models for diagnostic site analysis 
will not always be the right solution, since the dominant propaga
tion phenomena may not all be correctly included in the model. 
Furthermore, incorrect calibration of the model may cause severe 
under-estimation or overestimation of the propagation phenomena. 
The results from diagnostic measurements, as presented here, may 
lead to extensions, improvements, and better calibration of ray
based models. When a more in-depth analysis of a specific area is 
required, the use of these improved ray-based prediction tools can 
then be used to improve the network configuration. 

5. Conclusions 

In this paper, a high-resolution measurement system was 
used as a diagnostic tool in a dense urban environment in order to 
identify the causes of unexpected interference and signal degrada
tion in an active cellular network. It was shown that the measure
ment system can be configured so as to operate in propagation 
conditions similar to those that influence the operation of live 
operating systems, in order to identify the causes of unexpected 
interference and desired signal degradation in the corresponding 
active cellular system. The high-resolution capabilities, and the 
combination of omnidirectional video images and measurement 
data, make it possible to directly identify propagation effects in a 
real network scenario while moving through it. 
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The results underlined the limitations of current propagation 
models used by operators in existing and - even more importantly 
- future networks. It was shown that shadowing and reflections 
from irregular building structures are important phenomena that 
are currently not accurately modeled, and this can lead to network 
problems in more-complex environments. More accurate propaga
tion modeling is needed in complex environments. The use of 
advanced propagation measurements can help provide the insight 
needed for the development of such models. 
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