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Abstract— This paper represents spectrum occupation
measurements performed during the Soccer World Cup
2006 in Germany. The measurements cover the range
from 400 MHz up to 2600 MHz including among other
communication standards GSM 900, DCS 1800, UMTS, and
WiFi. The intention of the paper is to compare spectrum
occupation during a mega-event to spectrum allocation in
a “normal usage” situation and to investigate correlation
between the received power levels and specific events, e.g.,
scoring within a match. These results form the basis for a
metric that may be assigned for dynamic spectrum access in
heterogeneous radio environments. Measurement results are
deeply investigated with respect to time-dependent and peak
power statistics as well as quality of service considerations.
Quality of service in that case is represented in terms of
succeeded voice calls, data calls and data transfers as well as
average throughput.
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I. INTRODUCTION

HERE is no doubt that the demand for bandwidth is

increasing enormously in the near future, most no-
tably with respect to innovative multi-media applications
that tend to provide services whenever and wherever users
ask for them [1], [2]. This ubiquitous scenario obviously
requires new communication techniques that are able to
overcome the inherent limitations of the radio frequency
spectrum [3]. Such an approach is dynamic spectrum al-
location [4] - [6]. Here, a radio device will not only be
assigned to a specific communications standard, but will
be able to use different standards with respect to its cur-
rent requirements. This heterogeneous environment where
a multitude of standards is coexisting comes along with
suitable, reconfigurable radio concepts, so-called cognitive
radios [7], [8].

In order to perform dynamic spectrum allocation in a
heterogeneous network, proper knowledge about spectrum
occupation is indispensable. The Soccer World Cup 2006
in Germany offered a great opportunity to obtain measure-
ment data on spectrum allocation during a mega-event.
For that purpose, measurements at two different sites have
been performed, namely Kaiserlautern (Italy vs. USA) and
Dortmund (Germany vs. Poland). To be able to com-
pare the results during the matches to results at a “nor-

mal day” occupation, measurements the day prior to the
matches have been collected as well. The power level mea-
surements ranged from 400 MHz to 2600 MHz including,
e.g., GSM 900 downlink, DCS 1800 downlink, and UMTS
downlink. Additionally, measurements with trace mobiles
were made to evaluate the quality of connections.

The remainder of the paper is organized as follows. In
Section II the measurement setup will be described. We
give a brief survey of the measurement equipment and sites
and the configuration of the measurement devices. Sec-
tion III deals with measurement results that include time-
dependent statistics, complementary cumulative distribu-
tion functions, and analysis on trace mobiles. Finally, Sec-
tion IV concludes the paper.

II. MEASUREMENT SETUP
A. Measurement Equipment

The measurements were performed on the basis of
different measurement devices including spectrum ana-
lyzer and cellular dedicated trace mobiles (for GSM and
UMTS). The spectrum analyzer was connected to an omni-
directional antenna placed at 4 m height above ground.
It was controlled by the EM Spy Software developed by
France Telecom (see Figure 1) for analyzer monitoring and
data collecting and takes spectrum snapshots of frequency
bands of interest periodically (about 1 second order of
magnitude). Memory size of the analyzer and consequent
tradeoffs between time and frequency resolution allowed
automatic recording periods of about 30 to 45 minutes
without manual intervention. Several cycles were there-
fore programmed to cover the whole duration of a soccer
match.

Apart from these power level recordings further infor-
mation on the network behavior was simultaneously ob-
tained by trace mobiles. Communications were therefore
triggered periodically for phone call and data transfer type
of services. These devices were directly connected to a
notebook and controlled via specific software.

B. Measurement Sites

The measurements were performed in fixed locations
with equipment that was located in 2 dedicated vans. Given
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Fig. 1. Schematic description of spectrum analyzer with associated mon-
itoring and recording software and omnidirectional antenna (height: 4 m).

the importance of the event one major challenge consisted
in finding adequate locations that were likely to give rele-
vant information on wireless activity, taking security con-
straints and consequent security zones around the stadiums
into account. Another important constraint was to keep the
same locations the day before and during the events to al-
low proper comparison of measured data.

In Dortmund the vans were located in-between city cen-
ter and stadium on one of the red marked paths to the sta-
dium, hence providing a great opportunity to exploit “mov-
ing spots” due to pedestrians. The situation was different
in Kaiserslautern where the vans were located in a park-
ing lot approximately 400 meters away from the stadium
entrance and not more than 30 meters from a path.

C. Measurement Configuration

Four different measurement configurations have been

used that will be described in detail in the following.

1) GSM 900: Measurements were taken from 915 MHz
to 995 MHz, which covers the GSM 900 downlink
band (925 MHz to 960 MHz). Frequency resolution
was set to 200 kHz, thus one measuring point repre-
sents one channel in GSM. One spectrum snapshot
was taken every second.

2) DCS 1800: Measurements were performed in a
range from 1805 MHz to 1885 MHz, which cov-
ers the DCS 1800 downlink band (1805 MHz to
1880 MHz). Frequency resolution was set to
200 kHz as well, and one spectrum snapshot was
taken per second.

3) UMTS downlink and WiFi: A frequency resolution
of 1 MHz was selected in a range from 2 GHz
to 2.6 GHz, which covers the UMTS downlink
band (2110 MHz to 2170 MHz) and the WiFi band
(2400 MHz to 2500 MHz). One spectrum snapshot
per second was taken.

4) Global band: The global band covers the PMR
bands (450 MHz to 470 MHz), the DVB-T bands
(470 MHz to 860 MHz), and the bands from GSM
900 up to WiFi. Frequency resolution was set to
2 MHz, and a spectrum snapshot was collected ev-
ery 4 seconds.

ITT. MEASUREMENT RESULTS
A. Time-dependent Statistics and Autocorrelation

In this section we discuss some of the results from the
spectrum measurement campaign. We concentrate on mea-
surements from the 900 MHz band in Dortmund and the
1800 MHz band in Kaiserslautern, as these have proven
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Fig. 2. Time-variation of the average observed power per 200 kHz sub-
band in the 900 MHz band in Dortmund.
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Fig. 3. Time-variation of the average observed power per 200 kHz sub-
band in the 1800 MHz band in Kaiserslautern.

to be most interesting. Figure 2 plots a moving average
(of order 60) of the average power level per 200 kHz sub-
band in Dortmund, while also denoting the exact timings
of events concerning the match. Figure 3 is the associated
plot for the 1800 MHz band in Kaiserslautern. Moreover,
the power-level statistics for different times with respect to
the matches, both in Dortmund and Kaiserslautern, are in
Table I.

From these plots, the relationship between power level
and the timing of the match can clearly be seen. In
both Dortmund and Kaiserslautern, the observed spectrum
power on the day before the match is significantly lower
than on the day of the match, by approximately 3 dB. On
the day of the match there is a high power as the build-up to
the event proceeds. During the match (both in the first and
second halves), the power level reduces significantly, pre-
sumably because people are engrossed in the match. This
reduction for both Dortmund and Kaiserslautern is approx-
imately 2-3 dB. Notably, at half time there is a consider-
able peak in spectrum activity, and there is another par-
ticularly strong peak after the match. We speculate that
the peak after the match is caused by (1) spectators leav-

Authorized licensed use limited to: IEEE Xplore. Downloaded on December 5, 2008 at 03:49 from IEEE Xplore. Restrictions apply.



TABLE 1
TIME-DEPENDENT STATISTICS FOR DORTMUND AND KAISERSLAUTERN

Average Power [dBm|

Power Coefficient of Variation

900 MHz 1800 MHz 900 MHz 1800 MHz
Dortmund Kaiserslautern Dortmund Kaiserslautern
Day before match —61.6 —68.8 0.258 0.493
Build-up to match —58.4 —65.9 0.339 0.276
First Half —60.8 —66.7 0.292 0.248
Half Time —59.2 —64.9 0.299 0.260
Second Half —60.4 —66.1 0.283 0.225
Hour after match —57.7 —64.4 0.246 0.182
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Fig. 4. Autocorrelation vs. time lags plots in the build-up to the match
and at half time in Dortmund.

ing the ground and making calls as they move on to their
next destination, and (2) perhaps calls being made to dis-
cuss the match, this latter cause might also be the case at
half time. Note that there is a strong likelihood that par-
ticular events in the match influence the power level, e.g.,
the sending off of Pablo Mastroeni for the USA just be-
fore half time in Kaiserslautern, and the winning goal of
Oliver Neuville for Germany just before full time in Dort-
mund. The “power surges” following these events are per-
haps higher than would otherwise be expected. The trends
observed here with respect to the timing of the match, pos-
sibly as well as events during the match, can be easily used
in systems to dynamically allocate resources based on pre-
dicted variations in loads. Moreover, statistics such as the
power coefficient of variation, also denoted in Table I, give
arough indication of the confidence with which a dynamic
allocation can be made.

Next we consider the time-dependence of power levels
through investigating the autocorrelation structure as an in-
dication of the rate of power variability: note that a heavier
tail in an autocorrelation vs. time lags plot indicates a ten-
dency for power levels to vary slowly, hence more time for
the system to react to dynamically allocate resources. Here
we point out some noticeable trends. On the day before the
match, the autocorrelation decreases slowly, only to ap-
proximately 0.35 within 30 lags (30 seconds). During the

Lags (1 lag = 1 second)

Fig. 5. Autocorrelation vs. time lags plots in the build-up to the match
and at half time in Kaiserlslautern.

build-up to the match, the autocorrelation function drops
extremely quickly, falling to approximately 0.1 within 30
lags thus indicating that the system must be rapidly reac-
tive if it is going to be able to reallocate resources dynam-
ically based on loads within this period. During the match
itself, the autocorrelation function generally drops quite
quickly. However, at half time it falls extremely slowly,
only to approximately 0.4 within 30 lags. This represents
a golden opportunity for the benefits of dynamic allocation
to be leveraged, especially given the higher power levels
observed at half time. Finally, in the hour after the match,
the autocorrelation function again drops slowly, also repre-
senting a good opportunity for dynamic allocation. In gen-
eral, it should be noted that there is a very good agreement
between decays of autocorrelation plots for Dortmund and
Kaiserslautern.

Figures 4 and 5 compare the autocorrelation plots for
Dortmund and Kaiserslautern in the build-up to the match
to those at half time, thus illustrating the enhanced poten-
tial for dynamic allocation, e.g., at half time. Note that
in both cases the autocorrelation at lag zero is omitted for
clarity.

B. Complementary Cumulative Distribution Functions

The complementary cumulative distribution function
(CCDF) expresses the probability that a signal lies at or
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Fig. 6. Complementary cumulative distribution function of a noise chan-
nel, a traffic channel (dashed line indicates traffic the day before the match
and solid line indicates the traffic on the day of the match), and a beacon
channel in GSM 900.

above a specific power value. Thus, CCDF is a method
to characterize the peak power statistics of digitally modu-
lated signals.

Figure 6 depicts CCDF curves of a noise channel, a traf-
fic channel, and a beacon channel of a GSM 900 system.
A glance at the noise channel curve (green) shows that a
detection threshold of —90 dBm can be chosen in order
to decide whether a channel is free or currently allocated.
This detection threshold depends on analyzer settings like
resolution bandwidth, noise figure, and selected detector. It
is obvious that this threshold serves as decision citerion for
the detection of spectrum holes. The blue curves indicate
measurements of a traffic channel the day before the match
(dashed line) and on the day of the match (solid line). Not
surprisingly, the power level on the day of the match is ap-
proximately 8 to 9 dB higher compared to those on the day
before. This can definitely be ascribed to a higher density
of used mobile phones. For instance, 95 % of the power
of the measured signal on the day of the match lie above
—80 dBm and even 100 % lie above the detection thresh-
old of —90 dBm, which indicates that this channel was
used during the whole measurement period. The red line
depicts the beacon channel that is occupied with a higher
power level all the time (average power level is approxi-
mately —46 dBm).

C. Trace Mobiles

Trace mobiles were used in order to perform quality
of service measurements with respect to succeeded voice
calls, data calls and data transfers as well as average
throughput. In Dortmund, measurements in a 2G cellular
system were collected whereas in Kaiserslautern we per-
formed measurements in a 3G cellular network. Through-
out this paragraph a succeeded event is denoted as OK and
a failed event is denoted as NOK. Measurements have been
set as follows. In Dortmund, a voice call lasted 62 seconds
and FTP size was chosen to be 500 kbit. In Kaiserslautern,

[ I data call Il data transfer

status

f %

21.28

19.56 20.42 22.13 22.58

19.00
time of day
Fig. 7. Success (OK) and failure (NOK) of data calls and data tranfers

in a 2G cellular system in Dortmund.

TABLE II
SUCCEEDED DATA CALLS AND DATA TRANSFERS FOR 2G

Data calls Data transfers
OK [%] OK [%]
Day before match 100 100
Build-up to match 69 41
First Half 100 25
Half Time 100 50
Second Half 100 45
Hour after match 100 50

voice call duration was set to 60 seconds and FTP size was
set to 3 Mbit. For the 3G measurements scrambling code
384 was used and no soft handover was considered. In both
cases, voice calls and data calls were made alternatively. If
a call failed, the procedure was repeated until a successful
call could be made. Similarly, if a data transfer failed, the
transfer was repeated until it succeeded.

In Dortmund, all calls were made over the same oper-
ator. As calls were made at a fixed location, they usually
did not have any handover during the call. Only in the
case of voice calls, some handovers could be recognized.
All data calls started and ended in the same cell. Figure 7
shows succeeded and failed data calls and data transfers. It
can especially be seen that from 20.40 to 20.45 five con-
secutive data calls failed. Additionally, during half time
almost all data transfers failed (21.45 to 22.00). A precise
percentage description is listed in Table II. The avergage
throughput for a 2G cellular system is depicted in Figure
8, where it can be seen that the average throughput suffers
a tremendous degradation (approximately a factor of 1/5)
on the day of the match compared to the day before.

In Kaiserslautern, 100 % of voice calls and 95 % of data
calls succeeded on the day of the match (measurements
performed from 19.00 to 0.30). These facts in addition to
the total number of calls are shown in Table III. In aver-
age, throughput is very good and there are only 4 failed
data calls. It is reasonable to think that the majority of the
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Fig. 8. Average throughput for a 2G cellular system in Dortmund.

TABLE III
SUCCEEDED DATA CALLS AND DATA TRANSFERS FOR 3G
Number of calls OK [%]
Voice 74 100
Data 74 95

calls were made in GSM, and for that reason the results
are better in 3G than in 2G. We consider four outstand-
ing points of the curve plotted in Figure 9, however, the
first two gaps cannot be assigned to any specific event: (1)
data call failure shortly before the beginning of the match
(20.55), (2) average throughput decrease in the time win-
dow from 21.22 to 21.27 most likely due to scoring (two
goals were scored, first Italy scored in the 22nd minute
and then USA scored in 27th minute), (3) data call failure
during half time (21.45 to 22.00), and (4) data call failure
shortly after the match (22.48). Decrease or even failure of
calls can be related to congestion control. For that reason,
when someone tries to make a call, the throughput is lower
(spreading factor higher) since there are many users at the
same time that try to call simultaneously.

IV. CONCLUSION

In the near future, it will become necessary to create
new techniques that are able to satisfy the increasing de-
mand for more bandwidth. To achieve better system per-
formance, reconfiguration in heterogeneous environments
seems to be inescapable. In this paper results of spectrum
measurements have been presented that serve as basis for
the development of efficient and dynamic spectrum access
algorithms. First, time-dependence of power levels has
been investigated and autocorrelation functions as an indi-
cation of the rate of power variability have been calculated,
where it can be seen that, e.g., half time during a match of-
fers a great opportunity for dynamic allocation. Comple-
mentary cumulative distribution function have been calcu-
lated to characterize the peak power statistics of the re-
ceived signals. Dependent on measurement settings a suit-
able detection threshold can be set that serves as indica-
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Fig. 9. Throughput for a 3G cellular system in Kaiserslautern.

tion for a free or occupied channel, a major point in the
research area of cogntive radio. Finally, analysis of trace
mobiles data showed that throughput highly depends on
the communication standards (2G or 3G) and, moreover, is
correlated to specific events (start of the match, half time,
scoring, etc.).
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