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Abstract—We present results from a detailed comparative
analysis of spectrum use based on extensive measurement cam-
paigns in two major European metropolitan areas, namely in
Paris and London. We focus on frequency bands assigned to
cellular systems, and characterize in detail the similarities and
differences between operators in terms of how their licensed
spectrum is used. In particular, we present extensive cross-
correlation analysis describing the complex interdependencies in
spectrum use between the various bands together with their
spatial correlation structures. We characterize both correlations
in the use of the downlink bands of different operators, as well as
between uplink and downlink bands. Our results show that there
are in many instances strong correlations in especially the use
of the downlink bands, but these are not present in all regions
and for all technologies. In particular, the results indicate that
much more refined models of spectrum use need to be developed
compared to the state-of-the-art in order to realistically evaluate
the potential of spectrum sharing and data offloading techniques.

I. INTRODUCTION

During recent years a large number of measurement cam-

paigns have been conducted to improve our understanding on

how the radio spectrum is used. However, most of the existing

measurement campaigns have focused on wide band spectrum

occupancy measurements, often conducted at single location or

small number of distinct environments [1]–[6]. The objective

of such measurements has been to improve our understanding

on aggregate usage characteristics, for example, on how much

of the TV or cellular spectrum is actually used as opposed to

allocated to various operators. By design, these measurements

cannot provide information on the possibly complex inter-

dependencies in spectrum use across different operators and

technologies in different locations. Developing such detailed

understanding on the use of the various frequency bands is

critical not only as input for regulatory discussion, but also for

developing improved evaluation scenarios for future wireless

systems. For example, too simplistic models of spectrum use

can vastly overestimate the usefulness of spectrum offloading

in scenarios for which usage of different bands is highly

correlated in space due to common usage hotspots.

In this paper we provide a first detailed comparative study

on how the spectrum assigned to different operators and

technologies is used in urban environments. We base our study

on two extensive measurement campaigns conducted in Paris

and London, together covering more than 200 measurement

locations in these metropolises. Using these unique data sets

we characterize in detail the spatial structure of spectrum use

on per-operator basis, and also conduct a first comprehensive

cross-correlation analysis of spectrum use across different

operators and frequency bands. In these domains, our work

considerably extends the earlier work reported on in the

literature. Few specific studies exist on how individual cellular

operators use their spectrum (see, for example, [7], [8]), but

these have focused on individual operators until now. Some

individual studies do exist on spatial correlations in spectrum

use [9], [10], but these have focused on correlations for the

entire frequency band in question.

The rest of this paper is structured as follows. In Section II

we provide an overview of the two measurement campaigns

we have conducted, the data from which provides the foun-

dation for our study. In Section III we take an explorative

look at the measurement results, highlighting the similarities

and differences in how the different frequency bands are

used by the different operators in the two metropolitan areas.

We then provide a more quantitative comparison of these

differences in Section IV. In Section V we study the time

dynamics of cellular networks at areas of very high utilization.

In Section VI we provide a detailed analysis of the spatial and

cross-correlation properties of the different operator assigned

frequency bands both in Paris and in London. We then refine

these results in Section VII, showing how more fine-grained

spatial correlation results can be obtained for regions in which

a large number of measurement data is available. Finally, in

Section VIII we briefly present observations on the usage of

the ISM band by Wi-Fi deployments in the two cities, before

concluding the paper in Section IX.

II. OVERVIEW OF THE MEASUREMENT CAMPAIGNS

The presented results are based on data sets from two mea-

surement campaigns we conducted in the two metropolises,

namely Paris and London, capitals of France and the United

Kingdom respectively. Paris is the capital and the largest

metropolitan city in France. The population of the core city

area is around 2.25 millions, with over 10 million inhabitants

in the urban area, making Paris one of the largest business and

cultural centers in Europe and whole world. Our measurement



TABLE I
MEASUREMENT LOCATIONS, DESCRIPTIONS AND DETAILS.

Date Location City Description Measurement
locations

Measurement
duration [h]

Wed, Oct 13, 2010 Issy-les-Moulineaux Paris At the heart of the Val de Seine
business district

68 5.5

Sat, July 02, 2011 Oxford Street London London’s main Shopping Area 35 6

Sat, July 02, 2011 Trafalgar Square London Touristic and Night-life Area 22 3

Sun, July 03, 2011 All-England Lawn Ten-
nis Club, Wimbledon

London Gentlemen’s Singles - Finals
(Djokovic vs. Nadal)

16 6

Mon, July 04, 2011 Residential Area London De Beauvoir,
District of London

28 10

Tue, July 05, 2011 Business Area London Finsbury Circus and surround-
ing area of the “City of Lon-
don” financial district, includ-
ing Liverpool Street national
train terminus

12 7

Wed, July 06, 2011 Suburban Area London Woodford,
North East London suburb

26 4

TABLE II
HARDWARE AND CONFIGURATION USED IN THE MEASUREMENTS IN THE

TWO CITIES (SENSITIVITY AND LOSSES REPORTED FOR 3 GHZ).

Device property Details

Spectrum Analyzer Model R&S FSL 6

Antenna AOR DA735G

Antenna Frequency Range 0.075-3 GHz

Resolution Bandwidth 100 kHz

Spectrum Analyzer, Sens -108 dBm/100 kHz

Cable Losses 1 dBm

Achieved Sensitivity -107 dBm/100 kHz

Detectors RMS, Average, Auto Peak

took place in the commune (French municipality) of Issy-

les-Moulineaux, Figure 1(a), that is at the heart of the Val

de Seine business district, the largest cluster of telecommu-

nication and media businesses in France. As we wanted to

capture all different spatial dynamics of this location we have

planned a measurement campaign that would yield high spatial

resolution, yielding 68 total measurement points around the

Issy-les-Moulineaux area as depicted in Figure 2(b).

Our second measurement data set used here comes from the

metropolis of London, the capital city of the United Kingdom.

London the largest urban zone and metropolitan area in the

European Union. Population in London is typically estimated

to be between 7-8 millions and we took measurements over

the course of one week, with example of the deployed mea-

surement setup shown in Figure 1(b). The long measurement

campaign was necessary to capture spectrum use in different

regions of the city. In total we conducted measurements at

7 different locations, ranging from the main Shopping Area

(Oxford Street), to a busy Business Area all the way to the

Heathrow airport (the busiest airport in the Europe). Details

about all the locations can be found in our previous work

in [11]. Due to space limitations we will only show the

summary of locations in Table I. In London we also deployed

one long term measurement platform that collected a full

week of data from a stationary point at the heart of the city

center. The detailed measurement description together with the

preliminary analysis of this medium term measurement can be

found from [12].

Our measurement setup consisted of three portable measure-

ment platforms that included a spectrum analyzer, a battery

compartment, laptop to configure and store measurements,

cabling, and a mounted antenna. All these were enclosed in

a waterproof blue case as is also depicted in Figures 1(a)

and 1(b). Our “blue boxes” were configured to capture with

increased time resolution the cellular bands (namely the GSM

900, GSM 1800 and UMTS bands) as well as the 2.4 GHz

ISM band. As mentioned above, in the London case one of the

three measurement platforms were kept at the fixed location

for the total duration of the measurements. It would be called

“stationary box” from now on. This measurement approach

yields less measurement points, at the same measurement

period as one box is always at one point, but it allows

comparative studies between long term measurements in an

area versus the shorter duration of the two other measurement

platforms. The stationary measurement point was covering

the total frequency band of 75 MHz–3 GHz. The stationary

measurement location in Figure 2(a) is depicted with a trian-

gle and rest points with a diamond. The used measurement

platforms have the antenna at 1.75m, typical height of the

antenna for mobile use. The detailed configurations used are

also reported in Table II. The interested reader can find,

detailed information and the rationale for the selection of the

configuration parameters in [13], [14]. Our measurement setup



(a) Business Area, Paris (b) Business Area, London

Fig. 1. Two of the measurement locations in London and Paris.

(a) Measurement locations in Business Area, London (b) Measurement locations in Issy-les-Moulineaux, Paris

Fig. 2. Measurement locations in Business Area of London and Paris. The diamonds correspond to the locations at which measurements were carried out
using the movable blue boxes. On the left figure the stationary box is depicted with a triangle.

and the applied configuration were exactly the same for all

the measurements in the two different countries. This allowed

to have comparable results in all the measurement files we

captured. Finally we were also collecting extensive metadata

at each measurement location, including timestamps for the

completed sweeps and GPS locations. The used abbreviations

for the providers can be found in the Table III1.

III. EXPLORATORY VIEW OF THE DATA SETS

In this paper we focus on studying provider activity over

different bands and locations, as opposed to aggregate per-

band characteristics as reported in earlier works. In Figure 3

we present example spectrograms from our data sets, illustrat-

ing the substantial differences in spectrum use for the different

operator sub-bands. These depict the measured power on every

frequency bin on the x-axis and the number of sweeps on the

1We denote all the operators with symbols as their actual identities are not
interesting for the purposes of this paper, although naturally we know the
actual operators. We denote also the different frequency bands allocated to
operator X as X.1, X.2, and so on.

TABLE III
ABBREVIATIONS USED FOR THE NETWORK PROVIDERS.

Providers Abbreviations

London providers A, B, C, D

Paris providers E, F, G

y-axis. In Figure 3(a) the GSM 900 downlink band is depicted

for the Business Area in London. The GSM 900 downlink is

allocated in six parts that correspond to two service providers.

This band, in the London Business Area, for all the twelve

measurement locations was always saturated. The refarming

of GSM 900 downlink for UMTS use is also shown, as we

have already reported previously in [12].

On the Business Area in Paris (Figure 3(b)), the GSM 900

downlink band is allocated to three operators and is also highly

occupied, although slightly less compared to the London. The

GSM 1800 downlink band in the London Business Area is

also very heavily occupied with almost no unused spectrum



(a) Business Area (London), GSM 900 downlink
band

(b) Issy-les-Moulineaux (Paris), GSM 900
downlink band

(c) Business Area (London), GSM 1800
downlink band

(d) Business Area (London), UMTS
downlink band

(e) Issy-les-Moulineaux (Paris), UMTS
downlink band

Fig. 3. Examples of spectrograms corresponding to different measurement locations and frequency bands. Color legend refers to dBm/100 kHz.

left. In our previous measurement campaigns on medium sized

cities of populations in the few hundred thousands range [13],

the GSM 1800 downlink band exhibited large chunks of

frequency bins with inactivity (values below the sensitivity

of the measurement setup) were found. This does not seem to

be the case in London though, where the two GSM bands are

fully occupied.

We also present two examples in Figures 3(d) and 3(e)

of the UMTS bands in London and Paris respectively. In

London all the spectrum in the UMTS operators is assigned

to the different providers, while in the Paris case there were

unallocated bands during the measurement period. Of course,

one here should note that the measurements in Paris were also

taken one year before the London ones. However, we do not

expect that this affects the comparisons as no major regulatory

or social changes were occurring between the measurements.

In the following we proceed with detailed quantitative

analysis of these differences, also focusing on dependencies

in spatial and temporal spectrum use for the different bands.

IV. DISTRIBUTION OF RECEIVED POWER FOR

DIFFERENT OPERATORS AND FREQUENCY BANDS

In the previous section we have seen the is typical situation,

where operators do not have continuous frequency chunks,

but have a license for smaller non-consecutive frequency sub-

bands. We continue by having a first look in this section,

how service providers tend to use their spectrum. We start

by presenting some example results that might be considered

as counterintuitive compared to the assumptions usually made

in proposed spectrum use models. In Figure 4 we show that a

provider might not be using the same technology to provide

coverage at the same area. We compare the utilization of

the spectrum allocated to operator F in Issy-les-Moulineaux

by studying two measurement locations that are only 900 m

apart. The first, shows very low utilization of the GSM 1800

band, 70% of the measurements being noise. The second

measurement location for the same provider shows much more

activity with only 15% of the measurement being at the noise

floor. This could also indicate that the GSM 1800 band was not

that popular at measurement time, since there was sufficient

capacity in other networks. Still what can be made clear is
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(a) Issy-les-Moulineaux (Paris), GSM 1800, Location 1
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(b) Issy-les-Moulineaux (Paris), GSM 1800, Location 2

Fig. 4. Cumulative distribution functions for the measured power spectral densities at the GSM 1800 band for the different operator sub-bands in Issy-les-
Moulineaux, Paris. The abbreviations used in the legends correspond to the symbolic operator identifiers given in Table III.
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(a) GSM 1800 downlink band, Business Area, London
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(b) GSM 900 downlink band, Issy-les Moulineaux, Paris

Fig. 5. Measured power spectral densities for the different operators on the GSM 900 and 1800 downlink bands for the London and Paris data sets.

that even distances of 900 m might be enough for different

technology utilization and spectrum utilization realization.

In contrast to the high level of heterogeneity shown above,

in Figure 5 we present some results that we found at several

places, where all the providers have very similar type of uti-

lization. We were able to see several examples at the Business

Area in London and especially in Issy-les-Moulineaux where

the distributions of spectrum use look like realizations of

the same distribution family with similar mean and standard

deviation.

We have also selected measurement locations, especially

at places with very high population/subscriber density (like

Business Area, Oxford Street) with all the providers being all

the time fully utilized. This is clearly visible in Figure 6 with

all the measurements being almost over 10 dB of the sensitivity

(note that the cellular networks operate with low power values

down to -110 dBm, as they use coherent detection methods

as opposed to non-coherent power measurements used in the

measurement setup). That should be interpreted as very high

demand for data and voice traffic in regions with high pop-

ulation. Finally, we find it interesting that the upper whisker

in the box plots span to -20 dBm which are typically values

observed at roof tops, where line of sight conditions are easily

found (see for example [12]). Indeed London not only has a

large number of subscribers, compared to other cities but also

very dense building environment so providers need to increase

their transmission power to ensure acceptable coverage to their

subscribers.

We conclude this section by reporting also on the rich nature

of the traffic dynamics, by showing typical cases that differ-
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Fig. 6. Example of a scenario with very high spectrum use across all the
operators, with data from measurements in the Finsbury area in London for
the GSM 900 downlink band.

ences between providers become apparent. In Figure 7(a) the

measurement results are shown for the Wimbledon stadium.

On the measurement day the finals of the Gentlemen’s Singles

tournament took place while we were measuring around the

stadium. Two of the six licensed bands were less utilized

compared to the other bands. In the Suburban case 7(b) two

of the licensed bands were almost idle compared to the four

others. In the Business Area, Figure 7(c), two bands in the

UMTS are fully utilized with the other two showing large

scale fluctuations. Finally similar results were also found in

the Paris as shown in Figure 7(d) with one of the bands being

completely empty, also an indicator of the late UMTS band

deployment, as the two GSM bands could support the traffic.

In order to draw conclusions from the results presented

in this section, making assumptions for network activity and

utilization of resources, is something that should be done

very carefully. From all the provided results so far, one thing

is clear, namely that there is so much variability between

the measured locations that any simple generalizations about

providers should be avoided in the future work. Many assump-

tions that we tested do not hold and it looks that there is rich

structure in deployments that does not allow oversimplifica-

tions typically found in the literature. For studying the rich

dynamics of network traffic, other tools are needed, some of

which we also present here in the following sections. We will

also extend this work in the dimension of similarities found

between providers and in the next section we explore those in

a more systematic way.

V. STATISTICS OF SPECTRUM UTILIZATION

We continue by reporting the duty cycle (DC) statistics for

the duration of 7 hours of one of our stationary boxes in

the London Business Area. Duty cycle is a first approach in

understanding how stable the environment can be within large

periods of time. Our stationary box in the Business area of

London measured for a duration of more than seven hours,

enough period for this type of observation. The duty cycle

is defined by equation (1) where the On and Off periods

correspond to number of measurements, per frequency bin,

that are above or below the energy threshold, resulting in the

duty cycle of

DC =
∑ On

On + Off
, On > −101 dBm/100 kHz. (1)

The results for the two GSM bands are given in Figure 8.

The GSM 900 downlink band, Figure 8(a), shows almost

no fluctuations during the total period of our measurements,

which again shows the very high traffic demands on such areas.

Four of the provider sub-bands have a constant duty cycle of

one, with only 2 out of 6 providers having their duty cycle

reduced slightly during the measurement period. But even this

reduction is less than 3%. That can be partially explained by

the refarming of the GSM 900 band for UMTS deployments

and the total needs that can not be covered just from one band.

On the other hand, the GSM 1800 results shown in Fig-

ure 8(b) are also very saturated, but there is more variation

visible compared to the GSM 900. These are in the order of

5% for most of the provider bands, with only one having a

drop of 15%. We note that the lunch period and the end of

the working hours are visible in the statistics. Even in the

GSM 1800 case, the fluctuations over the day are much lower

in both GSM bands, compared to findings in other European

cities observed in [14].

VI. SPATIAL AND CROSS-CORRELATIONS FOR

DIFFERENT OPERATORS AND TECHNOLOGIES

We shall now proceed to characterize the spatial and cross-

correlation structure of spectrum use. We shall first introduce

the statistics considered in this section and then discuss in

details the results obtained from the data based on the chosen

statistics.

A. Metrics Considered

We consider two types of metrics for spatial and cross-

correlation structure of the data. First, we use Moran’s I for

measuring the level of spatial autocorrelation on each of the

bands, i.e., characterizing how likely high level of spectrum

use at one measurement location is to indicate high usage also

at nearby sites. It is defined for data set Z by the equation

I ≡
n

∑
i,j Wij(Zi − Z̄)(Zj − Z̄)

W
∑

i(Zi − Z̄)2
, (2)

where Wij is a weight matrix, Z̄ is the mean of Z, and

W =
∑

i,j Wij is a normalization factor. Moran’s I takes

values between −1 and +1, former indicating strong negative

autocorrelation and latter strong positive autocorrelation. For

independent Zi we would have I ≈ 0. For the weights, we

apply the kth nearest neighbor approach. In this approach for

each location we set Wij = 1 if location j is among the

k nearest neighboring measurement locations to i, and zero
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(a) Wimbledon Stadium (London),
GSM 900
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(b) Suburban Area (London), GSM
1800
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(c) Business Area (London), UMTS
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(d) Issy-les-Moulineaux (Paris) (Lon-
don), UMTS

Fig. 7. Examples of highly uneven spectrum use between different operators for the key cellular frequency bands.
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Fig. 8. Time evaluation of spectrum use over the business day in the Business Area (London) for the GSM 900 and GSM 1800 bands.

otherwise. We shall use k = 4 in the following as was done

in our earlier work [11].

As the second metric we compute the cross-correlation co-

efficient for spectrum use between different bands as follows.

Let Zi;j denote a spectrum use statistic, such as mean PSD

values, for an operator sub-band j at a measurement location

i. Then the cross-correlation of spectrum use on two bands A
and B is defined by

γAB ≡
1

σAσBN

∑
i
(Zi;A − µA)(Zi;B − µB), (3)

where µj and σj denote the mean and the standard deviation of

Zi;j computed over all i, respectively, and N is the number of

measurement locations. If γAB = 1 high utilization of band

A would always imply high utilization of band B as well.

Cross-correlation of −1 would on the other hand imply that

traffic hotspots of A correspond to regions of no use for band

B. Finally, if the cross-correlation vanishes, there is no such

simple linear relationship between the spectrum use of the two

bands.

In the following we compute γAB over all the combinations

of uplink and downlink bands of different operators for the

given frequency bands and data sets, and give the results in

matrix form in Tables IV-VIII.

B. Example Results

In this section we study the correlations found in our

measurement sites. We start by the correlations between the

different downlinks at the different sites. That can shed light

in the typical question if high activity in one provider’s band

would also be correlated with activity of other bands. We shall

then continue with the correlations found between uplinks and

downlinks, so to see if within a provider increased downlink

would correlate to also increased uplink activity, as one might



TABLE IV
CORRELATION ANALYSIS, BUSINESS AREA, LONDON, GSM 1800.

ROWS ON THE UPPER HALF OF THE TABLE CORRESPOND TO DOWNLINK BANDS, AND

ROWS ON THE LOWER HALF OF THE TABLE TO UPLINK BANDS.

Cross-correlation with downlink band use

Moran’s I B A D C.1 C.2

B 0.51 1 0.73 0.27 0.57 0.22

A 0.30 0.73 1 0.56 0.83 0.62

D −0.05 0.27 0.56 1 0.78 0.69

C.1 0.13 0.57 0.83 0.78 1 0.86

C.2 −0.09 0.22 0.62 0.69 0.86 1

B 0.01 0.40 0.75 0.58 0.72 0.61

A −0.04 0.58 0.51 0.49 0.39 0.09

D −0.25 −0.12 −0.33 −0.49 −0.53 −0.60

C.1 −0.15 0.32 0.25 −0.12 0.19 0.30

C.2 −0.21 −0.13 −0.15 −0.22 −0.11 0.04

TABLE V
CORRELATION ANALYSIS, BUSINESS AREA, LONDON, UMTS

Cross-correlation with downlink band use

Moran’s I C D B A

C 0.02 1 0.85 0.63 0.86

D 0.07 0.85 1 0.50 0.67

B 0.12 0.63 0.50 1 0.60

A −0.00 0.86 0.67 0.60 1

C 0.16 −0.59 −0.73 −0.35 −0.59

D 0.02 0.13 −0.26 0.15 0.11

B −0.00 0.03 0.06 −0.36 −0.18

A 0.02 −0.62 −0.33 −0.59 −0.77

expect. Of course here we should note that the downlink

channels are easier to capture when compared to the uplinks

that are more site specific, and where users should be close

enough to our measurement equipment. Thus the results on the

uplink band behavior should be taken as preliminary analysis,

and more comprehensive measurements are required in the

future to validate the conclusions.

Table IV gives the spatial and cross-correlation results for

the GSM 1800 band over the measurement locations in the

Business Area of London. We see from the results on Moran’s

I that the spectrum use of B and A are somewhat correlated

in space, but on other bands no significant spatial correlations

can be observed. From the cross-correlation coefficients we

note that the use of the downlink bands is heavily correlated

between the operators with only very few exceptions. The

correlations between the downlink (DL) and uplink (UL) band

uses are substantially more complex, with the first two opera-

tors in the table having strong positive correlations matching

the expectations, with the rest of the cross-correlations being

highly varying.

We shall now contrast these results against those of the

UMTS band for the same measurement area, given on Ta-

ble V. Now the usage of the downlink bands is much more

strongly correlated between all the operator bands, indicating

significantly more similar deployment and usage patterns of

the 3G networks between the different stakeholders compared

to the GSM 1800 case. Another interesting pattern seen in

the results is the relatively strong anticorrelations between the

uplink and downlink band use of the same operator. The most

natural cause for this lies in the UMTS power control, which

reduces the transmit power of mobile terminals near the base

stations compared to the far away ones in order to mitigate

the near-far effect. These results strongly indicate that there

are highly non-trivial interdependencies and spatio-temporal

structures in the usage of different bands, and further studies

are definitely needed in order to study these structures.

Table VI shows the spatial and cross-correlation results for

the GSM 900 band in the business area of London. Unlike

for the previous data sets studied, now many of the downlink

bands feature significant spatial autocorrelations and cross-

correlations, whereas for the uplink band no significant pattern

emerges except for the band B.3. Interestingly the cross-

correlations in spectrum use between the downlink bands also

have more complex structure: the sub-bands of the operators

at the upper and lower edges of the band feature highly similar

behavior overall both between the operators as well as between

the two sub-bands of the same operator. These patterns might

well originate from similarities in radio access network design

between the operators, as well as their usage in the uplink

band, but again more studies are needed to confirm this. Notice

also that the usage of band B.1 seems to be very distinct from

the usage of the other two bands assigned to operator B. This

is likely due to band B.1 being already taken for refarming,

with different radio access technology being deployed than for

the other two frequency bands.

We conclude our study by contrasting the above findings

in the densely inhabited business areas with results from the

residential area in London. Table VII gives these results for the



TABLE VI
CORRELATION ANALYSIS, BUSINESS AREA, LONDON, GSM 900

Cross-correlation with downlink band use

Moran’s I A.1 B.1 A.2 B.2 A.3 B.3

A.1 0.05 1 0.61 0.88 0.47 0.91 0.55

B.1 0.19 0.61 1 0.61 −0.06 0.40 0.0

A.2 0.06 0.88 0.61 1 0.49 0.88 0.55

B.2 0.32 0.47 −0.06 0.49 1 0.65 0.87

A.3 0.11 0.91 0.40 0.88 0.65 1 0.75

B.3 0.37 0.55 0.0 0.55 0.87 0.75 1

A.1 −0.11 0.03 0.37 0.32 −0.14 0.07 0.13

B.1 −0.21 −0.19 0.07 0.11 −0.18 −0.19 −0.25

A.2 −0.13 0.19 0.11 0.27 −0.09 0.07 −0.01

B.2 −0.12 0.05 0.0 0.13 −0.12 −0.04 −0.12

A.3 −0.12 −0.45 −0.07 −0.42 −0.24 −0.54 −0.15

B.3 0.02 0.49 0.46 0.44 0.48 0.56 0.64

TABLE VII
CORRELATION ANALYSIS, RESIDENTIAL AREA, LONDON, GSM 900

Cross-correlation with downlink band use

Moran’s I A.1 B.1 A.2 B.2 A.3 B.3

A.1 0.59 1 0.00 0.90 0.10 0.85 0.09

B.1 0.07 0.00 1 0.07 0.84 0.21 0.75

A.2 0.61 0.90 0.07 1 0.21 0.87 0.19

B.2 0.20 0.10 0.84 0.21 1 0.46 0.94

A.3 0.64 0.85 0.21 0.87 0.46 1 0.45

B.3 0.21 0.09 0.75 0.19 0.94 0.45 1

A.1 0.29 −0.32 0.27 −0.37 0.12 −0.33 0.17

B.1 0.06 −0.03 −0.01 −0.02 −0.05 −0.04 −0.02

A.2 0.04 −0.07 0.31 −0.09 0.28 −0.03 0.41

B.2 0.06 0.01 0.37 0.13 0.52 0.27 0.61

A.3 0.18 −0.18 0.24 −0.20 0.28 −0.07 0.41

B.3 0.20 0.03 0.27 0.07 0.37 0.25 0.52

GSM 900 band for the different operators. Quite interestingly,

here the usage of downlink band is now very heavily correlated

between the sub-bands of the same operator, but the cross-

correlations between operators are not very significant. This

indicates that the operators use the radio resources between

their sub-bands quite equally and from same spatial locations

in this region, but their network deployments are quite distinct.

Again very few strong correlations exist between the downlink

and uplink band usage, with the exception of B.2 and B.3

uplink/downlink pairs.

Finally, Table VIII shows the results for UMTS band in

the same London residential area. As the usage of all the

downlink sub-bands is both heavily correlated in space, as well

as many of the cross-correlations being significant, it appears

that in the residential region UMTS is primarily deployed and

used to support data traffic in selected hotspot areas. Also

the negative correlations between the uplink and downlink

TABLE VIII
CORRELATION ANALYSIS, RESIDENTIAL AREA, LONDON, UMTS

Cross-correlation with downlink band use

Moran’s I C D B A

C 0.50 1 0.66 0.27 0.49

D 0.47 0.66 1 0.55 0.72

B 0.55 0.27 0.55 1 0.77

A 0.62 0.49 0.72 0.77 1

C 0.13 −0.47 −0.24 0.00 −0.25

D 0.32 −0.48 −0.37 −0.14 −0.44

B −0.14 −0.08 −0.06 −0.16 0.08

A 0.10 −0.41 −0.23 −0.06 −0.32

uses observed above, and presumed to arise due to the power

control algorithm used, are present for this data set as well.
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Fig. 9. Spatial autocorrelations of spectrum use per provider for the Issy-les-Moulineaux (Paris) data set.

VII. SPATIAL CORRELATION STATISTICS AND MODELS

In the above we used Moran’s I to quantify the degree of

spatial autocorrelations in the use of the different frequency

bands. In this section we discuss the use of more fine-grained

spatial autocorrelation measures for areas where a large num-

ber of measurement points are available. In particular, for

the Paris case, where measurements included a larger number

of spatial points, we study the variograms that can give us

much more detailed understanding of the spatial structure of

spectrum use, important for real deployments. The variogram

is defined as

2γ(xi, xj) = Var{Z(xi)− Z(xj)}, (4)

where Z is again a measure of spectrum use of space, such as

the mean power spectral density at the given location measured

over the given sub-band. The term γ alone is correspondingly

called the semivariogram.

In addition to estimating the semivariograms for the differ-

ent bands, quantifying spatial dependencies in spectrum use

over different distances, we have also tried fitting specific

parametric models to the estimated semivariograms. From the

large number of models tried, the best fits were obtained with

the exponential and linear models that are also included in

Figure 9. The exponential semivariogram model is of the

form γ(r) = τ2 + σ2(1 − exp(−r/θ)) (with r begin the

distance between xi and xj), thus modeling exponentially

decaying spatial autocorrelations. The linear model is defined

by γ(r) = τ2 + σ2r/θ. The parameter τ2 describes the short-

scale variability in spectrum use, induced by local changes

in the propagation environment as well as multipath fading,

σ2 corresponds to the overall variability of measured received

powers, and θ defines the correlation distance of the given

model.

We start by reporting the variograms for the GSM 1800

downlink for two different providers. For the first case as

shown in Figure 9(a) lightly utilized bands can look like

a local noise in the sense of having no appreciable spatial

correlations. However, for the same measurement area and

for the same band, different spatial correlations can occur

for other operators. One should see an example of this in

Figure 9(b), where the fitted linear model showed non-trivial

spatial correlations in the neighborhood.

We shall next present results for the GSM 900 downlink

as in Figure 9(c). Here it seems that there is a very strong
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Fig. 10. Example spectrograms of Wi-Fi usage for London and Paris data sets.

trend through the data, showing significant very large scale

correlations probably arising from the macrocellular usage

of the band. We conclude this section by reporting two

examples for the UMTS bands. In Figure 9(d) for the UTMS

provider symbol, exponential and spherical fitting is provided.

In Figure 9(e), strong linear behavior is visible for operator G.

From these examples it is clear that the spatial correlations,

as also were shown in the previous section with Moran’s

I results, are indeed present and a fundamental part of the

system deployment to utilize those to benefit in terms of

uncertainty in the radio coverage and reduce interference.

The interested reader should notice that in all the presented

variograms short scale variations appear in the form of in-

creased nugget. In our previous work [15] we have shown that

this can be improved for the component originating from mul-

tipath propagation by using a different type of measurement

procedure. However, this is very time consuming and is not

often feasible for large-area measurement campaigns. Having

larger number of samples, even noisy was more important for

the spatial characterization of the radio environment.

VIII. WI-FI USAGE IN THE MEASUREMENT REGIONS

We conclude this paper by briefly commenting about the

Wi-Fi occupancy characteristics as we measured them in the

two different cities. We should point out that configuring

devices for measurements is a trade off between achieved

speed and resolution, and our settings favored by design the

cellular bands over Wi-Fi signal receptions. In both cities,

we have seen very high activity in the Wi-Fi band in most

of the locations, with suburban environments having very

sporadic usage. This is understandable as Wi-Fi is mostly an

indoor technology. In large cities though, even measurement

locations were outdoors, at street level, we were able to capture

very high utilization in the band as depicted in Figure 10.

It is of course expected that in these high utilized bands,

there is even more traffic than what is captured, as our

resolution bandwidths and sweep times, could easily miss the

Wi-Fi transmissions that are typically very short bursts. In

the literature it is some times assumed that the Wi-Fi band

(2.4 GHz ISM band) can be also still utilized for other type

of deployments but being so highly utilized at high-population

density areas makes this less attractive in the future. This might

be even a problem for some Wi-Fi offloading proposals.

IX. CONCLUSIONS

In this paper we have shown that the radio environment

of two metropolises have a very rich structure. One would

expect this, but it is important to note how heterogeneous the

spatial structure can be by its dependence of spatial structure

and operators network. One can draw several conclusions and

lessons from this data, the wireless research community and

regulators should carefully consider. First, the cellular bands

are, in general, efficiently used in large metropolitan cities

and high usage “peak hours” and now extremely extended

over longer time-periods, which is understandable due to

increased data use and popularity of wireless connectivity.

However, we note that there are dynamic differences between

localities (even in the studied metropolitan areas) and spectrum

scarcity in some areas should not be interpreted to mean that

there is a nationwide scarcity. Second, the spatial statistic

analysis shown in this paper shows that there are strong spatial

correlations between the use of spectrum both when comparing

results among operators, between technologies, and between

up- and downlinks. Third, we strongly emphasis the finding

that the spatial correlations in spectrum use do not exhibit

universal scaling laws for modeling. Quite understandably the



underlying use population and the structure of the service

provider cellular network have a strong effect on correlation

structure. Although this result could be seen as an intuitive,

it has not been properly emphasized or taken into account

in the previous literature with only few exceptions to this.

Especially in the case of spectrum sharing and regulatory

literature there has been tendency to believe that the large-

scale network operators are “alike”, which our analysis clearly

shows not to be the case.

The observed spatial structure also shows that such environ-

ments could also benefit from REM-driven architectures [16]–

[18]. It is clear that the deployment and operation of cellular

networks go beyond simple design principles and more factors

can play a role in the way the wireless networks are being de-

veloped and deployed. That probably includes factors such as

deployment costs, regulations in a country, market dynamics,

and population characteristics just to mention a few. Even in

such rich and complex environments, as the two metropolises

we have presented, simple tools as correlations and spatial

statistics could be exploited to improve understanding of the

dynamics.

As the part of the future work we plan to conduct deeper

study on the data from the perspective of spatial correlations

and plan to also analyze time-domain correlations. There are

also plans to extend the coverage of our measurements and

possible add other cities to our databases either by conducting

our own measurements or by collaborating with other groups.

One possibility that we are also considering is to develop

methodology and conduct a study, where we measure spatial

usage both by the measurement equipment and collecting

information directly from the management plane of a operator

network. In general we believe that time- and spatial-domain

analysis of large-scale spectrum use is required to under-

stand regulatory possibilities and develop better techniques for

efficient spectrum use, e.g. through employing REM-driven

architectures for radio resource management. We plan also

to release later a large part of our raw measurement data to

research community.

ACKNOWLEDGMENT

The authors would like to thank RWTH Aachen University

and the German Research Foundation (Deutsche Forschungs-

gemeinschaft, DFG) for providing financial support through

the UMIC research centre. The authors would also like to

thank Christian Facchini, Jiwon Hwang, Diogo Quintas, Oliver

Holland from King’s College London and Pascal Cordier and

Berna Sayrac from Orange Labs in Paris for their assistance

during the spectrum measurement campaign. One of us (PM)

is also acknowledging the support through RWTH Fellowship,

funded through Excellence Initiative of German Federal and

State Governments.

REFERENCES

[1] M. A. McHenry and D. McCloskey, “Multi-band, multi-location spec-
trum occupancy measurements,” in Proc. of International Symposium

on Advanced Radio Technologies (ISART), Boulder, CO, USA, March
2006.

[2] M. A. McHenry, P. A. Tenhula, D. McCloskey, D. A. Roberson,
and C. S. Hood, “Chicago spectrum occupancy measurements &
analysis and a long-term studies proposal,” in Proceedings of the

first international workshop on Technology and policy for accessing

spectrum. New York, NY, USA: ACM, 2006. [Online]. Available:
http://doi.acm.org/10.1145/1234388.1234389

[3] S. Pagadarai and A. M. Wyglinski, “A quantitative assessment of
wireless spectrum measurements for dynamic spectrum access,” in Proc.

of CROWNCOM ’09, 2009, pp. 1–5.

[4] M. Islam, C. Koh, S. W. Oh, X. Qing, Y. Lai, C. Wang, Y.-C. Liang,
B. Toh, F. Chin, G. Tan, and W. Toh, “Spectrum survey in Singapore:
Occupancy measurements and analyses,” in Proc. of CROWNCOM’08,
2008, pp. 1–7.

[5] V. Valenta, R. Marsalek, G. Baudoin, M. Villegas, M. Suarez, and
F. Robert, “Survey on spectrum utilization in Europe: Measurements,
analyses and observations,” in Proc. of CROWNCOM’10, 2010, pp. 1–
5.

[6] R. Bacchus, T. Taher, K. Zdunek, and D. Roberson, “Spectrum Utiliza-
tion Study in Support of Dynamic Spectrum Access for Public Safety,”
in Proc. of IEEE DySPAN 2010, 2010, pp. 1–11.

[7] D. Willkomm, S. Machiraju, J. Bolot, and A. Wolisz, “Primary user
behavior in cellular networks and implications for dynamic spectrum
access,” IEEE Communications Magazine, vol. 47, no. 3, pp. 88–95,
2009.

[8] U. Paul, A. Subramanian, M. Buddhikot, and S. Das, “Understanding
traffic dynamics in cellular data networks,” in Proc. of IEEE INFOCOM

2011, 2011, pp. 882–890.

[9] S. Yin, D. Chen, Q. Zhang, M. Liu, and S. Li, “Mining Spectrum Usage
Data: A Large-Scale Spectrum Measurement Study,” IEEE Transactions

on Mobile Computing, vol. 11, no. 6, pp. 1033–1046, 2012.

[10] M. Wellens, J. Riihijärvi, and P. Mähönen, “Spatial statistics and models
of spectrum use,” Computer Communications, vol. 32, no. 18, pp. 1998–
2011, 2009.

[11] A. Palaios, J. Riihijärvi, O. Holland, A. Achtzehn, and P. Mähönen,
“Measurements of Spectrum Use in London: Exploratory Data Analysis
and Study of Temporal, Spatial and Frequency-Domain Dynamics,” in
Proc. of IEEE DySPAN 2012, October 2012.

[12] A. Palaios, J. Riihijärvi, O. Holland, and Mähönen, “A week in London:
Spectrum usage in Metropolitan London,” in Proc. of IEEE PIMRC

2013, September 2013.

[13] A. Palaios, J. Riihijärvi, P. Mähönen, V. Atanasovski, L. Gavrilovska,
P. Van Wesemael, A. Dejonghe, and P. Scheele, “Two days of spectrum
use in Europe,” in Proc. of CROWNCOM’12, June 2012.

[14] A. Palaios, J. Riihijärvi, P. Mähönen et al., “Two days of European
Spectrum: Preliminary analysis of concurrent spectrum use in seven
European sites in GSM and ISM bands,” in Proc. of IEEE ICC 2013,
June 2013.

[15] N. Perpinias, A. Palaios, J. Riihijärvi, and P. Mähönen, “Measurements
of Shadow Correlations in a Suburban Environment on the 485 MHz
Band,” in Proc. of IEEE VTC Fall 2013, September 2013.

[16] C. Phillips, M. Ton, D. Sicker, and D. Grunwald, “Practical radio
environment mapping with geostatistics,” in Proc. of IEEE DySPAN

2012, 2012, pp. 422–433.

[17] Z. Wei, Q. Zhang, Z. Feng, W. Li, and T. Gulliver, “On the construction
of radio environment maps for cognitive radio networks,” in Proc. of

IEEE WCNC 2013, 2013, pp. 4504–4509.

[18] A. Galindo-Serrano, B. Sayrac, S. Ben Jemaa, J. Riihijarvi, and P. Ma-
honen, “Harvesting MDT data: Radio environment maps for coverage
analysis in cellular networks,” in Proc. of CROWNCOM’13, 2013, pp.
37–42.


