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Abstract – An angular and temporal selectivity
analysis is carried out from a wideband meas-
urement campaign performed in a typical small
cells environment at 2 GHz. A new spatial wide-
band modeling concept is proposed based on ge-
ometry-based models. This approach consists in
reproducing typical measured cases selected as
representative of given propagation conditions.

1. Introduction

For several years, demand for mobile radio com-
munications has kept on increasing. It has led to
strong constraints about radio spectral resources.
Thus, innovative techniques to increase capacity
have to be investigated. Smart antenna techniques
are one way to improve the use of spectral resources,
notably for the next generation of mobile radio sys-
tems. They exploit spatial properties of the propaga-
tion channel to mitigate interference, to improve link
budget and therefore to increase capacity of wireless
systems.

Design and analysis of communications systems
need transmission simulations to test emission and
reception algorithms and to obtain system perform-
ances like bit error rates (BER). These simulations
require realistic radio channel modeling. Array an-
tenna studies especially need to take into considera-
tion spatial channel properties like Direction Of
Arrival (DOA).

In recent years, several studies have focused on
spatial channel modeling like particularly Direc-
tional Gaussian Scattering Models (DGS) [1]-[3] or
geometry-based models [3]-[6]. Overview of spatial
channel models can be found in [7]. However, most
of them need to be validated by measurements. In
this paper, a new spatial wideband channel modeling
concept is proposed, based on geometry-based mod-

eling approach. This approach consists in reproduc-
ing typical measured cases selected as representative
of given propagation conditions.

The paper is organised as follows. In Section 2,
every steps of the experimentation are described:
environment, equipment, hardware and data proc-
essing. Section 3 presents measurements results
through angular and frequency selectivity analysis
and particular cases presentation. A multi-sensors
radio channel simulator software is briefly presented
in Section 4. A new spatial wideband channel model
concept is finally proposed in Section 5. Its imple-
mentation is validated with the typical case meas-
ured during the measurement campaign.

2. Experimental Measurement

2.1. Experimental configuration

A. Environment configuration

This propagation experiment was performed in a
dense urban environment in Paris. Two representa-
tive cellular configurations named Littré and Pon-
celet were investigated. Base station antennas were
located on rooftops above mean height of surround-
ing buildings. Both areas are characterised by 4 to 8
floors high buildings. According to equipment sen-
sitivity and transmitted power, the maximum dis-
tance between mobile and base station was limited
to about 800 m. Two antenna heights (2 and 7 m
over roof top) and three different azimuth orienta-
tions were studied. A few hundred measurement
routes (~40 m) were performed.

B. Transmitter equipment

The transmitter radio equipment was installed in a
car. A Pseudo Noise sequence is generated and
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transmitted by a 2.2 GHz antenna mounted on a
circular metallic plane. A distance transducer and a
mobile phone were used for precise location. The
transmitted power, recorded by a powermeter, was
about 15 W. Due to the high power consumption of
the whole transmitter equipment, the car tracked an
electricity generator.

C. Receiver equipment

The France Télécom multi-channel sounder is
presented in detail in the next section. This radio
equipment, located at the base station, was made up
of a PC, a multi-channel receiver, a received filter, a
frequency synthesiser for local oscillator and a low
frequency generator for triggering.

The France Télécom R&D directional array an-
tenna was made up of 12 sensors regularly spaced
(5 cm). The gain of each sensor was about 12 dBi.
The 10 inner antennas were connected to the channel
sounder and the 2 outer antennas were loaded on
50 �. The horizontal aperture of this array antenna
is about 120°. The figure 1 gives several sensors
diagrams. The total power reaching the base station
was estimated using an additional omni-directionnal
antenna located above the array. This information
was used to define a threshold to cancel side lobes
during Power Angular Spectrum (PAS) estimation.
The general parameters are recalled in the table 1.

2.2. France Télécom R&D multi-channel sounder

A. Context

Before 1996, the France Télécom radio channel
sounder was limited with two inputs. Polar or spatial
diversity measurements were possible. DOA meas-
urements were also possible using virtual circular
array [2]. However, measurements with an array
antenna were impossible. Perspective of new access
techniques such as MIMO led France Télécom R&D
to upgrade this equipment. The improvement aimed
at allowing array measurements with about 10 sen-
sors. The initial hardware structure was significantly
modified and new methods of calibration (phase and
amplitude) were defined.

B. Hardware improvement

The best hardware solution consists in using inde-
pendent radio receivers to sample each received
signal simultaneously. However, due to the high
price and size of a radio receiver and a fast sampling
card, this solution was not adopted. According to the
periodicity of the transmitted signal, successive ac-

quisitions on each input are possible. A solution
based on a fast antenna switch was developed. To
repeat measurements as fast as possible, sensors are
switched each couple of sequences. One sequence is
used for data sampling and the other one is used for
antenna switching. With classical outdoor configu-
rations (12.5 MHz bandwidth, 10 µs maximum de-
lay) the time between the sampling of the signal
received on the first and the last antenna is 190 µs.
At 50 km/h speed and 2.2 GHz carrier frequency,
this time represents a λ/50 distance. Thus, the sam-
pling of 11 channel measurements (10 sensors +
1 omni-directionnal antenna) can be considered as
''simultaneous''. These modifications were done us-
ing three switches as shown in the figure 4. The
timing diagrams are given in the figure 3. The
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Fig. 1: Antennas pattern.

Carrier frequency 2.2 GHz
Sequence length 255

Chip rate 25 MHz
Average transmitted power ~15 W
Received bandwidth (-3dB) 10 MHz

Sensors number 10
Mobile speed 15 km/h

Number of sample per run 600
Sampling step 5 cm (λ/3)

Run length 40 m
Table 1: Experimental configuration.



Automatic Gain Control (AGC) is computed before
the array measurement and applied to all channels.
The mean received field strength is supposed to be
nearly the same on each antenna. The noise diode is
used as a reference power level. It is used to balance
gain variation of active components.
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Fig. 3: Timing diagram of the receiver.
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C. Calibration method.

Switches and cables have different properties
(length, attenuation). A precise calibration of each
input has to be performed. This calibration is very
important for beam forming algorithms. Some as-
sumptions were made: switches are not frequency
selective, propagation time between different inputs
is nearly the same. With 12.5 MHz bandwidth both
hypothesis are well justified. The calibration simply
becomes a multiplier complex factor ai.e

-jφi (ai and φi

are respectively the relative amplitude and phase of
the channel i versus channel 1 for instance).

Two calibration methods were compared. The
first one uses a network analyser and characterises
each element (switches, internal and external ca-
bles…). Then the full calibration of each input is
deduced. Such calibration is very long and difficult
during a measurement campaign. The second one
uses a simple coupler with one input and two out-
puts. This coupler is supposed to be non-frequency
selective. It is used to compute the phase and am-
plitude differences between two inputs. Using rela-
tive measurements, a coupler calibration is not nec-
essary.

Both methods were tested. They give nearly the
same and stable results. Taking into account all ex-
periment calibrations, the standard deviation is about
2° on the phase and 0.1 dB on the amplitude. How-
ever, the second method is more interesting because
no additional equipment (except an uncalibrated
coupler) is needed. Moreover, this method is very
convenient because the calibration can be done just
before in situ measurements.

2.3. Data Processing.

Experimentation is only the first step of a propa-
gation study. The second one is a long data proc-
essing to deduce relevant information of the wide-
band channel. The different steps of this data proc-
essing are shown in the figure 2.

About 6 gigabytes of Complex Impulse Re-
sponses (CIR) were processed from sampled data. A
numerical Wiener inversion was used for CIR esti-
mation. Each channel was calibrated and stored in a
standard RACE ATDMA level II format. For each
instantaneous CIR vector and for each excess delay,
Power Angular Profile (PAP) was computed using
an usual beam forming algorithm. An example of
spatio-temporal representation of results is given in
the figure 5.

To summarize this large amount of information
(more than 3.106 CIR), temporal [8] and angular [2]
propagation parameters were computed. They were

Spatio-temporal radio channel measurements
Propagation measurements with array antenna

Complex impulse responses identification,
localisation, phase and amplitude calibration,

RACE level II filing

Complex impulse responses identification,

location, calibration, storage

DOA estimationsPower Angular Spectrum estimation

Wideband propagation parameters extraction
temporal (DS, DW, ... )

angular (AS, AI, …)

Wideband propagation parameters estimation

Temporal & Angular

Statistic analysis on stationary travelsStatistical analysis

Wideband channel model configurationWideband channel model configuration

Fig. 2: Data processing.



evaluated from the instantaneous CIR. These pa-
rameters give a quantitative description of the spatial
and temporal propagation channel selectivity. The
main parameters of interest were Delay Spread (DS),
Delay Windows set to 50 and 90% (DW50, DW90),
Delay Interval at 6 dB (DI6), Correlation Bandwidth
at 50% (CBW50), Angular Spread (AS) and Angular
Interval at 6 dB (AI6). Statistical distributions of
these parameters were evaluated on distances of 40λ
under Wide Sense Stationary (WSS) assumption.
The temporal parameters were computed with a cut-
off level of 20 dB below the power delay profile
maximum.

Performances of the whole system (measurements
and processing) were estimated on specific meas-
urement data. The latter were performed in a very
open area without multipath: a landing runway of a
deserted airport. The results gave:

• DOA absolute error is less than 5°,
• Angular aperture at 6 dB is 20° if mobile azi-

muth is 0°, and up to 30° on the pointing
boundaries (+/- 60°).

3. Measurement Results

3.1. Channel selectivity

The table 2 gives synthetic wideband parameters
statistics on the whole of measurement campaign.
They give a quantitative description of the spatial
and temporal propagation channel selectivity. No
significant difference between both antenna heights

was noticed in synthetic wideband parameters sta-
tistics.

AS depends on measurement resolution. In order
to reduce this effect, equipment AS was removed
[2]. The figure 6 gives this corrected AS versus
base-mobile distance. AS significantly decreases as
distance between base station and mobile increases.

Fig. 5: Spatio-temporal measurement example
(①①①① Power angular profile (PAP), ②②②② Power delay

profile (PDP), ③③③③ Averaged spatio-temporal power
repartition, the 0° is the pointing axis of the array

antenna).

PercentilesWideband
parameters Average Std. dev.

50% 90%

DS (ns) 208 126 183 348

CBW50 (MHz) 5.3 3.2 4.8 9.9

DI6 (ns) 273 295 154 718

DW50 (ns) 198 205 133 440

DW90 (ns) 564 370 486 1041

AS (degree) 14.0 7.3 12.2 24.0

AI6 (degree) 40.1 19.4 35.2 60.2
Table 2: Synthetic wideband parameters

statistics.
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Fig. 6: Angular spread distribution according to
base-mobile distance.
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It agrees with results in [1]. The main reason is
probably that in urban area, buildings located in line
of sight of both mobile and base station, are gener-
ally closer and closer to the base-mobile axis when
base-mobile distance increases.

In urban area, contrary to indoor environments for
instance, the received energy at the base station is
focused in a small angular range. In our experimen-
tation, the average and median AS are respectively
14.0° and 12.2°. The median AS agrees with or is
slightly above results given in [1], [9] (10°) and [10]
(7°), in typical urban small cell environment. In [11],
the low antenna height corresponds to rooftop level
of surrounding buildings. This configuration seems
to be similar to ours. The median AS was 10° and
we obtain the same 90% percentile value (24°).

DS provides a quantitative description of the fre-
quency selectivity of the propagation channel. The
average and median DS are respectively equal to
208 ns and 183 ns. These values are slightly below
typical measured delay spread values [12][5] in ur-
ban areas. However, median DS increases with base-
mobile distance [12]. In our experimentation, the
maximum distance is about 800 m whereas it is of-
ten greater than 1 km in the other publications. An
other reason is that synthetic parameters were com-
puted with a cut-off level of 20 dB below the power
delay profile maximum whereas this one is often
equal to 30 dB or the noise threshold in others pa-
pers. The synthetic temporal wideband parameters
increase when cut-off level increases. This growth is
about 30% when the cut-off level goes from 20 to
30 dB [13].

The figure 7 gives DS distribution versus path
loss. A strong trend of the DS to increase with
growing radio path loss can be observed. No corre-
lation between angular and temporal selectivity was
found, and particularly between median AS and DS
of each 40λ long run. It disagrees with results given
in [5], but experimental configuration was probably
a bit different.

3.2. Case Studies

After statistical analysis performed on 40λ long
runs, three channels were selected: typical, high
frequency and high angular selectivity. Corre-
sponding measurements runs are extracted from the
analysis of their synthetic wideband parameters.
Thus, the typical case corresponds to a 40λ long
section of a measurement route whose synthetic
parameters are close to the median parameters on the

whole of the campaign. The high frequency selec-
tivity one corresponds to a high measured DS,
DW50 and DI6 whereas the high angular selectivity
one provides high measured AS and AI6. The typi-
cal measured case is showed in the figure 5. The
figures 8 and 9 give respectively the spatio-temporal
representations of the high frequency and angular

Fig. 8: Spatio-temporal representation of a
measured high temporal selectivity case.

Fig. 9: Spatio-temporal representation of a
measured high angular selectivity case.

Typical case
High tempo-
ral selectivity

case

High angular
selectivity

case
DS (ns) 179 735 118

CBW50 (MHz) 3.0 1.8 2.6

DI6 (ns) 171 810 147

DW50 (ns) 141 527 90

DW90 (ns) 492 2927 405

AS (degree) 11.6 25.7 31.5
AI6 (degree) 30.9 53.4 108.6

Table 3: Synthetic wideband parameters of
particular measured cases.



selectivity cases. Their synthetic wideband parame-
ters are given in the table 3.

4. Radio channel simulator software

France Télécom R&D has implemented a radio
channel simulator software. It automatically fits on
signal parameters simulation (carrier frequency,
bandwidth, mobile speed and moving direction, …).
It allows to simulate Multi-Input Multi-Output
(MIMO) radio links, and to use real antenna dia-
grams. Last but not least, several kinds of wideband
radio channel models can be generated: widely
known tapped delay line models [14], DGS models
[1], and geometry-based models [6]. The simulator
can also use outputs of a ray launching or tracing
software.

Thus, this multi-sensors radio channel simulator
software has been used to take in account angular
and temporal radio channel selectivity in transmis-
sion simulations. It can also be used to compare and
to optimize a channel model with measurement.

The figure 10 gives the spatio-temporal represen-
tation obtained by simulation with the ITU vehicular
channel A model [14], in the same experimental
configuration as measurements (see table 1). The
simulation used the real diagrams of the 10-sensors
array antenna at the base station. The angular
spreading of each tap is due to beam forming algo-
rithm accuracy with our real array antenna. We ob-
serve the 20°-angular aperture at 6 dB obtained in
area without multipath.

5. Spatial wideband channel model

5.1. Modeling concept

In recent years, several studies have focused on
spatial modeling like geometry-based models. Each
of them tries to link power angular and temporal
delay profiles to relevant clusters and/or reflectors
location in the radio propagation environment. An
example of relationship between reflectors and
clusters location, and channel impulse response is
given by the figure 11.

However, most of them need to be validated by
measurements. In [6], a spatial wideband channel
model is proposed based on Geometry-based Sto-
chastic Channel Models (GSCM) approach [3]. This
model generates the statistical distribution of the
scatterers locations. Its relevant parameters are ex-
tracted from the analysis of our measurement cam-
paign.

Here, we use the geometry-based modeling ap-
proach to reproduce measured CIR. These ones are
representative of a given situation (typical case, high
temporal selectivity case, …). Afterwards these
copies can be used in transmission simulations to
obtain performances of new communication sys-
tems.

5.2. Model parameters computation

At first, a 40λ long section of a measurement
route is selected according to criteria (see section
3.2). Afterwards, the number and the characteristics

Fig. 10: Simulation results with the ITU vehicular
channel A model.
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Fig. 11: Relationship between reflectors and
clusters location and channel impulse response.



(delay, DOA, path loss) of the relevant clusters are
deduced from its spatio-temporal diagram, PDP and
PAP. Then, their spatial location (distance and azi-
muth in connection with base station and mobile
locations) are computed. All clusters contributing up
to 20 dB below power profiles maxima are taken
into consideration.

The multi-sensors radio channel simulator soft-
ware allows to compute spatio-temporal diagram,
PDP and PAP, with the clusters in the same configu-
ration as in the experimentation (carrier frequency,
bandwidth, mobile speed, sampling rate, real an-
tenna diagram, …). Therefore, the copy can be com-
pared with the original measurement. The figure 12
gives the PDP and PAP computed by simulation and
extracted from the typical case presented in section
3.2. The figure 13 gives the spatio-temporal repre-
sentation of the simulated typical case, and can be
compared with the figure 5.

Thirteen clusters were necessary to reproduce the
typical measured case. Their associated equivalent
diameter is usually about 15 m. Inside a cluster,
several tens of single scatterers are statistically lo-
cated according to a Gaussian distribution in dis-
tance and a uniform distribution in azimuth direc-
tion. This number of local scatterers leads to realistic
shapes of Doppler spectrum. The Gaussian distribu-
tion leads to a Laplacian shaped angular power pro-
file and an exponential decaying function for power
delay profile [3]. In typical urban environments,
these functions accurately describe both statistical
properties of radio channel [5].

5.3. Comparisons with other wideband models

The proposed modeling concept has got many ad-
vantages in comparison with the others wideband
modeling approach.

The principles of the selection procedure of the
simulated case are the same as in recorded channel
models [15]. Nevertheless, transmission simulation
duration is not restricted to measurement file dura-
tion. Simulation configuration (antenna diagram
particularly) can also be different from experimen-
tation configuration.

Both proposed and tapped delay line modeling
consist of a CIR which has to be representative of a
given typical case with regard to particular radio
propagation conditions. Nevertheless, the proposed
approach is fuller and closer to real CIR (for in-
stance temporal and angular taps spreading). The
small number of paths (6 generally) in the tapped
delay line models does not ensure correct correlation
properties in the frequency domain too. Last but not
least, the proposed spatial model allows to simulate
radio transmissions with array antenna techniques.
The tapped delay line models are less adapted to
these studies, even if tries to add a new parameter
(DOA) to each tap can be found [1][2].

Lastly, the proposed spatial wideband modeling
approach is complementary with geometry-based
models using a statistical approach like GSCM. One
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Fig. 13: Spatio-temporal representation of the
simulated typical case.



or the other can be chosen according to study objec-
tives. For instance, a statistical approach can allow
to test reception and emission algorithms of smart
antenna techniques, to evaluate its quality in the
presence of the wide propagation conditions vari-
ability. The copy approach seems to be more suit-
able to obtain system performances of a communi-
cation system in a given situation (urban, suburban,
indoor, … areas, typical, worst, … cases).

6. Conclusions

An angular and temporal selectivity analysis was
carried out from a wideband measurement campaign
performed in a typical small cells environment. A
new spatial wideband modeling concept is proposed
based on geometry-based models. The proposed
approach consists in reproducing typical measured
cases selected as representative of given propagation
conditions. The proposed spatial wideband model
puts up many advantages in comparison with the
other wideband modeling approaches like recorded
models, tapped delay line models or statistical ge-
ometry-based models.
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