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Abstract— This paper proposes an investigation of propagation
behaviour of Ultra–Wide Bandwidth (UWB) signals in outdoor
environments. Specifically, we first report on the results of an
extensive measurement campaign that we have carried out in
three selected scenarios, namely “forest”, “hilly” and “sub–
urban” environments. Then, we present the statistical model that
we have derived after post–processing of collected samples by
the CLEAN algorithm. While an extensive collection of results is
provided in the paper, the main achievements can be summarized
as follows: i) the path–loss exponent varies from 2 to 3.5 and
depends on the height of transmission and reception equipments
with respect to the ground floor, ii) the local mean experiences
a Log–Normal shadowing with a standard deviation that may
depend on the azimuth position, iii) the statistics of the first
received echo in the small–scale analysis follow a Log-Normal
distribution as well; iv) the delay spread in the small–scale
multipath scenario results to be quite small (i.e. roughly 10ns
in the forest scenario).

I. INTRODUCTION

Ultra Wide Band (UWB) [1] is an emerging wireless
technology, that is referred to as “baseband”, “impulse” or
“carrier–free”, and it has been proposed for unlicensed oper-
ations over bandwidths spanning several GHz, provided that
the power spectral density of transmitted signals is adherent to
some emission masks (e.g. as specified by the Federal Com-
munication Commission in the USA) suggested by coexistence
issues with other systems [2]. A typical UWB signal [3] is
composed by a sequence of ultra short pulses, whose extremely
large bandwidth may enhance the capability of receivers to
distinguish eventual replicas due to multipath propagation
in the dispersive wireless medium. Proper combining yields
reduction of fading severity, as evidenced in e.g. [4]–[6]
with reference to indoor scenarios. Relevant issues, such as
multiple access performance (e.g. [7]) and receiver architecture
design (e.g. [8]–[12] for autocorrelation receivers based on
transmitted–reference or differential approaches), have been
addressed in recent literature.

Due to its extreme flexibility, UWB is currently considered
by the research community worldwide for many applications,
ranging from short range/high rate data communications in
WPAN (IEEE 802.15.3 Working Group) to low–cost/low–
power networking in wireless sensor networks (IEEE 802.15.4
Working Group). An objective of the Working Groups activity
consists in selection of appropriate models for the UWB
propagation channel, to be adopted for performance evaluation
of transmission schemes. In fact, accurate channel characteri-
zation is vital for UWB transceiver design and for an efficient

utilization of system resources (such as frequency spectrum
and transmit power), as the propagation channel may pose
fundamental limits to the performance of any wireless system.
Due to the particular format of the transmitted signal (pulses),
the richness of multipath components requires specific char-
acterization of the propagation environment. Final recommen-
dations of the channel model proposed by sub–committees
IEEE 802.15.3a and IEEE 802.15.4a capture both the path–
loss and multipath characteristics of “typical” environments,
where the devices are expected to operate [13], [23]. The
models considered by the sub–committees are mainly related
to indoor scenarios, while existing models for outdoor environ-
ments cover only specific rural terrain [14] and suburban–like
microcell scenario with a rather small range [24], [25].

Moving from these considerations and taking into account
the approaches proposed in recent literature for indoor [15]–
[20] and outdoor [23]–[25] propagation, we have carried out
an extensive measurement campaign and derived a statistical
model for three outdoor scenarios: i) forest scenario, ii) hilly
terrain and iii) sub–urban scenario. Furthermore, we have
been also interested on another quite unexplored aspect, i.e.
propagation through a variety of materials that constitute
buildings and walls (e.g. in an outdoor–to–indoor environment
with and without windows). The combined consideration of
these two aspects leads to model the UWB channel by a
cascade of two linear (eventually time–variant) systems, that
accounts for the two aspects mentioned above.

Due to the relevant complexity and variety of the wireless
context, this paper resorts to a statistical approach to channel
modelling and, in particular, it provides a detailed analysis of
three types of effects, which are typically encountered [18],
[21]: i) large–scale variations (i.e. path–loss), ii) mid–scale
variations (i.e. shadowing) and iii) small–scale variations (i.e.
multipath). The experimental data have been collected through
a pair of commercial UWB transceivers developed by Time
Domain Corporation and post–processed through the CLEAN
de–convolution algorithm [19]. The “cleaned” waveforms have
been used to extract some parameters and functions typically
considered to characterize the channel behaviour (e.g. Mean
Excess delay, Root Mean Square delay, Multipath Intensity
Profile, Multipath statistics, Path–Loss vs. distance and Tx–
Rx height with respect to the ground), following an approach
similar to the one described in [15] and [21].

The remaining of the paper is organized as follows. In Sec-
tion II, the UWB experimental propagation setup is presented.



Fig. 1. Outdoor environments where the propagation measurement experi-
ment was performed (a) hilly, (b) forest, (c) sub–urban

Fig. 2. Block diagram of the measurement set–up

In Section III, we describe the post–processing procedure
adopted to obtain the desired channel parameters. For sake
of brevity, we provide a detailed description of the results
obtained in the forest scenario, while giving only few results
for hilly and sub–urban environments. Conclusions are given
in Section IV.

II. THE EXPERIMENT SET–UP

The three outdoor propagation scenarios, namely forest,
hilly and sub–urban environments, are sketched in Fig. 1.

For each environment, the position of the transmitter has
been kept fixed, and different measurements have been taken
at various positions of the receiver. In particular, for hilly
and forest scenarios, such positions have been assumed on
a set of concentric circles around the transmitter, in order to
account for the effects of the Tx–Rx distance and azimuth
angle as well. For the sub–urban scenario, positions have been
chosen in order to explore various propagation conditions,
at different distances and with different obstructions between
Tx and Rx. Since cars and walls may play a major role in
multipath generation in this latter context, particular care has
been adopted to select measurement points. In addition, in
order to account for the ground effect in analyzing path–loss
and shadowing, the heights of both receiver and transmitter
have been varied (0m, 1m and 1.5m) with respect to the
ground. Moreover, for selected points in the forest scenario
and for all points in the sub–urban one, position of the receiver
has been moved on a 49 points grid. Adjacent points are
separated by 15cm. The spacing yields significant sampling
of spatial correlation, while the grid extension is large enough
for providing relevant data for significant estimation of local
Multipath Intensity Profile (MIP) statistics (obtained taking the
average over the 49 local MIPs). In this case Tx and Rx have
been fixed at 1m height with respect to the ground.

In detail, in the forest scenario, four distances have been
considered, i.e. 10m, 25m, 40m and 60m, and the path–
loss and shadowing statistics have been obtained over 36
measurement points (one point every 10◦ in the azimuth
domain) for each distance; whereas the MIP profiles have been

taken only in selected positions, thus collecting 9 MIPs for
d=10m, d=25m and 4 and 3 MIPs for d=40m and d=60m,
respectively. In the hilly terrain, three distances have been
considered, i.e. 25, 45 and 70m, thus providing information
for analyzing path–loss and shadowing over 16 measurement
points (one point every 22.25◦ in the azimuth domain) for
each distance. In the sub–urban scenario the Tx–Rx distance
ranges from 10m to 52m, and in this case MIP profiles have
been collected for each measurement point.

The technique adopted in this measurement campaign has
consisted in probing the channel with very short pulses pro-
duced by the P200 Evaluation Kit (EVK P200): this consists
of a pair of commercial UWB pulse transceivers, produced
by Time–Domain Corporation (TDC) and designed to test
the performance of Time Hopping (TH–) UWB systems and
to provide basic features for UWB channel sounding. The
setup has been completed by two laptops, one of which was
connected to the receiver and used to collect and record
sample waveforms (see Fig. 2). Each EVK can work both
as a transmitter and as a receiver. When an EVK is used
as a transmitter, it radiates a TH–UWB signal in the 3–
6 GHz frequency band, in compliance to FCC limits. The
receiver can acquire synchronization autonomously, without
requiring a trigger reference signal. In detail [22], the EVK
can capture the waveform of the received signal, by executing
a virtual sampling with an equivalent sample time equal to
3ps. The acquired waveforms can be analyzed and visual-
ized directly on the laptop connected to the Rx, by using
a specific Performance Analysis Tool (PAT) developed by
TDC. This allows to store the shape of the received pulse
after propagating through the wireless medium, including both
the channel characteristics and the transmitting and receiving
antennas. So, in order to extract the channel impulse response,
irrespective of the receiver and transmitter characteristics, the
acquired samples have been off–line processed through a
de–convolution technique known as CLEAN algorithm [19].
Figure 3 and Fig. 4 show the reference template used by
the CLEAN algorithm to extract the echoes and the channel
impulse response derived from a specific received signal in the
forest scenario, respectively. The signal in Fig. 3 refers to the
reference scenario in which the transmitter and the receiver
are 1m apart, 1m above the ground and multipath propagation
can be neglected. The signal in Fig. 4 refers to a large signal–
to–noise ratio environment.

III. DATA POST–PROCESSING AND RESULTS

In this section we present a collection of results obtained
from recorded waveforms. As described in [21], we separately
analyze the effects of large, mid and small scale fading
statistics. In particular, in this experiment, large–scale analysis
is referred to variations of the (long–term) average signal
strength with respect to the Tx–Rx distance (after averaging
also with respect to azimuth). Mid–scale effects refer to
variation of the received signal strength when Rx moves along
a specific circle, thus exploring variations on the azimuthal
plane for a given value of the Tx–Rx. Finally, small–scale
effects refer to changes of e.g. MIPs induced by very small
displacements of the receiver position. This occurs when the



Fig. 3. Reference template used by the CLEAN algorithm

Fig. 4. Plots of the received signal and of the “cleaned” waveform

receiver is moved over the measurement grid for given values
of azimuth and Tx–Rx distance.

A. Small–Scale Analysis

Small–Scale fading effects have been explored by using a
procedure similar to the one described in [21]. In particular,
these effects may cause differences between the received
power delay profiles (PDP) at different points of the mea-
surement grid. Here the MIP is defined as the average power
delay profile (APDP) obtained by averaging the 49 local power
delay profiles over each measurement grid. Each local PDP is
obtained by quantizing the delay axis into bins of 2ns and
integrating the received power in each bin.

In agreement with channel models derived in indoor scenar-
ios (see e.g. [13] and [21]), a negative exponential decaying
MIP has been obtained in forest and sub–urban scenarios, thus
leading to MIP profiles with a decay constant depending on
the specific measurement point. In addition, relevant statistical
parameters related to time dispersion have been derived from
the MIP, i.e. the Mean Excess delay, the RMS delay spread,
the MIP slope related to the decay constant, the ratio between
the first and the second bin and the number of multipath
components with an amplitude within 10dB of the peak return.

Fig. 5. RMS delay profile in the forest scenario

For sake of brevity, we only report in Fig. 5 the RMS delay
with respect to the distance and the azimuth in the forest
scenario. The general results obtained from this analysis can
be summarized as follows for the forest scenario: i) Mean
Excess and RMS delays exhibit a quite irregular behaviour
with the azimuth and preliminary results show that at larger
distances the mean excess delay slightly increases, while the
RMS delay spread slightly decreases: this induces to consider
that only a limited number of scatterers around the receiver
contributes appreciably to the received signal. In any case, the
RMS delay spread does not exceed 10ns: such a small value
likely results, since trees and foliages mostly induce losses and
diffusion, while they do not represent significant sources of
delayed reflected paths; ii) the MIP slope is around -0.3 dB/ns
at shorter distance, but decreases (sharper MIP decreases) at
larger distances: this is in agreement with the RMS behaviour,
since a decreasing delay spread is consistent with a more rapid
MIP decreases which is in turn related to a less “dispersed”
channel; iii) the drop of MIP amplitude from the first to the
second echo shows an irregular behaviour as a function of
the Tx–Rx distance and appears to be remarkably dependent
on local propagation conditions. In any case, the second echo
is almost one decade below the first echo; iv) the number of
paths within 10dB remarkably increases at larger distances,
even if, in this scenario, most energy is related only to few
echoes (i.e. less than 8).

Finally, we have estimated the statistics of path amplitudes.
In particular, the results of investigation reported here are
restricted to the first echo in the MIP. These small–scale
statistics can be characterized by fitting the received nor-
malized energies in each bin (only the first bin here) to a
distribution. The fitting has been attempted by resorting to
typical one–sided distributions, namely negative exponential,
Rayleigh, Gamma, and Log–Normal. The results clearly show
that negative exponential and Rayleigh distributions provide a
poor fitting of empirical data; on the contrary, Gamma and the
Log–Normal models are able to provide a satisfactory fitting.
An example of this fitting, along with its goodness assessed
through the Kolmogorov–Smirnov test, is shown in Fig. 6.



Fig. 6. Cumulative Distribution Function of small–scale effects

B. Mid–Scale Analysis: Shadowing

Mid–Scale fading effects can be quantified by taking the
standard deviation of the path–loss with respect to the azimuth
position and for a fixed distance. Then, starting from similar
results shown in Fig. 8 (discussed later) and from the average
path–loss summarized in Table I, we have obtained the set of
values listed in Table III for forest and hilly scenarios, with
d=10m and d=25m.

TABLE I

PATH–LOSS: FOREST SCENARIO

TX–RX heights d=10m d=25m d=40m

TXh=0m, RXh=0m 30.99dB 39.92dB 42.43dB
TXh=0m, RXh=1m 23.55dB 36.61dB 42.29dB

TXh=0m, RXh=1.5m 24.64dB 35.39dB 42.31dB
TXh=1m, RXh=0m 23.62dB 36.96dB 42.09dB
TXh=1m, RXh=1m 24.75dB 35.62dB 39.16dB

TXh=1m, RXh=1.5m 24.93dB 35.75dB 39.42dB
TXh=1.5m, RXh=0m 23.59dB 35.81dB 41.32dB
TXh=1.5m, RXh=1m 24.88dB 34.86dB 40.09dB

TXh=1.5m, RXh=1.5m 24.79dB 35.93dB 39.82dB

TABLE II

PATH–LOSS EXPONENT

TX–RX heights Forest Hilly Sub–Urban

TXh=0m, RXh=0m 2.72dB/m 2.30dB/m 2.58dB/m
TXh=0m, RXh=1m 2.48dB/m N.A. N.A.

TXh=0m, RXh=1.5m 2.60dB/m N.A. N.A.
TXh=1m, RXh=0m 2.63dB/m 2.30dB/m 3.45dB/m
TXh=1m, RXh=1m 2.49dB/m 2.22dB/m 2.65dB/m

TXh=1m, RXh=1.5m 2.52dB/m 2.24dB/m 2.83dB/m
TXh=1.5m, RXh=0m 2.57dB/m N.A. N.A.
TXh=1.5m, RXh=1m 2.50dB/m N.A. N.A.

TXh=1.5m, RXh=1.5m 2.59dB/m N.A. N.A.

Moreover, we estimated first order distribution of mid–scale
fluctuations and attempted matching with two typical laws
(i.e. Log–Normal and Gamma). As an example, we report in
Fig. 7 the empirical Cumulative Distribution Function (CDF)
obtained from data shown in Fig. 8 along with the Log–Normal
and Gamma best fit CDFs. The goodness of this matching has
been assessed through the Kolmogorov–Smirnov (KS) test.

Fig. 7. Cumulative Distribution Function of mid–scale effects

TABLE III

PATH–LOSS STANDARD DEVIATION

TX–RX heights Forest (10m) Forest (25m) Hilly (25m)

TXh=0m, RXh=0m 4.93dB 2.11dB 5.06dB
TXh=0m, RXh=1m 4.68dB 3.50dB N.A.

TXh=0m, RXh=1.5m 4.27dB 4.36dB N.A.
TXh=1m, RXh=0m 5.23dB 3.61dB 6.12dB
TXh=1m, RXh=1m 4.59dB 3.75dB 1.53dB

TXh=1m, RXh=1.5m 3.93dB 3.71dB 0.61dB
TXh=1.5m, RXh=0m 3.74dB 4.87dB N.A.
TXh=1.5m, RXh=1m 3.94dB 3.97dB N.A.

TXh=1.5m, RXh=1.5m 4.13dB 3.87dB N.A.

Although the agreement of measured data with the fitting
curves is quite satisfactory, the above analysis can not lead
yet to definitive results due to the small number of available
measures.

C. Large–Scale Analysis: Path–Loss

For each measurement point, the path–loss has been es-
timated by taking the ratio between the mean value of the
received signal (obtained by averaging the squared peak values
of 12 acquired waveforms) and the squared peak value of the
reference template shown in Fig. 3:

PL (d, θ) =

1
12

12∑

i=1

[si (tpeak; d, θ)]2

[sref (tpeak)]2
(1)

Figure 8 reports the values of path–loss in the forest
scenario, as obtained for a fixed distance d=25m and various
azimuth values. Tx and Rx are both 1m above the ground.
Starting from (1), the path–loss is obtained by averaging
with respect to the azimuth angle, for each distance. Table
I summarizes the path–loss values obtained in the forest
scenario. As suggested in Fig. 9 for the forest scenario, in
order to identify a path–loss model, we have performed a linear
fitting of estimated path losses at various Tx–Rx distances (e.g.
the one in Table I): PL (d) = 10α log10 (d/d0), with d0 = 1m
denoting the reference distance and α the path–loss coefficient.
The results obtained through this linear fitting are summarized
in Table II for the analyzed scenarios (N.A. means the path–
loss is not available for this configuration).



Fig. 8. Path–Loss profile with respect to the azimuth

Fig. 9. Scatter plot of the large–scale attenuation versus the logarithm of the
distance. The solid line represents the best fit using a linear path–loss model

IV. CONCLUSIONS AND FUTURE WORK

An investigation of propagation behaviour of Ultra–Wide
Bandwidth (UWB) signals in outdoor environments has been
reported. With reference to a TDL channel model, results have
been collected and statistical models have been derived for
forest, hilly, and sub–urban scenarios. Some major remarks
can be summarized as follows for the forest scenario: i) the
average path–loss exponent is between 2.5 and 2.6; ii) mid–
scale fluctuations and small–scale fading (first echo) can be
described with a Log–Normal random variable; iii) MIP shows
a negative exponential decay with a Mean Excess delay and
a RMS delay belonging to the interval 1–4.5ns and 5–11ns,
respectively; iv) the MIP slope and the ratio between the
first and the second bin assume values in the intervals (-
0.9)–(-0.27)dB/ns and 7–18dB, respectively; v) the number of
multipath arrivals being within 10dB of the largest path arrival
is always less than 8. These results induce to consider that the
forest scenario is less time dispersive than indoor scenarios
reported in the literature and that only a limited number of
scatterers around the receiver contributes appreciably to the
received signal. In addition, the results confirm that trees and

foliages mostly induce losses and diffusion, while they do not
represent significant sources of delayed reflected paths.

While companion contributions are dealing with more ex-
tensive results for hilly and sub–urban scenarios, as well as
with outdoor–to–indoor propagation, further work is currently
concerned with characterization of mid–scale fluctuations.
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