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Ultra Wideband Channel Model for Indoor Environments

Alvaro Alvarez, Gustavo Valera, Manuel Lobeira, Rafael Pedro Torres, and Jose Luis Garcia

Abstract: This paper presents an in-depth study of a ultra-wideband
(UWB) indoor radio channel between 1 and 9 GHz, which was used
for the subsequent development of a new statistical UWB multi-
path channel model, focusing on short range indoor scenarios. The
channel sounding process was carried out covering different indeor
environments, such as laboratories, halls or corridors. A combina-
tion of new and traditional parameters has been used to accurately
model the channel impulse response in order to perform a pre-
cise temporal estimation of the received pulse shape. This model is
designed specifically for UWB digital systems, where the received
pulse is correlated with an estimated replica of itself. The precision
of the model has been verified through the comparison with mea-
sured data from equivalent scenarios and cases, and highly satis-
factory results were obtained.

Index Terms: UWB, channel model, channel impulse response
(CIR), multipath, impulse radio channel, propagation.

I. INTRODUCTION

Recent years have seen the development of an innovative
technology for short-range medium/high data rate communica-
tions. It has received several different names such as Impulse
Radio, Baseband Radio, Pulsed Communications, though the
most widely used name, which is ultra-wideband (UWB). All
around the world the regulatory bodies, operators, industrial
partners, academic researchers and standardization agencies are
involved in the discussions that will lead to its regulation and to a
UWRB standard. Last year (February 2002), the FCC! published
the first regulatory draft based on the work carried out over the
previous four years, taking into account the impact or interfer-
ence of UWB signals over other radio systems. This draft allows
the operation of UWB systems mainly in the 3 to 10 GHz band,
limiting the power level emission to -41 dBm/MHz. In Europe,
the ETSI? has proposed a similar frequency mask for UWB de-
vices.

The basis of the UWB systems is the transmission of the
information through the radiation of sub-nanosecond pulses,
which means, in the frequency domain, a spectrum of several
GHz with low power spectral densities. These low PSD val-
ues, sometimes below the thermal noise floor of typical cellular
systems, could solve the current saturation of the spectrum by
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enabling the sharing of already assigned bands with new UWB
systems. Other important features of this technology are low
complexity hardware structures, carrier-less architectures, low
powered devices, accurate localization and multipath immunity
[1].

Former studies on the UWB propagation channel were based
on well-known wideband channel models, and include the ad-
vances achieved in this area during the last two decades. Two
seminal works, among others, are those by Saleh-Valenzuela {2]
and Hashemi [3]. One of the ideas behind the development of
these classical models was their usefulness to understand and
to simulate the impact of the radio-channel on wideband digital
signals. Several reasonable assumptions were made: a) Some
parameters derived from the knowledge of the power delay pro-
file (PDP) are enough to have a first estimate of the impact of the
channel on the signals, i.e., the RMS Excess Delay or the Co-
herence Bandwidth. b) In order to simulate accurately the effect
of the channel on digital signals, a tapped delay line approach to
the channel impulse response (CIR) is suitable. The number of
taps or bins that form the discrete model of the CIR depends on
the ratio between the CIR duration and the symbol period.

Recent works [4]-[7] have employed different techniques,
both time and frequency domain, characterizing the channel
through classical parameters employed in previous models not
originally intended for bandwidths exceeding several GHz.

Within the European Union, and funded by the Information
Society Technologies (IST) programme, the U.C.A.N.? project
is aimed at the implementation of a wireless UWB Impulse
Radio system for short-range high bit rate communications.
This paper summarizes part of the work carried out within this
project, in order to characterize and model the UWB propa-
gation. We propose a different model approach, based on fre-
quency domain measurements (as reported in [4]-[9]), perform-
ing real passband signal processing [4], defining new model
parameters not yet employed in any previous channel model
(ZCR), and not including classical parameters such as RMS de-
lay spread or excess delay.

In this paper we present a new model for UWB that takes into
account the peculiar nature of UWB systems and the clear differ-
ences with classical modulated or passband radio systems. Thus,
the proposed model differs from the previous ones in the follow-
ing aspects: a) The main magnitude is the real passband CIR [4]
rather than the complex baseband CIR [2], b) classical param-
eters as RMS delay spread or coherent bandwidth have little or
no value at all, since they are not considered in the framework of
this new model. For this reason, a new statistical model capable
of reproducing the full waveform of the CIR is proposed. This
model is more suitable than a discrete multi-bin approach due to
the big number of bins needed in the latter, because of the long
duration of CIR with respect to the UWB pulse duration.

3Ultra-wideband concepts for ad-hoc networks.
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Fig. 1. Measurement set-up schematic.

The first part of the paper describes the measurement method-
ology, laboratory equipment characteristics and configuration,
as well as the different scenarios where the sounding process
took place. Then, the data post-processing with all the math-
ematical approaches and algorithms applied are explained. Fi-
nally, the simulation results, together with their comparison with
the real measurements, are presented.

II. MEASUREMENT SETUP

Radio* channel measurements can be made in the time do-
main or in the frequency domain. Two of the most widely used
techniques are: i) Recording the received pulse shape in the time
domain using a pulse generator plus a high speed oscilloscope,
ii) recording the channel transfer function, H(f), in the fre-
quency domain using a vector network analyzer (VNA) [4]-[6].
For our purposes the latter technique has been found to be more
suitable. The VNA generates a sequence of N frequency tones
in the measured bandwidth (from f; to fy), radiates them to the
air through UWB antennas, and then records the received am-
plitude and phase from each tone (the VNA measures the Sa;).
This parameter includes both the channel and antenna response
from which, making use of the Fourier Transform, the channel
impulse response (CIR) in the time domain can be obtained.

The scheme in Fig. 1 gives a general overview of the main
components of the measurement set-up. The output of the VNA
on port 1 is connected to the biconical antenna through a low
loss coaxial cable (10m long), and the received signal is captured
by a second biconical antenna and fed into the port 2 of the
Analyzer. Every sweep is recorded into different data files and
saved in a PC.

This configuration employs a very simple architecture, but
considering the measured environments it proved more than suf-
ficient, since the dynamic range of the VNA and the large sig-
nal to noise levels made it unnecessary to use any active device
(amplifiers). The lack of amplifying stages in the set-up chain
helped us to avoid distortions, enabling the easiest calibration
to be performed simply with a through-response. This calibra-
tion procedure is carried out at the cables front-end (the cali-
bration includes the cables) but the antennas are included in the
measurement (this is why the measured channel is called radio-
channel rather than propagation-channel).

The VNA allows 1601 complex tones to be recorded for each
sweep. The measured bandwidth was between 1 and 9 GHz,

4Radio channel means that the antenna effect is included in the measurement.

----.--.--.-—.-.--.——-}

Fig. 2. Scenario 1 - laboratory.

Table 1. Measurement set-up summary.

Device Characteristics
Model: Agilent E8364A
Operational range 45MHz -50 GHz
Internal IF settled: 0.5 KHz
Vector Network | Number of points: 1601
Analyser Calibration type: Through response
Noise floor: -99 dBm
Output Power: 6 dBm
Output Data: Sa1 parameter
Type: Low loss cable SDF.104
Cables Loss: 0.3dB/m @ 1 GHz.
0.33dB/m @ 9 GHz
Connector: N-type / SMA
Model: Electrometrics EM 6865 wideband.
Frequency band: 1-18GHz
Antenna Gain: -0.9dBi @ | GHz
4.9dB1 @ 9 GHz
Polarization: Vertical
Impedance: 50 ©2

split in two sub-bandwidths measured consecutively (due to the
temporal stability of the channel {7] within fixed scenarios), the
first between 1 and 5 GHz, and the second between 5 and 9 GHz.
Finally a single file with the recorded data between 1 and 9 GHz,
and 3201 points is obtained. The Tx-Rx distances ranged from 1
to 18 meters, the observed channel was very slowly time-varying
and the minimum SNR was 25 dB. Table 1 shows the technical
characteristics, parameter values and a brief description of the
VNA configuration for the measurement process.

III. SCENARIOS

Scenario is defined as the site where the measurements were
taken and is characterized by the furniture, walls, area and other
physical parameters, all of them with a strong influence on the
channel response. There are four different scenarios covered in
this work, three of them inside a laboratory building and the
other one in an office block. All were indoor environments sur-
rounded by typical office and laboratory furniture such as tables,
chairs or shelves, and open areas were no bigger than 100 square
meters.
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Fig. 4. Scenario 2 - CDTUC corridor.

A. Scenario 1

This is found on the second floor of the laboratory building,
and two types of measurements were performed, the first with
direct line of sight between the Tx and Rx antenna (LOS), and
the second one without line of sight (NLOS). Fig. 2 shows a di-
agram of the area indicating the exact points where the antennas
were set, starting with a separation distance of 4 meters between
them.

The transmitter antenna (ATx) is fixed in the same place for
the whole process, and the receiver antenna (ARX) is moved
through the scenario. From the first measured position, located
at 4 meters, consecutive positions are placed every one meter,
up to 18 meters of distance. Another important point is that at
every position 9 measurements were taken over a grid of 3 by 3
points, with 3 cm separation among them, as shown in Fig. 3.

The following table (Table 2) describes the furniture and en-
vironment inside scenario 1 and its main characteristics.

B. Scenario 2

This scenario comprises the corridor of the second floor of
the laboratory building and includes both LOS and NLOS cases.
The initial distance between ATx and ARx was 4 m again, and
the measurement procedure follows the same methodology as in
scenario 1.

Table 3 summarizes the main features of scenario 2, such as
furniture in the scenario, open area, or type of walls.

3

Fig. 5. Scenario 3 - laboratory floor 1.

Table 2. Scenario 1 main characteristics.

Scenario 1 - CDTUC Laboratory
Area ~ 100m?
Furniture Tables, shelves, chairs, PCs,

electronic instrumentation - - -
4-18m
LOS and NLOS
18 X3 x 3 =162
Internal: Plaster boards
External: Concrete & Windows

Antenna Separation
Measurement Type
Number of Points
Wall Type

Table 3. Scenario 2 main characteristics.

Scenario 2 - CDTUC Laboratory
Area ~ 60m?
Furniture No Furniture
Antenna Separation 4-12m
Measurement Type LOS and NLOS
Number of Points 12x3x3+6%Xx3x3=162
Wall Type Internal: Plaster boards

External: Concrete & Windows

C. Scenario 3

On the first floor of the laboratory building, 500 points were
measured with a distance from the ATx to the ARx between 1
and 4 meters (LOS, short range measurements), with separation
between points of 1 cm. The measurements were taken at vari-
ous points on a cross sized 3 x 2 meters (100 points/m).

D. Scenario 4

This scenario is located at the University Polytechnic School,
and it is a narrow corridor surrounded by walls, doors and book-
shelves. There is Line of Sight (LOS) between ATx and ARx,
and the separation between antennas varied from 4 to 11 meters,
employing 1 meter steps in a 3 x 3 cm grid. Fig. 6 shows a de-
scription of the measured points, the cross represents the ATx,
and the circles mark the positions of the center of the grid.

A brief summary of the main characteristics of scenario 4 is
shown in Table 4.

IV. DATA POST-PROCESSING

Considering the calibration process explained in Section III,
the recorded data from the VNA, which consists of the So; pa-
rameter values, correspond to samples of the Channel Transfer
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Fig. 6. Scenario 4 - corridor.

Table 4. Scenario 2 main characteristics.

Scenario 4 - Corridor
Area ~ 60m?
Furniture Bookshelves
Antenna Separation 4-11m
Measurement Type LOS
Number of Points 8§x3Ix3I=72
Wall Type Internal: Plaster boards
External: Concrete & Windows

Function. This is a complex data vector,

H(kAS) = Re[H(KAS)] + jIm[H(kAS)], (D)

with a frequency step defined by the measurement process of:

Af — fMAX - fMIN

S @)

where N is the number of recorded points. From the frequency
domain data it is possible, by means of the inverse fast Fourier
transform (IFFT), to obtain the channel impulse response (CIR),
in the time domain:

h(nAt) =IFFT[H(kAS)]. 3)

Usually the IFFT is directly applied to the H(kA f) mea-
sured data without performing any translation of the points in
the discrete frequency domain. This method is sometimes called
the complex base-band IFFT and allows the lowpass equivalent
CIR, which is a complex function, to be obtained. From the
low-pass equivalent CIR the power delay profile (PDP) is di-
rectly obtained by calculating its module. In previous wideband
models the major parameters describing the channel in the time
domain were based on the knowledge of the PDP, for instance,
the mean excess delay and the RMS delay spread.

In the UWB case, the interest is placed on the characterization
of the received pulse, thus, the main magnitude is the RF CIR,
a real function, rather than the lowpass equivalent CIR (com-
plex). Therefore, a hermitical signal processing is required in
order to obtain the channel impulse response (CIR). From the
original measured data record, the hermitical pass-band signal
is obtained by 0-padding from DC to the lower measured fre-
quency value (H(fmin)) and adding the conjugate reflection up
to the highest negative frequency [4].

With this processing methodology, the number of points of
the information vector is doubled. In the frequency domain three
parameters have to be established for processing:
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Fig. 8. Channel impulse response.

e Frequency Range: | fuin, fmax]=[1 GHz, 9 GHz]
e Frequency Resolution: A f = 2.5 MHz
e Total Number of Points: N = 3201

And, in the time domain the variables obtained are:

e Time resolution: ts= = 55ps

1
2fmax

o Total Time Response: T’ = Zl—f =400 ns

The frequency range corresponds to the start and stop frequen-
cies of the sweep cycle programmed in the VNA. The number
of points is the number of tones of the measured vector, while
the frequency step is the sweep range divided by the number of
points. Also, the time resolution is the time interval between two
consecutive samples in the IFFT vector, and the response dura-
tion is the time length of the h[nAt¢]. The real passband method
presented above, gives the real channel impulse response not the
envelope of the complex baseband approach.

V. UWB CHANNEL MODEL

Since we started our work on UWB channel modeling, many
papers dealing with this important topic have been published.
Many of them are based on previous (widely recognized) nar-
rowband or wideband models. However, due to the special char-
acteristics of the UWB pulsed signals and the receiver architec-
ture proposed in the UCAN demonstrator, we decided to start a
new model approach, having some similarities to previous mod-
els in certain aspects, but big differences in others.

We propose a channel impulse response (CIR) model, based
on clusters. In our cluster approach, the multipath components
are divided into two branches, and each cluster combines several
multipath responses that are close in time, following a decaying
law. One, a few or many clusters separated in time define the
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Table 5. Decaying factor statistics.

vns —1]
SCENARIO E[] o]
T.OS 0.010 0.021
Soft-NLOS 0.008 0.018
Hard-NLOS 0.006 0.023

complete multipath channel response. Fig. 8 presents and ex-
ample of these two responses.

A. Time Domain Parameters

The characterization, and future modeling of the channel time
response, is based on four different parameters extracted from
the power delay profile (PDP). Since the behaviour of the chan-
nels differs a lot depending on the environment, the best way
to approach the characterization is through statistical analysis.
This implies presenting the mean value and standard devia-
tion, or directly the probability density function (pdf) that best
matches the whole set of environment responses. The follow-
ing paragraphs present these parameters as well as the results
obtained.

» Decaying factor, v : This is the exponential approxima-
tion of the mean level of the PDP (linear in dB). The statistical
behaviour is represented by a mean value and its standard devi-
ation.

h(t)]? = ke, )
10log,o([A(t)]?) = 10log,,(ke ")
= 10log;o(k) + 10logyo (e~ ")
K +10(—71)log;(e). (%)

From recorded measurements and an adequate least square
linear fitting process in Matlab, the mean and standard deviation
values of this parameter for the different scenarios can be shown
in the Table 5.

All the standard deviations remain within the same range of
values, whereas the mean value decreases as the path gets more
obstructed (from LOS to Hard-NLOS).

» Power Variations, x: Represents the power variations over
the mean value in the PDP, and wiil be characterized by its prob-
ability density function (pdf).

|h(t)]? = ke + x, (6)

hence,
x = [h(®))* — [n(t)]2. (7

For each PDP, we have obtained the histogram of these power
variations values in order to estimate the most accurate proba-
bility density function (pdf) approximation. The histogram is a
graphical tool developed by statisticians to visualize frequency
distributions; it shows the discrete values of a pdf (which is a
continuous function).

Another difference with other models is that the histogram is
performed along the time axis and not along the distance axis.
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Fig. 10. Power variations over the linear cluster approach.

To compute the histogram along the distance axis, several (thou-
sands) measurements in close scenarios (at least similar charac-
teristic areas) are needed. However, the pdf computed along
the time axis has demonstrated a good behaviour in the channel
model results and far fewer measurements are required.

The bars are from the histogram while the bold line is the pdf
approximation, a Weibull probability density function, whose
formula has the following expression [10]:

flz;o50) = g(x ; M>A—Iexr>{ (%)A}

x>0; a,A>0.

8)

The values for these parameters vary slightly for each differ-
ent scenario, as can be seen in the following table.

These results have been obtained after the fitting process per-
formed by a Least Squared method, leading to the lowest error
on a Weibull curve approach. It is easy to verify that there is
not much difference between the results for the three scenarios,
which means that the power variations have a homogeneous be-
havior over all the analyzed scenarios.

» Cluster Hard Decay Time, Tg: Is the approximated dura-
tion of the strongest part of the cluster. Particularly in LOS and
Hard-NLOS (Hard-NLOS is when there is no direct or reflected
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Fig. 13. Cluster time structure.

path between Tx and Rx, i.e., between two different rooms),
each received cluster has got a strong component, belonging to
the first (direct) path, and a weak tail due to other multipath con-
tributions.

In Fig. 13, the Cluster Hard Decay Time (H) line represents
the higher decaying slope which occurs within the cluster hard

Table 6. Power variations pdfs.

X
SCENARIO i ) A
LOS -306 311 45
Soft-NLOS -304 320 46
Hard-NLOS -304 322 45

Table 7. Decaying factor statistics.

Ty [ns]
SCENARIO BT o]
LOS 2.32 0.82
Soft-NLOS 5.26 2.68
Hard-NLOS 4.02 1.54

decay time, whereas the other line, the more gradual slope, be-
longs to the rest of the PDP duration. The statistics of H, ex-
tracted from the measurement campaigns are collected in the
following table.

As was expected, the shorter value is obtained for the LOS
case, where the direct path keeps the highest energy portion.
Meanwhile, the rest of the cases present a higher energy spread.

» Zero Crossing Rate (ZCR): Represents the time that con-
secutive samples of the CIR kept the same sign (positive or neg-
ative). This is an essential source of information for the purpose
of the UWB receiver final simulations. Also, in this case, the
pdf has been obtained.

For this fourth parameter, it is necessary to differentiate two
distinct temporal regions, which will be modeled separately.
The first region covers PDP components up to the cluster hard
decay time (1), while the second one starts at that time and
lasts until the end of the PDP. The following figure represents
the two pdf’s obtained for the two temporal regions.

B. Frequency Domain Parameters

» [requency Range: Determined by the measured range. In
our case three frequency ranges have been covered, in three dif-
ferent channel sounding campaigns.

o [stCSC:2-6GHz
e 2ndCSC:1-9GHz

e 3rdCSC: 1-13GHz

The explanation of the bimodal pdf for the first case is very
simple. It has the common exponential behavior, but on top of
this it presents the peculiarity of the main path (direct ray) influ-
ence, which provokes a higher probability of several consecutive
samples keeping the same sign.

» Frequency Decaving Factor, § (delta): This is the expo-
nential approximation in dB of the mean level of the Channel
Transfer Function (linear in log scale). Its statistics are repre-
sented by the mean value and its standard deviation.

logo (|h<t>i2) = gy, ©

This parameter is highly dependent on the antenna specifica-
tions. In our case two biconical broadband antennas were used,
with a small ripple between 1 and 18 GHz. In the middle of the
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Table 8. ¢ statistics.

J

SCENARIO ET0] old]

LOS 1.01 0.18

Soft-NLOS 1.16 0.21

Hard-NLOS 1.36 0.24

Table 9. n statistics.
n

SCENARIO do(cm) En] oln]
LOS 15.1 1.4 0.35
Soft-NLOS 8.2 3.2 1.21
Hard-NLOS 6.7 4.1 1.87

bandwidth (9 GHz), the gain is 3 dB while in the lower band
(1GHz), it is -1 dB. This is why the & parameter is not equal to
two (2) as it should have been with an isotropic radiation pattern.

» Path Loss Exponent (n): The path loss model follows the
well-known lognormal shadowing effect around the mean value.
For the mean value calculation, we assume an exponential vari-
ation of the received power with the distance [9].

d
L = Lpg(do) + 10nlog; o (d—> (10)
0

The average value of dy and the statistical behavior of ‘n’,
characterized by its mean value and the standard deviation are
included in Table 9.

Fig. 17 represents the received power in dBm as a function of
the distance expressed in metres.

Since the reference distance (dg) is assumed to be the limit up
to which there is free space propagation, it is logical to have a
decreasing value as the path finds more and more obstructions.
Besides, these obstacles force the increasing value of ‘n’, as our
results shows.

V1. UWB CHANNEL MODEL SIMULATION

In order to perform the simulation of the indoor channel be-
tween two UWB devices, separated at a distance ‘d’, it is nec-
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essary to choose one scenario case from among the following
ones: LOS, Soft-NLOS, Hard-NLOS or corridor. Once this step
is completed, the simulation process will follow a set of different
stages. in order to obtain the final channel impulse response.
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A. LOS Case

This is the case when there is a direct path between transmitter
(Tx) and receiver (Rx), because both are located in an open area.

Cluster positioning: In LOS cases, as a first approximation,
only one strong cluster will be considered. due to the assumption
that other weak clusters exist, but they are below the first cluster
tail (this is a first approach for LOS cases).

PDP cluster generation: The linear approximation of the
power delay profile is generated taking into account the (v =
Time domain decaying factor) parameter. Then, a second lin-
ear component representing the cluster hard decay time is added
fromt = 0 tot = g, and finally the power variations, repre-
sented by y are applied .

CIR-h(t) cluster generation: The modulus of the CIR-A(¢)
is obtained by the square root of the randomly generated PDP
cluster. Then, the zero crossing rate probability density function
is used to give the sign to the |h(?)].

CIR-h(t) complete response: Considering that in LOS cases
only one cluster is generated, the complete channel impulse re-
sponse is just this cluster. Zero padding at the beginning of the
vector can be performed in order to implement the channel delay
due to the distance between the Tx and the Rx.

CTF-H(f) frequency correction: From the generated h(t), via
Fourier Transform, its correspondent channel transfer function
can be obtained. The next step is to fit this data to the orig-
inal conditions of the measurement process, that means, the
frequency range (there can not be signal below fyn or above
fmax, because the model parameters have been obtained with
this assumption), and to fit the frequency decaying factor to the
parameterized one.

CIR-h(t) output: Finally, from the corrected channel transfer
function H(f), the new h(t) is obtained via IFFT, and the last
step is to perform the power scaling according to the path loss
parameter. At the end of this process, the model generation is
finished, and the h(t) or Channel Impulse Response is ready to
be used in any simulation tool.

B. Soft-NLOS Case

Is the case when there is no direct path, but there is/are re-
flected path/s between Tx and Rx (i.e., metal cabinets). In this
case the multi-cluster approach is needed.

Cluster positioning: In this case, many clusters will be con-
sidered. The first cluster may or may not be the strongest one,
depending on the environment and the obstruction type for the
direct path.

CIR-h(t) complete response: From each individual cluster and
taking into account the randomly generated cluster arrival times
and amplitudes, the complete response is directly obtained by
the coherent addition of the different generated clusters. Zero
padding at the beginning of the vector can be performed in order
to simulate the first cluster delay due to the distance between the
Tx and the Rx. Unless otherwise stated, the steps are the same
as the LOS case.

C. Hard-NLOS Case

This is the case where there are no direct or reflected paths be-
tween Tx and Rx (i.e., located in different rooms). The approach
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Fig. 18. LOS simulation vs. measurement.

followed in this case is quite similar to the LOS case, with dif-
ferent parameters and attenuation factor in the power path loss
law.

Cluster positioning: As a first approximation, only one strong
cluster will be considered.

D. Corridor Case

This is a special case of LOS cases, happens when there is a
direct path, but also when there are many strong reflected paths,
thus, the multi-cluster approach is needed.

Cluster positioning: many clusters will be considered. The
first cluster is the strongest one (the LOS direct path), and the
other cluster amplitudes are a function of the environment.

CIR-h(t) complete response: From each individual cluster and
taking into account the randomly generated cluster arrival times
and amplitudes, the complete response is directly obtained by
the coherent addition of the different generated clusters. Zero
padding at the beginning of the vector can be performed in order
to simulate the first cluster delay due to the distance between the
Tx and the Rx.

VII. SIMULATION AND EXAMPLES

Some examples from the four different cases modeled and
explained in the previous section are presented in the follow-
ing pages. The accuracy of the results can be visually checked
through the comparison between the model realizations and the
measured data, while the computed deviation between the sta-
tistical parameters extracted from the model realizations and the
measurements is kept below 7 % of divergence. In all the cases
a response duration of 400ns was considered and the time reso-
lution fixed at 55 ps.

A. LOS Case Example (4 m Distance Between Tx and Rx)

As it can be easily checked in Fig. 19, the first component
is the most remarkable, simplifying the comparison with the
measured data, where the match between the first components
is clear, as well as the average behaviour in the H (f).
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Fig. 19. Soft-NLOS simulation vs. measurement.
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Fig. 20. Hard-NLOS simulation vs. measurement.

B. Hard-NLOS case Example (5.5 m Distance)

Once more the first component is the main one, there being
in this case a similar behavior in the H(f), but 5-7 dB lower
on the average compared with the LOS case, due to the wall
attenuation.

C. Soft-NLOS Case Example (11m Distance)

In this example, the first component is neither the most re-
markable nor the only one, since there are more components all
along the response. Obviously, it does not match perfectly ev-
ery detail, as it would be expected from a statistical model, but
the tendency is clearly followed. The average level of H(f) is
matched, since it depends mainly on the distance.

D. Corridor case Example (11m Distance)

As it can be seen in Fig. 21, the first component is the
strongest one, but there are many other strong and emphasized
path components along the h{¢) response, following both the
measurements and the model, and following the same tendency
from the statistical point of view. This means that for a single
realization of the model, the result may differ for one particular
measurement, but a set of model realizations will always fit the
statistics of the measurements.
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Fig. 21. Corridor simuiation vs. measurement.
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Fig. 22. Zero crossing rate representation.

VIII. CONCLUSION

The proposed channel model has achieved a high degree of
accuracy, once compared with the measured data, in all the
four different scenarios covered by this report. The values for
the statistical parameters extracted from several realizations of
the model fit up to a 93 The flexibility of the model, enabling
the right matching of very different environment statistics, of-
fers many advantages for designers at the system simulation
stages. New measurement methodologies, as well as data post-
processing techniques for UWB systems, have been developed
during this research, driven by the design requirements and the
particular features of this technology. The model has proven to
be more accurate once the new parameters were considered. The
inherent increment in the computational burden can be neglected
when considering the new, and powerful, simulation platforms
available in any laboratory.
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