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Abstract. Channel measurement and modeling is an im-
portant issue when designing ultra wideband (UWB) com-
munication systems. In this paper, the results of some UWB
time-domain propagation measurements performed in
modern laboratory (Lab) environments are presented. The
Labs are equipped with many electronic and measurement
devices which make them different from other indoor loca-
tions like office and residential environments. The meas-
urements have been performed for both line of sight (LOS)
and non-LOS (NLOS) scenarios. The measurement results
are used to investigate large-scale channel characteristics
and temporal dispersion parameters. The clustering Saleh-
Valenzuela (S-V) channel impulse response (CIR) pa-
rameters are investigated based on the measurement data.
The small-scale amplitude fading statistics are also studied
in the environment. Then, an empirical model is presented
Jor UWB signal transmission in the Lab environment based
on the obtained results.
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1. Introduction

The use of ultra wideband (UWB) technology has re-
cently attracted the intense interest of wireless system de-
signers due to its potential in short range high data rate
communications [1], [2]. According to the modern defini-
tion, any signal with a bandwidth wider than 500 MHz or
a fractional bandwidth greater than 0.2 can be considered
as an UWB signal. A possible technique for implementing
UWB is impulse radio, which is based on transmitting
extremely short (in the order of nanoseconds) low power
pulses [3].

In a wireless system, the transmitted signal interacts
with the physical environment in a complex manner.
Therefore, the ability to accurately predict propagation
characteristics of UWB signals is crucial to system design.
A realistic channel model can be helpful for better under-
standing of the propagation mechanisms and effects. Con-

sequently, UWB channel modeling in different environ-
ments has been a subject of intense research. Due to the
broad variation of the multipath propagation channel, sta-
tistical approaches are the best way to model channel prop-
erties. The results of some UWB time or frequency-domain
channel measurements at home, office and hospital envi-
ronments have been presented in [4]-[7] for different fre-
quency bands and transmitter-receiver separation distances.
In [8], a general model has been presented for frequency
range of 3.1-10.6 GHz in a number of different environ-
ments (residential, office, outdoor line of sight (LOS),
outdoor non-LOS (NLOS), farm, industrial and body area
network) as well as for the frequency range below 1 GHz
in office environment. This model has been presented
based on the measurement and simulation of the authors
and other papers in the open literature. But, some of the
measurements have not covered the full frequency range.
As it has been mentioned, the list of the measured envi-
ronments presented in [8] is not complete and other
environments can be important for specific applications.

Effective design and implementation of an UWB
network in the laboratory (Lab) environments needs an
accurate channel model. Actually, most of the Lab envi-
ronments are equipped with many electronic and measure-
ment devices which are located on tables. The most of
these devices are made of metallic materials. Therefore, the
UWB propagation mechanism in the Lab may be different
from other indoor locations like office and residential envi-
ronments, where the most of the furniture are made from
wood and textile products.

In the present work, the results of ultra wideband
time-domain measurements in the laboratory (Lab) envi-
ronments are investigated to present an empirical UWB
channel model. These measurements have been performed
for both LOS and NLOS scenarios. In the following sec-
tions, first, the UWB time-domain measurement setup,
location and procedure are described in detail. Then, the
measurement data is analyzed to extract path loss and
shadowing fading characteristics and temporal dispersion
parameters of the channel for both measurement scenarios.
The clustering Saleh-Valenzuela (S-V) channel impulse
response (CIR) parameters are investigated based on the
measurement data at both LOS and NLOS scenarios. Then,
the small-scale amplitude fading statistics are extracted in
the Lab environment for both measurement scenarios.



RADIOENGINEERING, VOL. 18, NO. 1, APRIL 2009

69

2. UWB Time-Domain Measurements

2.1 Measurement Setup

A diagram of the time-domain measurement setup is
shown in Fig. 1. At the transmitter side, a pulse generator
was used as an UWB signal source. The pulse generator
produces an ultra-fast pulse with 15 ps fall time. If an im-
pulse forming network is attached to the pulse head output,
the width of the output waveform of pulse generator will
be less than 50 ps. The resulted impulse wave form is
shown in Fig. 2. The generator was connected to the
transmitting antenna through a low loss wideband cable.
The output signal of the receiving antenna was amplified
by a low noise amplifier with a gain of 28 dB and 3 dB
bandwidth of 12 GHz. A digital sampling oscilloscope was
used at the receiver side which sampled the received signal
at a rate of 1 sample per 12.5 ps. This oscilloscope has
a bandwidth up to 70 GHz. The pulse generator and digital
sampling oscilloscope were synchronized through a refer-
ence clock signal at a frequency of 200 kHz. Measure-
ments were performed by a pair of 1-18 GHz double-
ridged waveguide horn antennas. These transmitting and
receiving antennas were both placed on moving carts at
a height of 135 cm above ground. It should be noted that
since the transmitting and receiving antennas are included
as parts of the UWB channel (as shown in Fig. 1), the
UWB time domain measurements and presented channel
model are antenna dependent.

2.2 Measurement Location

The time-domain measurement campaign was con-
ducted for both LOS and NLOS scenarios at a basement
floor with a plan shown in Fig. 3. All the main rooms of
this floor are modern Labs. The building walls are made of
brick with metallic stud. The partitions are aluminum frame
structured with fabric, wood and glass surface. The floor of
the rooms is covered with tiles. The doors are made of
wood and have metallic frames. The furniture inside each
room consists of many different electronic and measure-
ment devices, metallic and wooden cupboards and cabi-
nets, tables made of wood, mid back work chairs, com-
puters, etc.

2.3 Measurement Procedure

To perform the measurements, five different trans-
mitter locations were considered. The receiver points were
chosen at those locations where the received signal could
be clearly detected. The measurements were collected at
each receiver location by moving the receiver antenna over
a square grid of 9 points spaced 50 cm apart as shown in
Fig. 3. In order to cancel out the noise, 100 measurements
were averaged at each measurement point. A system cali-
bration was made to compensate any imperfection of the
system components. Then, any dc offset that had not been
taken into account by the calibration was removed.
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Fig. 1. A diagram of the used time-domain measurement
setup.
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Fig. 3. Plan of the measurement environment with different
Tx and Rx locations.

3. Measurement Result Analysis

3.1 Path Loss and Large-Scale Analysis

Large-scale fading can be categorized by path loss
and shadowing. To investigate UWB large-scale fading
behavior, the distance dependency of the path loss which
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can describe attenuation of the median power as a function
of distance, is introduced as [3]:

PL(d):PL(dO)HOy1ogm[dij+;( d>d, (1

0

where PL(d) represents the path loss at a distance d, PL(d)
is the path loss at reference distance dy, y is the path loss
exponent and y is the shadowing fading parameter. This
parameter shows that path loss observed at any given point
will deviate from its average value. The values of PL(d,)
and y can be obtained through a least square linear fit to the
measured data. The reference distance is set to 1.5 m and
3.4 m for LOS and NLOS path loss model, respectively
where these values are the minimum observation distances
in each scenario. Thus, the path loss models are valid for
distances above these reference values. The extracted pa-
rameters are PL(dy)= PL(1.5 m)=28.71 dB and y=1.81 for
LOS scenario and PL(dy)= PL(3.4 m)=39.16 dB and
y =3.45 for NLOS scenario. The scatter plots of the path
loss versus the transmitter-receiver separation distance are
shown in Fig. 4 for both scenarios.
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Fig. 4. Scatter plots of the path loss versus the transmitter-
receiver separation distance.

The shadowing fading parameter is a zero-mean
Gaussian distributed random variable in dB with standard
deviation o, which is also in dB. The standard deviation of

the shadowing fading parameter is found by calculating
deviation from the obtained fit. Based on our measure-
ments, the values of o, are 1.62 dB and 5.71 dB for LOS
and NLOS scenarios, respectively. A comparison of the
theoretical cumulative distribution function (CDF) of
a zero-mean Gaussian random variable with the empirical
CDF of the shadowing fading parameter is shown in Fig. 5
for both LOS and NLOS scenarios.
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Fig.5. A comparison of the theoretical CDF of a zero-mean
Gaussian random variable with empirical CDF of the
shadowing fading parameter.

3.2 Temporal Dispersion Results

In a wireless system, the signal arriving at a receiver
point is in general a summation of several multipath com-
ponents (MPCs). The power delay profile (PDP) provides
an indication of dispersion of the transmitted power over
various paths. The channel temporal dispersion character-
istics show temporal distribution of the power relative to
the first arriving component. These characteristics are
usually quantified in terms of the mean excess delay and
RMS delay spread. To obtain these parameters, the power
delay profile is normalized and all signals below a specific
threshold x dB relative to the maximum are forced to zero
[9]. This is done to remove the noise that varies from one
measurement setup to another.
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The mean excess delay, 7, is defined as the first
moment of the PDP [10]

ZP(T/L )7
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T

The RMS delay spread is the square root of the second
central moment of the power delay profile [10]

Trus = sz _(Tm)2 (3)
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We use a 20 dB threshold to calculate the delay spread
parameters. The resulted mean excess delay is varied be-
tween 0.45 ns and 17.64 ns in LOS conditions and between
0.75 ns and 25.73 ns in NLOS conditions. The CDF of the
RMS delay spread is plotted in Fig. 6 for both measure-
ment scenarios. This figure shows that the most probable
values of RMS delay spread are around 2.7 ns and 4.7 ns
for LOS and NLOS scenarios, respectively. The obtained
parameter values indicate that the channel suffers from
higher temporal dispersion in NLOS conditions.
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Fig. 6. Cumulative distribution functions for the RMS delay
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Another important parameter which can be used to
evaluate temporal dispersion characteristics of the channel
is the ratio of mean excess delay to RMS delay spread. The
lower values of this ratio indicate high concentration of the
power at small values of the mean excess delay; while, the
higher values of this ratio indicate high concentration of
the power at larger values of the mean excess delay [5, 6,
9]. The relation between the mean excess delay and RMS
delay spread for both LOS and NLOS scenarios is shown
in Fig. 7. The best least square linear fit to the measured
data gives the values of 1.40 and 2.67 for this ratio in LOS
and NLOS conditions, respectively. This means that in
LOS conditions, the power is more concentrated at the
received components with lower time delay values, while
in NLOS conditions, the power is more concentrated at the
received components with higher time delay values.
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Fig. 7. Scatter plots for the mean excess delay versus RMS
delay spread.

3.3 Clustering Channel Model

As it is reported in most of the UWB measurement
campaigns, the arriving MPCs tend to form clusters in the
temporal domain [11]-[13]. An UWB channel impulse
response (CIR) which account for the clustering phenome-
non of MPCs has been proposed in [13] based on the con-
ventional Saleh-Valenzuela (S-V) channel model [14],
where the model parameters have been derived using
measurement data collected in the frequency band of
3-10 GHz in various types of high-rise apartment under
different propagation scenarios.

The clustering CIR of the UWB channel can be ex-
pressed by S-V model as follows [13]:

L K

W)= a,,6(~T, ~7,,) Q)

1=0 k=0

where d(.) is the Dirac delta function, L is the number of
clusters, K; is the number of MPCs within the /th cluster,
ay, 1s the multipath gain coefficient of the kth component in
the /th cluster, 7; is the delay of the /th cluster which is
defined as the time of arrival of the first arriving MPC
within the /th cluster and 7, is the delay of the &th MPC
relative to the /th cluster arrival time, 7). From (5), {L,T}}
and {K,7;;, ay,} are classified as inter-cluster and intra-
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cluster parameters, respectively [13]. The number of clus-
ters, L, is modeled by a Poisson distribution as proposed in
[15]. The presence of some objects in the environment
under consideration can increase the number of clusters. It
was found that the number of MPCs per cluster, K, can be
modeled by exponential distribution. It should be noted
that the number of MPCs per cluster (thus, the number of
clusters) is dependent on the resolution of the parameter
estimation technique, the type of the transmitting and re-
ceiving antennas, the transmitter-receiver separation dis-
tance, the physical layout of the environment and the dy-
namic range of the measurement system. More clusters are
observed in a heavily cluttered environment.

Based on the S-V channel model, the cluster inter-ar-
rival times and the ray intra-arrival times are described by
two independent exponential probability density functions
as follows [14]:

p(T1T.)=Aexp[-A(T,-7,)]  1>0 (6)

(7

where A is the mean cluster arrival rate and A is the mean
ray arrival rate.

P(Tk,l ‘ T(k—l),l): A exp[— i(rk,I - z'(1\»71),1)J k>0

The average power of both clusters and rays within
the clusters are assumed to decay exponentially:

-T;/T .e*ﬁ a7
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where o is the expected value of the power of the first

arriving MPC, T is the decay exponent of the clusters and y
is the decay exponent of the rays within the clusters.

From analysis of the recorded measurements in the
Lab environment, the average number of clusters, L, is
obtained equal to 2.3 and 2.9 for LOS and NLOS sce-
narios, respectively. The resulted cumulative distribution
functions (CDFs) of the number of MPCs per cluster, K,
are shown in Fig. 8 for both scenarios. As can be seen in
this figure, the CDFs can be closely modeled by theoretical
exponential distribution functions with the mean value of
M, | which is equal to 32.7 and 81.5 for LOS and NLOS

scenarios, respectively. It can be seen that the mean value
of the number of MPCs per cluster is increased from LOS
to NLOS scenarios.

In order to extract the mean cluster arrival rate, A, the
arrival time of the first MPC in each cluster was considered
to be the cluster arrival time, regardless of whether or not it
had the largest amplitude. The arrival time of each cluster
was subtracted from its successor. The conditional prob-
ability distribution given in (6) could be estimated by ap-
plying the least mean square fit of the cluster inter-arrival
time to an exponential distribution. The resulted 1/A values
are 7.95ns and 12.49 ns for LOS and NLOS scenarios,
respectively. A similar method should be carried out to
estimate A which is the average ray arrival rate within a
cluster. The estimated 1/4 values are 1.03 s and 1.06 ns in
LOS and NLOS conditions, respectively.
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Fig. 8. CDFs of the number of MPCs per cluster for LOS and
NLOS scenarios.
Parameter LOS NLOS
scenario scenario
L 2.3 2.9
Hy, 32.7 81.5
I" (ns) 22.1 34.6
1% (ns) 11.3 16.3
l/A (ns) 7.95 12.49
l/ﬂ, (ns) 1.03 1.06

Tab. 1. Parameters of the clustering S-V channel model for
LOS and NLOS scenarios.

The cluster and ray decay exponents, I" and y, can be
estimated by considering clusters and rays with normalized
amplitudes and time delays and selecting their mean decay
rates. In order to estimate I', amplitude of the first cluster
arrival in each data set is set to one and its time delay is set
to zero. Then, all other clusters arrivals in the same data set
are expressed relative to this amplitude and time. The esti-
mates for I which obtained by the least mean square fit
are 22.1 ns and 34.6 ns for LOS and NLOS scenarios,
respectively. Applying a similar approach to estimate y
results in values of 11.3 ns and 16.3 ns for LOS and NLOS
scenarios, respectively. For better comparison of the re-
sulted model in tow scenarios, the obtained parameters are
listed in Tab.1.
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3.4 Amplitude Fading Statistics

One of the fundamental parts of the channel charac-
terization is study of the small-scale amplitude fading. The
Rice and Rayleigh distributions can describe the amplitude
fading statistics in conventional narrowband channel mod-
els for LOS and NLOS condition, respectively. In UWB
propagation, the wide frequency bandwidth corresponds to
a high temporal resolution capability. Therefore, a single
path arriving at a certain delay must be resolved. In order
to evaluate the small-scale amplitude fading statistics, the
empirical amplitudes over small-scale areas are calculated.
Depending on the measurement environments and sce-
narios relative data from taps at specific excess delays were
matched to some typical theoretical distributions for am-
plitude fading statistics such as lognormal, Nakagami,
Rayleigh, Rice and Weibull distributions [3]. In [16]-[18],
the lognormal distribution was obtained to give the best fit
for the amplitude fading statistics, while other measure-
ment campaigns such as [19], [20] show that the small-
scale amplitude fading statistics can be modeled by the
Nakagami distribution. In [21], the Rice distribution has
also best fitted to empirical data. The measurement results
reported in [13], [22], [23] show that the small-scale am-
plitude fading have a good fit with Weibull distribution in
fully furnished conference rooms, modern office buildings
and high rise apartments.

In order to extract small-scale amplitude fading sta-
tistics from the measurement data in the Lab environment,
empirical data of the PDPs from different measurement
position are gathered and classified into LOS and NLOS.
Amplitudes smaller than 20 dB of the peak in each PDP are
set to zero in order to get only the appropriate data for
analysis. Then, data from taps at specific excess delays are
collected. Each tap is assumed to contain either one resolv-
able path or no path. This delay tap is determined by the
time resolution of the specific measurement system. In our
measurement system, the delay tap width is 12.5 ps. Ex-
traction of the amplitudes for each tap is carried out by
collecting a vector of amplitude values having the same
delays. It is found that these data from taps at specific
excess delays can be matched to lognormal, Nakagami and
Weibull distributions where the parameters of these dis-
tributions i.e. the standard deviation of the lognormal dis-
tribution, m-parameter of the Nakagami distribution and b-
shape parameter of the Weibull distribution are all lognor-
mally distributed random variables [3]. Variations of these
parameters as a function of excess delay are extracted from
the measurement data for both LOS and NLOS scenarios.
The mean value and standard deviation of the lognormal
distribution of these three parameters are listed in Tab. 2.

The Kolmogorov—Smirnov (K—S) and chi-square (1)
hypothesis tests are used to elaborate the goodness-of-fit
for these candidate amplitude distributions. A significance
level of 5% is used to evaluate the reliability of the fit.
Tab. 3 compares the passing rate of the K-S and 4 tests for
the above distributions. It is found that the Weibull distri-
bution gives the highest passing rate in both tests. There-

fore, the small-scale amplitude fading statistics can be
well-modeled by Weibull distribution for both scenarios.
The CDFs of the empirical small-scale amplitude fading
fitted to the Weibull distribution are plotted in Fig. 9 at 6
ns and 12 ns excess delays for LOS condition.

G- m- b-
Parameter Lognormal Nakagami Weibull
Hor O | Huv | Ouwv | How O
LOS
scenario  [1.1862 ]0.1938 ]0.4886 [0.0895 |1.1838 ]0.2360
NLOS
scenario  [1.4823 ]0.2806 ]0.3855 [0.0819 ]0.8553 ]0.1893

Tab. 2. Mean and standard deviation of the parameters for
candidate distributions in LOS and NLOS scenarios.

Distribution LOS scenario NLOS scenario
K-S Ve K-S 7’

Lognormal 73.48 38.03 98.65 82.22

Nakagami 69.89 64.44 35.60 36.55

Weibull 97.53 84.17 99.70 89.43

Tab. 3. Passing rate of K-S and »* hypothesis tests.
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Fig. 9. CDFs of the empirical small-scale amplitude fading
fitted to Weibull distribution at excess delay 6 ns and
12 ns for LOS scenario.

4. Conclusions

The results of time-domain UWB channel measure-
ment in the Lab environment were presented. Both LOS
and NLOS scenarios were considered and the path loss
model and main temporal dispersion parameters were
found. The calculated path loss exponent was 1.81 and
3.45 for LOS and NLOS scenarios, respectively. The CDF
of the shadowing fading parameter was obtained. The
resulted temporal dispersion parameters were also pre-
sented. The clustering CIR parameters were obtained for
both LOS and NLOS scenarios and distribution functions
of these parameters were investigated in the measurement
environment. The small-scale amplitude fading statistics
were extracted for both LOS and NLOS conditions. It was
shown that small-scale amplitude fading can be modeled
by the lognormal, Nakagami and Weibull distributions but
Weibull distribution has maximum passing rate of the K-S
and 4 tests in both scenarios.
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