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Abstract: An efficient approach in modelling the ultra-wideband channel (UWB) by combining deterministic and
statistic techniques is presented. The hybrid approach aims at lowering the complexity of modelling the UWB
indoor channel by combining simple 2.5D ray tracing and measurement statistics. A UWB measurement
campaign in an office environment is reported. The mean signal level and the rms delay spread values
obtained from the ray-tracing tool are compared with measurements at several locations in the studied
environment. Average statistical difference terms are added to the values of mean signal level and rms delay
spread obtained from ray tracing to improve predictions. This approach results in the hybrid model and
achieves computational efficiency by eliminating the need of modelling complex details of scatterers in the
environment.

1 Introduction
There is currently a considerable interest in ultra-
wideband (UWB) and wireless personal networks
systems as a solution for the high capacity problem of
short-range indoor wireless applications, which has led
to the change in regulations to allow UWB
communications [1–3].

UWB systems rely generally on very short noise like
pulses that can achieve a high data transfer rate by
operating over a large bandwidth. UWB devices
typically operate in the range of 3.1–10.6 GHz with a
bandwidth of at least 500 MHz. There is a wide range
of applications exploiting UWB technology including
ground penetrating radars, through-wall imaging,
collision avoidance (vehicular) radar, medical imaging,
short-range indoor wireless communications and
others. An example of the above applications is short-
range (,10 m) indoor wireless communications (e.g. a
universal serial bus device [4]). Our target application
is a UWB portable device that enables large
multimedia files to be accessed and exchanged with an
infrastructure network at high rates through the air.

To build UWB systems, it is crucial to understand and
model the UWB propagation channel efficiently and to a
good accuracy.

The main approaches used to model the UWB
channel rely either on statistical (empirical) modelling
as in [5–7] or deterministic modelling. Deterministic
modelling is normally based on ray tracing or finite
difference time domain (FDTD) [8, 9]. Standardisation
efforts such as IEEE 802.15.3a for short-range
applications and IEEE 802.15.4a aim at modelling the
UWB channel in different scenarios with a variety of
ranges for system evaluation purposes [10, 11].

The main problem with deterministic modelling
based on ray tracing is the computation complexity
which grows exponentially as the number of scatters
and details in the environment (e.g. furniture) are
included. The other important issue is how to include
frequency-dependent material parameters for UWB.
Statistical modelling cannot be generally applied
except to environments that are similar to the
measured environment that was used to collect the
statistics.
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The target of this paper is twofold: first to report the
results of a UWB measurement campaign in an office
environment and secondly to present an efficient
hybrid approach for UWB channel modelling. This
approach relies on using 2.5D ray tracing with
material parameters (dielectric constant and
conductivity) evaluated as an average of the value of
the parameters within the wide frequency range. The
wideband ray-tracing predictions are then combined
with statistical differences obtained from
measurements. This eliminates the need of using a
sophisticated ray tracer that would take into account
the details of furniture or small scatterers. The hybrid
model results in a simple yet efficient way to model
the UWB indoor channel.

Previous work combining statistical and deterministic
modelling for UWB [5, 12] concentrated on modelling
the clusters of diffuse multipath components as a
statistical distribution that is added to the main
dominant echoes. The target of the hybrid model of
this paper is different and is namely a simple and fast
approach for the estimation of UWB coverage (local
field strength values) within an environment as well as
the rms delay spread values.

The paper is organised as follows: In Section 2, the
UWB measurement campaign is described. Section 3
compares the predictions from ray tracing and
measurements and Section 4 presents the hybrid
model. Section 5 concludes the paper.

2 Measurement campaign
The measurements were taken within the premises of a
typical modern office environment using a vector
network analyzer. The frequency sweep was setup
from 2 to 6 GHz with a total bandwidth of 4 GHz
with 801 points corresponding to a 5 MHz frequency
step. A calibration process was done to the measuring
equipment to remove the effect of cables and other
hardware on the measured channel impulse responses.
Wideband discone antennas were used with nearly
omnidirectional characteristics in the azimuth plane.
The transmitter and receiver antennas were kept at
the same height of �90 cm. Hamming windowing
was applied to the measured data because of its good
sidelobe suppression characteristics [13]. An inverse
fast Fourier transform was used to obtain the channel
impulse responses from the measured frequency
transfer functions.

Nine measurements were recorded on a grid pattern
at every location and averaged. The grid points were
separated by ,l/2 at the highest frequency (6 GHz),
that is, (2–2.5 cm). An illustration of the grid pattern
is shown within Fig. 1 next to Rx1

A layout of the office environment is shown in Fig. 1
with some of the locations of transmitters and receivers
highlighted. Fig. 2 shows the measurement equipment
used and the antennas relative positions inside a room
for one of the measurement locations. Fig. 3 shows
the wideband discone antenna used in the
measurements and its average patterns (over the
4 GHz bandwidth) in azimuth and elevation.

Figure 1 Details of the measurement locations showing the
positions of the transmitters, the receivers and the grid of
measurements

Figure 2 LOS position Tx1–Rx2 showing the measuring
equipment used and the antennas

a Discone antenna with height and diameter of �5 cm each
b Average azimuth pattern
c Average elevation pattern
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Two particular scenarios were investigated for the
target application: (a) communication within a room
(e.g. Tx1 to Rx1 to 4) and communication where the
UWB transmitter is in the corridor and the receiver is
obstructed in the room (e.g. Tx2 to Rx2, 4 and 5).
These scenarios were selected since they are likely to
occur in practice for the target application where a
user exchanges large multimedia files between a
portable UWB device and a computer.

3 Ray-tracing modelling against
measurements
A ray-tracing tool [14, 15] is used to predict the signal
level at the receiver positions of Fig. 1. The 2.5D ray-
tracing model for an arbitrary indoor architecture and
wall properties was simulated based on the method of
images. The model accounts for the line-of-sight
(LOS) path, multiple reflections, diffractions from
corners and transmission loss through walls. The first
step is the definition of the studied architecture. The
way of inputting the studied architecture database
affects the computation time. If two walls (objects)
are on the same line and share the same
electromagnetic properties, they are defined as a
single object. This simple and careful procedure in
inputting the database can greatly reduce the number
of objects and hence the calculation time.

After defining the arbitrary geometry in terms of
points (lines) and arbitrary electromagnetic material
properties (permittivity and conductivity), the LOS
path angles and transmission loss [if any intersecting
walls (objects) are present] are calculated. The main
procedure used for ray tracing is to successively
project the transmitter(s) on all the walls to obtain
first and second (or more generally higher) order
images, and then to determine the valid intersection
points on the walls. Once valid intersection points on
the walls are determined (i.e. lying on the wall and
not outside), the valid rays are identified and the
angles with the normal to the walls are calculated.

The electromagnetic properties for common building
materials at 2.4 and 5.8 GHz [16–18] are used to
calculate the average reflection and transmission
coefficients for a transverse electromagnetic (TEM)
wave with perpendicular polarisation within the ultra
wideband extending from 2 to 6 GHz and used in
measurements. Table 1 summarises the average
permittivity and conductivity values of some building
materials used in the ray-tracing simulations. The
frequency of operation for ray-tracing simulations is
selected in the middle of the measurement band (i.e.
at 4 GHz) and the wavelength l is hence 7.5 cm.

The effective transmission loss for all the walls is
obtained by multiplying the individual transmission

Figure 3 Wideband discone antenna and its average azimuth and elevation patterns from 2 to 6 GHz
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loss of every contributing wall and similarly for the
effective reflection loss. The complex received electric
field Erp associated with the pth ray is determined by

Erp ¼ EorefAu,w
Y
wr

Rep,eh
Y
wt

Tcep,eh
e�jbdp

dp
(1)

where Eoref is the reference field strength, wr is to
account for all existing reflection coefficients from wr
contributing walls, wt is to account for all transmission
coefficients from wt contributing walls, dp the
unfolded ray path length to account for the path
loss, b the propagation constant, Rep,eh the reflection
coefficient that takes into account the polarisation
and thickness of the wall [19] and the transmission
coefficient Tcep,eh is calculated based on the following
equation [20]

Tcep,eh ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x(1� Rep,eh

��� ���2)
r

(2)

where x is a coefficient that accounts for losses
because of diffuse scattering and is normally taken as
0.5. The term Au,f takes into account the effect of
the antenna pattern in the azimuth and elevation
planes.

Diffraction from corners is simulated by modelling
the corner as an absorbing screen [21].

If any of the calculated diffracted paths are
obstructed, the transmission loss is taken into account
as before which further reduces the diffracted field
strength. Approximating a curve into a series of lines
can simulate curved surfaces in the architecture. The
2.5D tool implements first the processing of the plane
followed by the elevation of the architecture and
finally averaging the results.

The rms delay spread trms is defined as the square
root of the second central moment of the power delay
profile (PDP) and quantifies the time dispersion of the

studied environment. It can be determined from the
obtained PDP according to the following equations
[22, 23]

trms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2 � (t)2

q
(3)

The mean excess delay is the first central moment of the
PDP and is defined as

t ¼

P
p (Ap)

2tpP
p (Ap)

2
(4)

t2 ¼

P
p (Ap)

2t2pP
p (Ap)

2
(5)

Ap is defined as the amplitude of the field of path p.

The average received signal strength at a particular
location is calculated using the spatial sampling
approach by averaging the block of points of
(5l � 5l) or the more computation efficient wall
imperfection model as in [14].

An example of the ray-tracing simulations for
position (Tx1, Rx1) of Fig. 1 is presented in Fig. 4
showing the power delay angular profile. The
measured average PDP for the same position is shown
in Fig. 5 (averaged over a block of nine measurement
points both in plane and elevation).

The ray-tracing simulations take into account the
whole floor plane of the building to further improve
the accuracy especially for the rms delay spread
values. The direction of arrival and departure are also
identified and used to apply the antenna pattern effect
at the two end of the link.

Table 1 Summary of average electromagnetic properties values of some building materials used in the ray-tracing
simulations

Material Relative permittivity 1real Conductivity, s (S/m)

concrete 4.85 0.173

brick wall 3.92 0.0648

doors 5.21 0.055

plaster board 2.18 0.01

chipwood 2.6 0.1

glass 5.05 0.3
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Comparisons between the predicted field strength
and rms delay spread values from the ray-tracing
tool after averaging a block of points using the
spatial sampling approach [14] and averaged
measurements at the different positions of Fig. 2 are
summarised in Table 2. It is concluded that the ray-
tracing tool predicts the field levels higher than
actual measurements with an average difference of
6.68 dB and predicted the rms delay spread values
lower than measurements with an average difference
of 7.21 ns.

4 Hybrid channel model
As would be expected with any channel modelling tool,
differences will occur with measurements and the target
is to minimise this difference without increasing the
complexity of the model (such as modelling furniture,
small scatterers or resorting to a more time
consuming and complex 3D tool) to achieve
computation efficiency. Based on the above

comparisons of Table 2, it is possible to add an
empirical term to the ray-tracing prediction resulting
in the following hybrid model

Ehyb ¼ ERT(avg) þ Estat(dB) (6)

where Ehyb is the average predicted field strength from
the hybrid model, ERT(avg) the average predicted field
strength from the ray-tracing tool in decibel and Estat
the additional empirical field strength difference term
from measurement statistics and in the above case is
equal to –6.68 dB.

Similarly for the rms delay spread

thyb ¼ tRT þ tstat(ns) (7)

where thyb is the predicted rms delay spread from the
hybrid model, tRT the average predicted rms delay
spread value from the ray-tracing tool in nanosecond
and tstat the additional empirical rms delay spread
difference term from measurement statistics and in
the above case is equal to 7.21 ns.

Using the above hybrid model, the error in prediction
reduces to a fraction of a decibel for average field
strength value and around 1 ns for the rms delay
spread value in the worst cases.

The tool can then be used to investigate other points
within the architecture or other similar architectures
and positions within the building under study and
form a coverage map and a distribution of delay
spread values without the need of a costly and

Figure 4 Ray-tracing simulation output for position (Tx1, Rx1) taking into account the rest of the floor plane

Figure 5 Measured average PDP for position (Tx1, Rx1)
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time-consuming measurement campaign. Other possible
uses of the hybrid tool are coexistence studies (e.g. to
model and estimate the interference of a number of
UWB transceivers to a wireless local area network
(WLAN) system).

To further validate the hybrid model, new locations
Rx6 and Rx7 of Fig.1 are measured and compared
with the predictions from the hybrid model. The
results are summarised in Table 3. It is concluded that
the average error in the field strength prediction is
now 0.81 dB, whereas the average error in the rms
delay spread is 0.92 ns as would be expected.

5 Conclusions
This paper presented an efficient approach to model the
UWB indoor radio channel based on combining
deterministic and statistical results. This approach has
the advantage of lowering the computation complexity
and time (by removing the need to model complex
scatterers like furniture details) for the prediction of
average field strength or coverage of a UWB
transceiver as well as rms delay spread values at
arbitrary locations within an environment of interest.
Results of a UWB measurement campaign in a typical

office environment were reported targeting short-
range high data-rate UWB multimedia applications.
The presented approach is based on combining the
deterministic modelling relying on 2.5D ray tracing
and average statistical differences retrieved from
measurements. It was shown that the prediction error
reduces considerably by using the hybrid model. For
the example office environment studied, errors in the
average predicted field strength using the hybrid
approach are lower than a decibel compared with
measurements. Similarly, the errors for rms delay
spread values are around 1 ns.
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Table 2 Comparisons of measured and predicted average field strength and rms delay spread values at the different
locations of Fig. 1

Location Measured field
strength, dB

Predicted field
strength, dB

Difference,
dB

Measured rms
delay spread, ns

Predicted rms
delay spread, ns

Difference,
ns

Tx1–Rx1 276.93 270.01 6.92 12.73 6.68 6.05

Tx1–Rx2 275.87 269.82 6.05 12.65 4.38 8.27

Tx1–Rx3 274.70 268.46 6.24 11.75 3.91 7.84

Tx2–Rx4 294.36 287.21 7.15 17.32 9.87 7.45

Tx2–Rx5 293.29 286.23 7.06 16.10 9.63 6.47

Average
difference

6.68 7.21

Table 3 Comparisons of measured and predicted hybrid model value at the new locations of Fig. 1

Location Measured field
strength, dB

Predicted field
strength, dB

Difference,
dB

Measured rms
delay spread, ns

Predicted rms
delay spread, ns

Difference,
ns

Tx1–Rx6 278.53 277.71 0.82 13.15 12.08 1.07

Tx1–Rx7 276.08 275.62 0.46 11.93 11.21 0.72

Tx2–Rx6 202.24 201.12 1.12 19.77 18.01 0.76

Tx2–Rx7 298.36 297.51 0.85 18.52 17.38 1.14

Average
difference

0.81 0.92
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