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SUMMARY In this paper, an Ultra-Wideband (UWB) double-
directional channel sounding measurement and spatio-temporal analysis of
UWB propagation based on the clusterization approach were reported. Af-
ter separating the propagation paths and diffuse components both on the
transmitter (Tx) antenna and receiver (Rx) antenna positions, the propaga-
tion paths both on Tx and Rx positions were observed for clusters sepa-
rately, while coupling the clusters between Tx and Rx position based on
similar time of arrivals, and ray tracing by utilizing high temporal and spa-
tial resolution, respectively. The relation between direction of departure
and direction of arrival will then be investigated. For cluster properties,
parameters of model characteristics are discussed and compared to other
earlier works.
key words: Ultra Wideband, double directional, UWB channel model,
cluster

1. Introduction

Ultra-Wideband (UWB) radio systems are currently receiv-
ing a great deal of attention for the future of short-range
wireless communication due to its ultra high data rate and
low power transmission [1], [2]. UWB signals are defined
as having a −10 dB bandwidth of at least 500 MHz or a
−10 dB fractional bandwidth greater than 20%. So its sig-
nals are radiated by the transmitter (Tx) antenna with very
short pulses. These short pulses allow a receiver to precisely
distinguish or resolve the different multipath components
which come from different directions and with different de-
lay times arriving at the receiver (Rx) antenna. The power
of these multipath components is often effectively combined
by using a rake receiver architecture. However, some dense
multipath components often cause waveform distortion if
the pulses are ambiguous. UWB system performance suf-
fers from this problem.

Antennas also affect the performance of UWB systems.
In narrowband systems, the channel model is often consid-
ered including antenna elements because their characteris-
tics are essentially flat over small bandwidths. However,
in UWB systems, the frequency characteristics of antennas
cannot be disregarded and they will cause a dramatic distor-
tion of the waveform within each of the individual paths.
Therefore, to separate the antenna effects from the chan-
nel model, not only the time of arrival (TOA) of each path
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is important, but the direction of departure (DOD) and di-
rection of arrival (DOA) are also necessary because they
enable us to remove the antenna characteristics from each
path if the Tx and Rx antenna characteristics are provided.
This is proposed in the double-directional channel of [3].
For extending to UWB propagation model, it is contended
that TOA and DOD/DOA of each path are constant over the
bandwidth, but the complex frequency spectrum of the path
should be considered [4]. This model is independent of an-
tennas and is useful to evaluate the antenna effects when
designing UWB systems. In our earlier works, we have al-
ready discussed the estimation of multipath parameters us-
ing the successive interference cancellation (SIC) [5] space-
alternating generalized expectation maximization (SAGE)
algorithm [6]–[8] based on maximum likelihood (ML). The
algorithm is used to estimate wideband channel parameters
and spectrum of each path, but the cluster properties were
not analyzed. In this paper, we present the results of UWB
double-directional propagation measurement in an office en-
vironment using a composition array, where the paths are
determined by using SIC-SAGE. We focus on the detailed
analysis of the clusters and compare it with earlier works.

2. Measurement Setup

The measurements have been performed in the frequency
domain with a vector network analyzer (VNA) to determine
the complex radio channel transfer function H( f ) = S 21( f ).
Some indispensable parameters are shown in Table 1. The
measured frequency bandwidth implies a delay time reso-
lution of 0.13 ns. The spectrum was divided into 751 fre-
quency sweeping points, resulting in 10 MHz between fre-
quency samples and a maximum delay time of 100 ns. The
antenna elements spacing is fixed at 48 mm which corre-
sponds to λ/2 at the lowest frequency.

Figures 1(a) and 1(b) show the DOD measurement and
DOA measurement of the UWB double-directional channel
sounding system respectively. First, the Rx antenna was
mounted on a pole and its position was fixed at the cen-
ter of the Rx array. While the Tx antenna was mounted on
the arm of the X-Y-Z scanner to measure the DOD. After
the scanning of Tx was finished, we scanned the opposite
side to measure the DOA, while fixing Tx at the center of
the Tx array. All processes were controlled automatically
by GPIB, as well as the data acquisition. We conducted
700 spatial samples of multiple-input-single-output/single-
input-multiple-output (MISO/SIMO) measurements, so that
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Table 1 Specifications of the experiment.

Bandwidth 3.10 to 10.60 GHz [9]
Frequency sweeping points 751
Spatial sampling in the Rx
and Tx position

10 × 10 × 7 points in X-Y-Z with ele-
ment spacing of 48 mm (less than half
wavelength at 3.1 GHz)

Estimated parameters DOD and DOA azimuth, elevation
angle, delay time, spectrum, and cur-
vature radius

Type of antennas Biconical [10]
Polarization Vertical-Vertical
Calibration Function of VNA and back-to-back

(1 m)
IF bandwidth of VNA 100 Hz
SNR at receiver 30 dB
Snapshot 1

(a) DOD measurement (MISO)

(b) DOA measurement (SIMO)

Fig. 1 UWB double-directional channel sounding system.

the maximum size of the array implies the Fourier azimuthal
angular resolution of 10.0 deg. Since the spherical wave ar-
ray mode vector can better model the path for short range
environments compared to the plane wave model [11], it
was adopted through out the paper. However the spherical
wave model cannot be applied to simultaneous DOD-DOA
estimation since it assumes either a point source or a point
observer in Tx or Rx position respectively, and different ra-
diant point sources in the Tx array result in the complex
combination of spherical waves approaching the Rx array
[11]. Thus we estimated DODs and DOAs separately by

(a) Top view

(b) Side view

Fig. 2 The experiment environment.

using two single directional channel setups (MISO/SIMO)
instead of MIMO to avoid this conflict, then combine them
with TOA and ray tracing.

3. Measurement Environment

The measurement was performed in an empty office room,
with no furniture. Figure 2 shows the top and side view of
the room. Note that the azimuth angle is defined with respect
to the line-of-sight (LOS), and is opposite for the Tx and Rx
positions. The room has a floor area of 15.75 × 6.64 m and
a height of 2.46 m. The center height of the array is 1.42 m
from floor for both at Tx and Rx positions, and the distance
of LOS is 7.86 m. There are 4 metal doors and 4 windows
with metal frames. The walls consists mostly of reinforced
concrete and 10 pillars are uniformly distributed around the
room.

4. Data Processing and Analysis

From the measurement data, the parameters and spectrum
of each path were modeled as follows:

y( f , φtx, θtx, φrx, θrx, τ)

= Dtx( f , φtx, θtx)a( f , τ)r( f )Drx( f , φrx, θrx) (1)

where

• y( f , φtx, θtx, φrx, θrx, τ) : the transfer function of each
path,
• f : the frequency,
• φtx, θtx : azimuth and elevation angles of DOD,
• φrx, θrx : azimuth and elevation angles of DOA,
• τ : delay time,
• a( f , τ) : complex gain of the spatial propagation,
• r( f ) : scattering loss,
• Dtx( f , φtx, θtx) : radiation pattern of Tx antenna for a

single polarization.
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(a) Total power spectrum

(b) Residual spectrum after the extraction of 120 paths

Fig. 3 Azimuth - delay power spectrum at Tx.

• Drx( f , φrx, θrx) : radiation pattern of Rx antenna for a
single polarization.

The model parameters are estimated using the SAGE algo-
rithm implemented with SIC process, a simplified ML based
estimator. Details of the algorithm are presented in [8], [11].

4.1 Separation of Propagation Paths and Diffuse Compo-
nents

Figures 3(a) and 4(a) show the azimuth-delay power spec-
trum at Tx and Rx respectively. These figures are con-
structed by using inverse Fourier transform and beamform-
ing to estimate TOAs and DODs/DOAs respectively. The
LOS appears near position (τ, φ) = (27 ns, 0 deg), and also
its sidelobe appears between delay time τ = 25 ns to τ =
30 ns at all azimuth angles. To separate the propagation
paths and diffuse components, we should calculate the noise
floor. The noise floor level of the VNA was −100 to −90 dB.
The noise level in Figs. 3 and 4 are reduced to −150 to
−140 dB, after inverse Fourier transform and beamforming
of the data for 700 elements of the array and 751 frequency
sweeping points. The amount of the noise reduction is es-
timated as 10 log10(700 × 751) � 57 dB. We detected 120

(a) Total power spectrum

(b) Residual spectrum after the extraction of 120 paths

Fig. 4 Azimuth - delay power spectrum at Rx.

paths at each Tx and Rx positions, while the residuals were
considered as diffuse components shown in Figs. 3(b) and
4(b). It still seems to have several undetected paths which
are shown in Figs. 3(b) and 4(b), but the noise floor level
makes it difficult to continue to detect paths by using the
SAGE algorithm. The power of specular paths which are
detected both at Tx and Rx positions consists of about 70%
of the total power. The total power is defined as the sum of
all squared measured data, and is −68.35 dB and −68.45 dB
at Tx and Rx positions respectively. As shown in [12], [13],
the power of specular paths consisted of about 70% and 90%
of the total power respectively by using the same algorithm.

4.2 Clusterization of Propagation Paths

Figures 5 and 6 show the detected propagation paths in
angular-delay domains at Tx and Rx positions respectively.
These results show that the detected paths tend to form some
clusters in the angular-delay domain. We define a cluster as
an accumulation of detected paths with similar TOAs and
DODs for the Tx position and similar TOAs and DOAs for
the Rx position [14]. Moreover, the clusters are related to
the physical structures of the measured environment i.e.,
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Fig. 5 Clusterization of propagation paths at Tx.

Fig. 6 Clusterization of propagation paths at Rx.

specular reflection path, material, position and size of re-
flection objects, using a heuristic approach.

4.3 Coupling the Clusters between the Tx and Rx Posi-
tions and Antenna Deconvolution

The clusters were coupled between the Tx and Rx position
based on delay time and ray tracing. The ray tracing is used
for coupling the clusters based on delay time when the spec-
ular path is detected. We then see that all clusters can be
coupled and thus are given the same name on both sides.
The identification of these clusters are also shown in Figs. 5,
6 and 7. Their positions in the real environment are shown
in Fig. 8.

Two kinds of clusters are identified considering the re-
lation between the Tx and Rx positions. One is the single
bounce clusters i.e., Clusters A, B, C, D, E, F, J, N and P,
which at both Tx and Rx positions have close TOA and
DOD/DOA of same scatterers which are identified by us-
ing ray tracing. The others are the multi-bounce clusters
i.e., Clusters G, H, I, K, L and M, which at both Tx and
Rx positions have close TOA but DOA and DOD are from
different scatterers. Because all of these clusters have long

Table 2 Reflection objects of clusters.

Cluster Reflection objects
A pillar
B door
C door & wall
D pillar
E pillar
F wall
G wall & window frames

H wall & pillar
I door & window frames
J wall
K wall & door
L wall & pillar
M door & pillar
N ceiling
P floor

delay times, these paths are not scattered by a single ob-
ject. The multi-bounce clusters also have close relation in
the DODs and DOAs by using ray tracing. Note that the
relation of these clusters can only be investigated by us-
ing double-directional channel measurements. The detailed
identification of reflection objects are shown in Table 2 and
Fig. 7. After coupling the clusters, the antenna deconvolu-
tion is done. The antenna gains both at Tx and Rx were
removed from the detected paths in the frequency and angu-
lar domains. This is the advantage of the double-directional
measurement which gives the DOD and DOA.

5. Cluster Properties

For the inter cluster properties, it is hard to mention the re-
lationship among clusters since the number of measurement
data are not large enough to conclude it. For the intra-cluster
properties, the probability density function (pdf) and power
spectrum density (PSD) both dependent on delay time and
azimuth angle are shown in Figs. 9–12. In papers [15]–[19],
the clustering of multipath components were reported for
delay or both delay and angular domains. In these papers,
the inter cluster path decay rate and the intra-cluster path de-
cay rate are shown, and related with the double exponential
decay law. Based upon these models, we show the intra-
cluster properties, and try to compare with their results.

5.1 Pdf of Intra-Cluster

Figures 9 and 10 show the intra-cluster pdfs of delay time
and angular domains respectively. Figure 9 is constructed
by normalizing the delay time of the intra-cluster paths to
the delay time of the path with highest power within each
cluster. For Fig. 10, the angle of the path with the highest
power is used for the normalization. The delay times are
distributed as a best fit exponential pdf which is given as
follows [15]:

p(τk,l | τk−1,l) = αe−α(τk,l−τk−1,l) (2)

where α is the intra-cluster path generation rate, and τk,l is
the delay time of the kth arrival path in the lth cluster. Note
that, 1/α is called the intra-cluster path decay rate, and at the
same time it is equivalent to the standard deviation of rela-
tive delay time. For the distribution of azimuth angles, it is
shown as a best fit Laplacian pdf which is given as follows:

p(φk,l) =
1√
2σ

e−|
√

2φk,l/σ| (3)
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(a) Cluster A (b) Cluster B (c) Cluster C (d) Cluster D (e) Cluster E

(f) Cluster F (g) Cluster G (h) Cluster H (i) Cluster I (j) Cluster J

(k) Cluster K (l) Cluster L (m) Cluster M (n) Cluster N (p) Cluster P

Fig. 7 Identification of clusters.

Fig. 8 Cluster identification in the real environment.

Fig. 9 Delay pdf of intra-clusters.

where φk,l is the relative angle with respect to the cluster
center, and σ is the standard deviation of relative angles.
For the conditional joint pdf of delay time and angle, it can
be given as follows:

p(τk,l, φk,l | τk−1,l) = p(τk,l | τk−1,l) · p(φk,l). (4)

From (4), the unconditional joint pdf can be re-expressed as
follows [14]:

Fig. 10 Angular pdf of intra-clusters.

p(τk,l, φk,l) = p(τk,l) · p(φk,l). (5)

5.2 PSD of Intra-Cluster

Figures 11 and 12 show the PSD of delay time and angle.
These figures are also constructed by normalizing the de-
lay/angle of the intra-cluster paths to the delay/angle of the
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Fig. 11 Delay-power spectrum density of intra-clusters at 0.20 ns reso-
lution.

Fig. 12 Angular-power spectrum density of intra-clusters at 2.0 deg res-
olution.

path with highest power within each cluster. And further-
more, the normalized power of each delay/angle are multi-
plied by its corresponding pdf. It is hard to plot a best fit
of these distributions, because the number of measurement
data are not large enough to conclude them. The PSD of
delay time is defined as follows:

P(τk,l) = E
{
| h(τk,l) |2

}
(6)

where E {·}, | · | and h(τk,l) are the expected value, the ab-
solute value and delay impulse response of the intra-cluster
path, respectively. For the PSD of angle, it is defined as
follows:

P(φk,l) = E
{
| h(φk,l) |2

}
(7)

where h(φk,l) is the angular impulse response intra-cluster
path. From (6) and (7), the joint PSD of delay time and
angle can be expressed as follows:

P(τk,l, φk,l) = E
{
| h(τk,l, φk,l) |2

}
= P(τk,l) · P(φk,l) (8)

where h(τk,l, φk,l) [16] is the combined impulse response of
the intra-cluster path. The powers of the highest path within
each cluster follows the inter cluster path decay rate [15]–
[17], and the power of other paths within each cluster can be

related to a joint PSD which is easily expressed as follows
[20]:

P(τk,l, φk,l) ∝ E
{
| βk,l |2| τk,l, φk,l

}
· p(τk,l, φk,l) (9)

where βk,l [17] is the amplitude of the intra-cluster paths, and
E
{
|βk,l|2|τk,l, φk,l

}
is the expected power of the intra-cluster

path conditioned on their delay times and angles. The no-
tation A ∝ B means that the two terms A and B are propor-
tional.

5.3 Comparison with Earlier Works

The intra-cluster standard deviation of relative delay time
determined by UWB propagation measurement was shorter
than that reported in [15]–[17]. A standard deviation of rel-
ative delay time of 1/α=0.65 ns was obtained for the best fit
exponential distribution for the relative delay times of path
arrivals (2), while the standard deviations of 1/α=2.30 ns,
1/α=5.00 ns, 1/α=5.10 ns and 1/α=6.60 ns were reported
in [15]–[17].

The standard deviation of relative angles was smaller
than those reported in [15]–[17]. A relative angular standard
deviation of σ=8.4 deg was obtained for the best fit Lapla-
cian distribution for the relative angles of path arrivals (3),
while values of σ=21.5 deg, σ=25.5 deg and σ=37.0 deg
were reported in [16], [17].

Possible reasons for shorter delay and smaller angular
standard deviations might depend on the building architec-
ture. For example, smaller room size will lead to a shorter
decay and smaller angular standard deviation. Another rea-
son is that the time resolutions of the post-processing al-
gorithms were different. The fractional bandwidth should
also be considered. The time and angular resolutions of the
experiment are 0.13 ns and 10.0 deg respectively, and these
values are finer than the ones reported in [16], [17]. The pa-
rameters of the UWB propagation modeling compared with
earlier works in [15]–[17] are shown in Table 3.

6. Conclusion

In this paper, a 3-D double-directional UWB channel mea-
surement and modeling based on the clusterization approach
was reported. DODs and DOAs were estimated separately,
and were related by using high resolution TOAs and ray
tracing. Double-directional channel models are prerequi-
sites for deconvolving the Tx and Rx antenna transfer func-
tions and constructing the propagation model that is inde-
pendent of the antenna. Most of the clusters were deter-
mined by physical structures of the experiment environment.
Intra-cluster properties were derived in the delay and angu-
lar domains, with their pdf distributions found to be modeled
by exponential and Laplacian functions respectively. The
propagation model parameters both of relative delay times
and relative angles within clusters are shown, and their PSD
distributions are also derived from the measurement data.
With these information, the channel can be easily repro-
duced.
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Table 3 Comparison of channel models.

Parameter UWB UWB Clyde Crabtree Saleh-
(this paper) [17] Building [16] Building [16] Valebzuela [15]

Environment [m] 15.7 × 6.6 6.6 × 5.1 - - 115.0 × 14.0
Bandwidth [GHz] 3.10 to 10.60 3.10 to 10.60 6.75 to 7.25 6.75 to 7.25 1.40 to 1.60

Time resolution [ns] 0.13 1.00 3.00 3.00 10.00
Angular resolution [deg] 10.0 10.0 6.0 6.0 -

Estimation method SAGE CLEAN CLEAN CLEAN -
1/α [ns] 0.65 2.30 5.10 6.60 5.00
σ [deg] 8.4 37.0 25.5 21.5 -

The parameters of pdfs are smaller than earlier works
in [15]–[17] due to the smaller building architecture and
time resolutions of post-processing algorithms. This means
it is not conclusive to say which model in [15]–[17] can be
a general model representation for many different types of
buildings and rooms, because UWB signals have strong fre-
quency dependent effects. It will be determined by reflec-
tion objects and affected by the real environment. One also
can say from this report that not only the statistical channel
model is important but also the deterministic channel model
is necessary.
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