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Abstract—Propagation measurements using a large array are
used to study the angle of arrival (AOA) across the ultrawideband
(UWB) frequency range of 3.1 to 10.6 GHz. A two-dimensional
Unitary ESPRIT algorithm is employed to give a high resolution
estimation of AOA including both the azimuth and elevation
angles of multipath components. The frequency dependence
of AOA is investigated over the UWB frequency band. The
multipath rays form clusters in both angular and temporal
domains. Within a cluster the azimuth and elevation AOAs
are determined to follow Laplacian and Gaussian distributions
respectively. In the indoor environment considered, a typical
cluster extends over an angular sector of approximately 14
degrees in azimuth and 9 degrees in elevation, with up to 5
clusters observed. We note that these propagation characteristics
will allow UWB systems to utilise smart antennas or MIMO
structures to improve overall throughput.

Index Terms—Angle of arrival estimation, multipath scatter-
ing, ultrawideband (UWB), unitary ESPRIT.

I. INTRODUCTION

THERE are several system design approaches to wireless
communications that offer performance gains including

the use of antenna diversity techniques to combat or take ad-
vantage of multipath effects. These approaches are closely tied
to the physical propagation mechanisms of the environment
and can be described by the angular spectrum of multipath
[1], [2].

Propagation studies have been reported for narrowband
indoor environments [3], [4], [5], [6]. For the UWB channel
the spatial-temporal properties have been examined in [7], [8],
[9], [10], where it is shown that the multipath components in
the azimuth plane arrive in clusters. It has been reported in
[7] that the relative azimuth arrival angles of the multipath
components within any one cluster approximate to a Laplacian
probability density function. However, the bandwidth involved
in [7] is only 1.5 GHz and cannot typically represent the
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whole UWB frequency band. Measurements in a residential
environment [8] found that the spread of the arrival angle of
the main components of the line-of-sight (LOS) path is limited
to about 10 degrees in azimuth; for the non-line-of-sight
(NLOS) link, the distribution is wider but no particular con-
clusion was given. All of the above Angle Of Arrival (AOA)
investigations were performed in one dimension only, i.e., it
is assumed that the signals impinge from the horizontal plane.
The consideration of elevation angle is important in an indoor
environment since differences in the elevation distribution of
received power can lead to significant changes in capacity
of Multiple-Input Multiple-Output (MIMO) systems[11]. In
general, it has been noted that local geometry and the building
architecture can have a significant effect on the received
signals [12]. The work reported here indicates new information
for different environments and provides supplementary insight
for the spatial characteristics of the indoor UWB channel,
including the distribution of multipath arrivals in both azimuth
and elevation domains.

Each ray path in a multipath channel will, in general, have
its own impulse response [13], [14]. In order to clearly under-
stand the propagation mechanisms behind the spatial-temporal
characteristics of the multipath, a 3-D ray tracing model [15]
has been employed and compared to the measured data. From
this the complex reflection, refraction and diffraction of each
multipath component are extracted providing physical insight
into the propagation mechanism.

This paper is organised as follows: In Section II, a generic
array measurement technique is introduced. Section III de-
scribes the AOA analysis algorithm. The frequency depen-
dent AOA over the UWB band is presented in Section IV
while Section V derives channel models characterizing the
distribution of AOAs in both azimuth and elevation domains.
Section VI concludes the paper.

II. EXPERIMENT DESIGN AND MEASUREMENT

APPARATUS

In this section, we give a brief review of the array measure-
ment experimental technique used in the paper, which closely
follows [9], [16], [17], [18].

The experiments were conducted in two rooms. We refer
to them as “office 1” and “office 2” in the following analysis.
The sizes of the rooms are 6 m × 6 m and 5.7 m × 4.8 m
respectively. A probe antenna was accurately moved over
a closely spaced grid of points, with phase and amplitude
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Fig. 1. The measurement apparatus and environment.

recorded over 1601 frequency points across the entire UWB
band of 3.1 to 10.6 GHz at each spatial grid point. A square
grid arrangement was used to form a virtual receiving array
of size 100 × 100 elements with a uniform spacing of
d = 0.01 m. The measurement apparatus as well as the layout
of “office 2” is shown in Fig. 1. The system was calibrated
prior to the measurement to remove frequency-dependent
attenuation and phase distortion in the measurement apparatus.
It is noted that the probe antenna effects are included in the
measured data. Earlier work has shown that the effect of a
probe antenna can be very significant in propagation channel
measurement [19]. Therefore the antenna used here is based
on the design reported in [20] having low antenna dispersion
characteristics and only a dip in the vertical direction rather
than a deep null. Line-of-sight (LOS) and Obstructed-line-of-
sight (OLOS) measurements were conducted for “office 1”
and only LOS measurement was performed for “office 2”.
The OLOS environment was created by placing a rectangular
aluminium sheet (0.6 m × 1.2 m) between the transmit and
receive antennas. The spherical coordinate system for the
receiving array is shown in Fig. 2. At each grid location, the
complex channel transfer function was recorded:

H(x, y, f) = ax,y,fejγx,y,f (1)

where ax,y,f and γx,y,f are the measured magnitude and phase
response at frequency f on grid position (x, y).

Post-processing allows the sequence of measurements com-
posing the array to be interpreted as simultaneous measure-
ments so that array processing can be used to analyze spatial
properties of the channel. The underlying assumption is that
the environment does not change while the sequence of mea-
surements is being made and care was taken to ensure this. The
fully filled “virtual array” measurement takes approximately
20 hours to complete. One advantage of this approach over
using a physical array is that mutual coupling is avoided since
only one antenna element is present.

III. ANALYSIS TOOL

The recovery of signal parameters from noisy observations
is a fundamental problem in array signal processing. Due to

Fig. 2. Geometry of the rectangular array and definition of the angular
parameters.

their simplicity and high-resolution capability, ESPRIT-like
(Estimation of Signal Parameters via Rotational Invariance
Techniques) subspace estimation schemes [21], [22] have
been attracting considerable attention. Applications of such
technique allow AOA of individual multipath component to be
extracted from measurement data. This information is signifi-
cant for new access schemes, such as spatial division multiple
access (SDMA), where enhanced concepts are employed to
make use of AOA distributions [1], [2].

A. 2-D Unitary ESPRIT With Spatial Smoothing

The ESPRIT-like subspace estimation schemes obtain the
parameter estimates by exploiting the rotational invariance
structure of the signal subspace, induced by the translational
invariance structure of the associated sensor array. This can be
achieved without massive computation [21]. There are several
versions of ESPRIT reported including LS (least squares), TLS
(total least squares) and unitary ESPRIT [22].

A recently proposed direction finding algorithm 2-D Unitary
ESPRIT [23], [24], [25], with 2-D spatial smoothing [26], es-
timates azimuth and elevation angle of arrival jointly from the
outputs of a planar antenna structure. The algorithm provides
increased resolution compared to conventional Fourier-based
processing [9], [22] for a good signal-to-noise environment.
The performance of Unitary ESPRIT is not affected by the
correlation of the multipath components due to the inherent
forward-backward averaging effect [23].

The algorithmic principle of 2-D Unitary ESPRIT is given
in [23], [25]. Our work differs from the normal applications
since we only measure a single “snapshot” of the channel
response. This is solved by an extension of 2-D spatial smooth-
ing [26]. The basic principle for this approach is discussed
in [27], [28]. We measured an array of points as shown in
Fig. 2 over the entire frequency band. This is a super spatial
resolution data set (1 cm or approximately 0.33λ at the highest
measurement frequency). We first extract a subarray with
dimensions (Ñ1, Ñ2) from the measurement data set. This is
organized into a column vector x1(τ). Second subarray is then
extracted which differs from the first by a shift of one column
and one row with respect to the first subarray. These values are
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Fig. 3. The estimation accuracy of the ESPRIT algorithm with respect to
the size of the subarray. The actual direction of the LOS path is known from
the geometry of the environment model.

stacked into the column vector x2(τ). This process is repeated
until we reach the end of whole array of measurement data.
Finally, all the forward smoothing generated snapshots are
grouped together to form the direct data matrix

X = [x1(τ), x2(τ), · · · , xMl
(τ)] (2)

where Ml represents the number of “snapshots.” It has been
shown that spatial smoothing not only allows the full rank of
the covariance matrix to be restored, but also achieves superior
performance when the arriving signals are correlated [26].

The size of the subarray has to be chosen with some care,
normally the larger the subarray, the higher the available
angular resolution. However this is only true if all sources are
in the far field of the array. In general in indoor propagation,
as shown in [9], sources may be either in the near field
or far field. LOS sources are the closest to the array; other
multipath may be considered as arriving from the images of
the transmit antenna due to the reflections by the walls. To
optimize accuracy and following [9], we established the largest
subarray which did not show significant phase curvature from
various multipath sources indicating these are essentially in the
far field. This subarray was 60 points equivalent to subarray
length of 59 cm. This array length gives the LOS source to
be approximately 0.5D2/λ at the centre band. Fig. 3 shows
the estimation accuracy of the algorithm changes with the size
of the chosen subarrays for the LOS paths at 3.1 GHz. Root
Mean Square error (RMSE) is defined in (3) to measure the
estimation accuracy. We note that the direction of the LOS
path is known from the geometry of the setting. The ESPRIT
algorithm accurately estimated this with the aperture length of
59 cm.

B. Error Estimation of 2-D Unitary ESPRIT

To evaluate the errors from the ESPRIT algorithm, a data
set was constructed assuming four multipath arrivals, each

multipath of equal power. Simulations were conducted em-
ploying a 100× 100 Uniform Rectangular Array (URA) with
Δx = Δy = 0.01 m. The frequency for the evaluation is 6.5
GHz. The incoming directions used are (φ, θ) = (45o, 80o),
(φ, θ) = (100o, 45o), (φ, θ) = (200o, 5o), and (φ, θ) =
(300o, 90o). The Root Mean Square error (RMSE) of ith

source is then

RMSEi =
√

(φ̂i − φi)2 + (θ̂i − θi)2,
i = 1, 2, 3, 4

(3)

where φ̂i, θ̂i are the estimated azimuth and elevation angles
from the ESPRIT algorithm, φi and θi are the “perfect”
angular locations of the corresponding multipath. The array
data sets were constructed based on different signal-to-noise
ratio (SNR) values [29]. In this simulation, the noise is
assumed white Gaussian with the noise power controlled at
different levels with respect to the signal power received across
the array. In addition to this four-source scenario, various
runs of multipath combination (including different number and
angular arrival directions) were carried out. The simulation
results show that the error estimations in the elevation angles
from the ESPRIT algorithm are the dominant contributions to
the RMSE. The estimation error is within 6 degrees when the
SNR is over 10 dB and it is less than 4 degrees when the SNR
is greater than 15 dB. As we would expect from projected
aperture effects, the RMSE of the signals coming from the
lower elevation angle (θ = 80o and θ = 90o) is higher than
the signals coming from the higher elevation angle (θ = 45o

and θ = 5o).
It should be noted here that the accuracy of the AOA esti-

mation may vary with frequency. Note that the electrical size
of the measurement array and the separation of the measured
points changes with frequency as they are physically fixed at
1 m × 1 m and 1 cm respectively. This effect will be discussed
in Section IV. Furthermore, interactions with scatterers and the
antenna radiation pattern can also cause distortions and show
frequency-selective characteristics [9], [13], [20], [30]. This
may lead to lower SNR for the frequency sensitive multipath
components resulting in inaccuracy in AOA estimation by the
algorithm.

IV. MEASURED ANGLE OF ARRIVAL FOR UWB CHANNEL

IN DIFFERENT FREQUENCY BANDS

The 2-D unitary ESPRIT algorithm steps described in the
above section were applied on measured channel response
data across the UWB frequency band. At each measurement
position 1601 frequency points were measured from 3.1 GHz
to 10.6 GHz (that is separated by 4.7 MHz). The spectrum of
multipath arrivals across the frequency band derived from the
ESPRIT algorithm is represented by a matrix A of rank (n, L),
where n is the number of frequency points, L is the maximum
number of multipath components. The elements of matrix A
are the estimated power for the arrived multipath components.
The angular properties were stored in two associated matrixes,
Φ and Θ, where Φ is the azimuth angle and Θ the elevation.

For the “office 1” case, the estimated results of the multipath
angular spectrum is given in Fig. 4 in LOS case. In practice,
the entire UWB frequency band is split into two subbands
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Fig. 4. The average angular spectrum of multipath propagation across the
UWB band for the LOS case in the “office 1” scenario. (a) The low frequency
band 3.1-4.85 GHz; (b) The high frequency band 6.2-9.7 GHz.

due to technological possibilities [31], [32], the low frequency
band from 3.1 GHz to 4.85 GHz and the high frequency
band from 6.2 GHz to 9.7 GHz. The angular spectrum for
the multipath components is averaged over each subband.
It is observed that the multipath rays form clusters in the
angular domain. There are various definitions of “clusters”
in the literature (e.g. [33]). We define a cluster here as a
group of multipath components with similar AOA and absolute
time delay. As was noted in [7], there are difficulties in
developing a robust algorithm for the automatic identification
of multipath clusters. We therefore identify clusters manually
by considering the number of occurrence of angular arrival
across the frequency band. Based on this, considering the low
band, multipath components were clustered with the AOA of
the centre of the clusters in the azimuth domain at φ = 25o,
φ = 95o, and φ = 270o. For the high band, a significant
difference in the angular spectrum was observed with the
cluster centres being φ = 25o, φ = 270o and φ = 345o.
Considering just the main multipath components, i.e., those
within 10 dB of the peak received power (see Fig. 4), the
cluster centres of φ = 25o and φ = 270o appear at both
bands. Within the low frequency band, the components with
azimuth AOA close to 168o are not considered sufficiently
differentiated to be included in the analysis.

The frequency bandwidth of the two subbands considered
above is large, i.e., 1.75 GHz for the low band and 3.5 GHz for
the high band. To provide greater insight a detailed analysis
was undertaken over a 528 MHz window within each subband.
Following the metric suggested in [34], the angular spectrum
of multipath components is plotted against frequency offset
using a 4.7 MHz increment from the lowest frequency point
in each case. This is shown in Fig. 5. It is derived from the

Fig. 5. AOA in the azimuth domain vs. the frequency offset in LOS case in
the “office 1”. (a) The frequency offset is from 3.1 GHz in the low frequency
band; (b) The frequency offset is from 6.2 GHz in the high frequency band.

measured data using the modified ESPRIT algorithm for the
LOS case in the “office 1”. The azimuth AOAs of the arriving
multipath components are plotted over the frequency window
for the same receiving array with the transmitting source at
a fixed location. It is observed that the variation in the AOA
of the dominant multipath components is insignificant over
the frequency window of 528 MHz. The AOA variations over
frequency for within either subband or between subbands are
of the same order.

The properties of AOA of the multipath are usefully pre-
sented as their Probability Density Function (PDF). In the
azimuth angle domain, the following expression is used

p(φ) =
Q∑

i=1

L∑
m=1

S(fi, φi,m)/Q (4)

where S(fi, φi,m) = 1 when the azimuth AOA for
multipath number “m”, φi,m, is equal to the reference
azimuth angle φ at the observed frequency, fi, otherwise
S(fi, φi,m) = 0, L is the total number of multipath compo-
nents, Q is the number of frequency samples in the operation
band. Similarly, the elevation AOA can be characterized by

p(θ) =
Q∑

i=1

L∑
m=1

S(fi, θi,m)/Q (5)

The PDF of AOA in the azimuth domain for the low and high
frequency band in the “office 1” scenario is given in Fig. 6.
There are clearly two main “clusters” where the mean azimuth
AOA are 25o and 270o.

For the “office 2” case, the PDF of azimuth AOA is shown
in Fig. 7. There are five clusters identified in the low frequency
band. Equal number of clusters has been found in the high
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Fig. 6. The probability density function of relative azimuth angle of arrival
for LOS condition at the “office 1.” The low frequency band is from 3.1 to
4.85 GHz; the high frequency band is from 6.2 to 9.7 GHz.
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Fig. 7. The probability density function of relative azimuth angle of arrival
for LOS condition at the “office 2.” The low frequency band is from 3.1 to
4.85 GHz; the high frequency band is from 6.2 to 9.7 GHz.

frequency band, but only three from the same directions as
the low frequency band results. We note the clusters from
φ = 265o and φ = 275o are very close in space, but they
have different TOA. Ray tracing analysis (see Section V-C)
shows one of these is a direct LOS path; the other one is a
reflected path from the wall right behind the transmitter.

V. NUMERICAL RESULTS

A. The Distribution of Azimuth Angle of Arrival

The channel model used to describe the angular impulse
response is given in [5] as:

h(φ) =
∞∑

l=0

∞∑
k=0

βklδ(φ − Φl − ωkl) (6)

where βkl is the amplitude of the kth arrival in the lth cluster,
Φl is the mean azimuth AOA of the lth cluster and ωkl is
the azimuth AOA of the kth arrival in the lth cluster relative
to Φl. Based on the above analysis of AOA for the two UWB
frequency bands, βkl is a strong frequency dependent value
in some directions. The above model is therefore inaccurate
as it assumes each ray path is independent of frequency.
Therefore by modifying the above expression, a more accurate
expression for the angular impulse response has the following
form

h(φ, f) =
∞∑

l=0

∞∑
k=0

βkl(f)δ(φ − Φl − ωkl) (7)

The recovered rays across the UWB frequency band by 2-
D Unitary ESPRIT were tested against Laplacian density
functions. For “office 1” case, the azimuth distribution of
relative AOA of resolved rays with respect to the cluster mean
were shown in Fig. 8 for the LOS case and in Fig. 9 for the
OLOS case. For the LOS case in “office 1”, low and high
band data are a good fit to a Laplacian density function, with
standard deviation δ = 14o and δ = 9o respectively; for
OLOS in the same office, standard deviation δ = 27o and
δ = 11o also show a good fit. For the “office 2” scenario, the
parameters of the best fit Laplacian are δ = 11o for the low
frequency band and δ = 14o for the high frequency band.

Reference [6] and [7] reports standard deviations of a
Laplacian density function of δ = 25.5o, δ = 21.5o for
two different buildings and δ = 38o for an office/laboratory
environment. The difference suggests that the parameter is
likely a function of building architecture. However, the con-
clusion from [6] was achieved by rotating a parabolic dish
antenna with a null to null beamwidth of 10o, whereas an
array antenna was used in [7], the size of array being used is
7 × 7 with 6 inches spacing. The angular resolution of these
measurement systems would be limited by the beamwidth in
[6] and accuracy of the CLEAN algorithm in [7].

In summary, the differences of the parameters between
previously reported scenarios are affected by the bandwidth
of UWB signals and the time resolution the measurement
equipment allow. There may also be a difference in the
methodology to identify clusters although this is unclear in
previously published literature. Based on the high resolution
measurements undertaken in this paper, the parameters for the
Laplacian distribution of the azimuth AOA derived from 2-D
ESPRIT for the two office rooms are given in Table I.

B. The Distribution of Elevation Angle of Arrival

Using the same principles derived for azimuth angle esti-
mation technique we evaluate the properties of AOA in the
elevation domain. Here we see the PDF of elevation AOA
is not a good fit to a Laplacian function, it is however well
represented by a Gaussian function. This characteristic can
also be observed from the ray tracing results. These results
are in contrast to the distribution of the angular spread at the
base station in mobile communication systems in the outdoor
environment [35] where a Laplacian function is used to model
angular dispersion in both the horizontal and vertical planes.

In the current results, the different AOA distribution in the
azimuth and elevation domains relates to the physical structure
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Fig. 8. The ray azimuth angle of arrival and best fit Laplacian density
distribution in “office 1” based on LOS. (a) The low frequency band 3.1-4.85
GHz with parameter δ = 14o ; (b) The high frequency band 6.2-9.7 GHz
with parameter δ = 9o .

of the measured indoor environment, which is different in the
two planes. Another possible effect is the probe antenna radi-
ation pattern, however this is not considered to be significant
unless rays are arriving from very high angles (close to zenith)
due to the radiation pattern of the probe antenna. Such high
angle rays are not evident in the ray tracing simulation or the
measurement estimations. The distribution of elevation AOA
for “office 1” case and its best fit Gaussian function is shown
in Fig. 10. The parameters of the Gaussian distribution are
δ = 10o and δ = 8o for the low and high frequency
band respectively. In the “office 2”, the parameter of Gaussian
distribution for both the low and high frequency band is
δ = 9o. The parameters for the elevation AOA distribution
together with the azimuth AOA are summarized in Table I.
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Fig. 9. The ray azimuth angle of arrival and best fit Laplacian density
distribution in “office 1” based on OLOS. (a) The low frequency band 3.1-
4.85 GHz with parameter δ = 27o ; (b) The high frequency band 6.2-9.7
GHz with parameter δ = 11o .

C. Scattering Mechanisms of the Multipath Propagation

In this section, we employ 3-D ray tracing techniques [15]
to identify the individual scattering mechanism involved in
the propagation of the individual ray path. The ray tracing
used here inherently provides time delay, angle of arrival, and
the scattering information for multipath reception conditions.
A typical case of diffraction scattering is given in Fig. 11.
The impulse response of the multipath propagation and their
corresponding AOAs are described in Fig. 12.

For the measured data, the time domain response of the
channel is derived from the frequency domain measurement.
The impulse response function of the multipath channel within
the first 15 ns excess time delay for the “office 1” scenario
is shown in Fig. 12 for the receiving point at the centre of
measurement array. The predicted result from the ray tracing
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Fig. 10. The ray elevation angle of arrival and the best fit Gaussian density
function in the “office 1” based on LOS. (a) The low frequency band 3.1-4.85
GHz with parameter δ = 10o ; (b) The high frequency band 6.2-9.7 GHz
with parameter δ = 8o .

model is also given in the figure, which are in generally good
agreement. Ray tracing as noted on the figure identifies the
azimuth AOA and the scattering mechanisms corresponding
to the individual multipath component. It is seen that the
LOS ray from φ = 270o and single-reflection rays from
φ = 25o contribute the main multipath components. The
two-time-reflection rays from φ = 262o and φ = 276o are
partially overlapped with excess time delay between 7 ns and
8 ns. Another two multipath components with φ = 166o

and φ = 160o arrive the receiver at the excess time delay
t = 11.63 ns and t = 13.37 ns respectively, and both
having two-time reflections during propagation.

There are three diffracted rays identified in the first 15
ns time window by the ray tracing model, with excess time
delay of t = 3.91 ns, t = 8.71 ns and t = 12.02 ns
and corresponding AOAs are φ = 338o, φ = 330o and
φ = 45o. One of these (φ = 338o) is of significant

TABLE I
PARAMETERS FOR THE AOA DISTRIBUTION MODELS

Parameters for Azimuth Angle Laplacian Distribution

Low band High band

LOS OLOS LOS OLOS

Office 1 δ(deg) 14 27 9 11

Office 2 δ(deg)
LOS LOS

11 14

Parameters for Azimuth Angle Laplacian Distribution

Low band High band

LOS OLOS LOS OLOS

Office 1 δ(deg) 10 9 8 7

Office 2 δ(deg)
LOS LOS

9 9

Fig. 11. The frequency-dependent diffraction scattering around a 90 degrees
curved wedge in “office 1.” The results are based on UTD with finitely
conducting straight wedges. The small window is the corresponding time
domain response by IFFT.

amplitude and can be clearly seen in the measured data.
The other two diffracted rays are not explicitly seen in the
measurement due to their high attenuation. The simulated
diffraction scattering for the φ = 338o ray is given in Fig. 11.
In this, the diffraction is at a straight wedge consisting of
finitely conducting material with relative dielectric constant
εr = 7.9 and loss tangent δ = 0.7. Fig. 11 also demonstrates
the time domain response of the diffracted component. The
strong frequency-dependent character was shown on this ray
path.

A comprehensive comparison between the ray-tracing re-
sults and the measurement results indicates that the complex
scattering mechanisms, which occur within indoor multipath
propagation, can be predicted to reasonable accuracy. We also
note that rays from different AOA can arrive very close in
time and those with close AOA can have different TOA. This
is important when considering antenna diversity techniques
such as MIMO.
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Fig. 12. The scattering mechanisms of the individual multipath propagation and Azimuth AOA.

VI. CONCLUSIONS

Multipath clustering in both azimuth and elevation for an
indoor UWB propagation channel has been investigated. The
results presented show a Laplacian PDF is a good match for
the distribution of relative azimuth AOA. This agrees with the
previous reported results in principle, however the Laplacian
parameters are somewhat different. This, we believe, is due
to both different environment and the improved accuracy of
the new technique. The relative elevation AOA distribution
function is first reported in this paper and this follows a
Gaussian, not Laplacian distribution within a cluster. We split
the entire UWB spectrum into two subbands in keeping with
practical systems. The high frequency band, which has a
broader frequency bandwidth, does not correspond to a sig-
nificant larger standard deviation of relative angle-of-arrival.
This indicates that the large scale building features determine
the angular arrivals of higher power multipath components. It
should be noted that the parameters of the AOA distribution
are dependent on room geometries. Larger array apertures,
dense element spacing and using a high resolution algorithm
have resulted in more ray arrival clusters being identified than
might have been expected from previous literature.
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