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I.

INTRODUCTION

Millimeter wave technology is becoming increasingly
important in many military and commercial applications.
Remote sensing, radio astronomy, passive imaging, radar and
high data rate communication are among these applications.
To establish a high data rate communication link between two
nodes, acceptable Signal to Noise Ratio (SNR) at the receiver
is required. However, due to the high propagation path loss
and signal attenuation that is associated with the millimeter
wave signal, it is extremely valuable to have knowledge of
how millimeter wave signals propagate in the environment.
Such information along with appropriate smart antenna
technology could enable a system to maximize the quality of
the received signal and therefore, achieve higher throughput.
Indoor environments create challenging multipath
propagation scenarios with significant time and angular spread.
Joint temporal-angular clustering phenomenon have been
observed at frequencies commonly used in wireless networks
and 2-D statistical channel models have been proposed based
on such phenomenon [1], [2]. However, at millimeter wave
frequencies, and to the best of our knowledge, no reports have
been made for such clustering behavior. The clustering of
arrival rays can have a significant impact on channel capacity.
Un-clustered models tend to overestimate the capacity if the
multipath components are indeed clustered [14].
Considering angular (i.e. spatial) aspects of indoor channel
is extremely important for systems employing multiple
antennas. Millimeter wave wireless communication systems
can greatly benefit from this knowledge as the physical size of
array antennas makes them amenable for practical
implementation [15]. Knowledge of cluster locations is
especially useful for such systems as it could be exploited by
various spatial diversity combining or beamforming
algorithms to enhance the system’s performance [18].

II. MEASUREMENT SETUP AND ENVIRONMENTS
Field measurements have been conducted in [3] for both
residential and office environments. The residential
environment is a Line of Sight (LOS) scenario as shown in Fig.
1. The room where the measurements took place has no
furniture and a LOS path exists between the transmitter and
receiver. The floor, ceiling and the door are made of wood.
The surface of the walls and ceiling is covered with wallpaper.
There are also 3 large windows (plane glass) on the two
intersecting walls. The height of the ceiling and the window is
2.47m and 2.11m respectively. The transmitter and receiver
are located 1.1m above the floor.
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The objective of this paper is to study the 2-D clustering
phenomenon of millimeter wave propagation (60 GHz) at
indoor environments and particularly observe the effect of
directional antennas with various beamwidths at the
transmitter on the formation and energy distribution of such
clusters.
The rest of this paper is organized as follows. Measurement
setup and the corresponding environments will be described in
section 2. In section 3, we will outline data analysis and
processing methodology. Results are provided in section 4 and
finally, conclusions will be discussed in Section 5.
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Abstract—Temporal-Angular channel sounding measurements
of an indoor millimeter wave channel (60 GHz) is analyzed to
determine whether ray arrivals at the receiver form clusters in
the two-dimensional time-angle space. The channel behavior and
cluster energy distribution for directional antennas (with various
3dB beamwidths) at the transmitter are discussed. Geometric
interpretation of the results is also provided.
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Figure 1: Layout of the residential room

The office environment is a Non-Line of Sight (NLOS)
scenario as shown in Fig. 2. The room is made of steel wall,
steel ceiling and steel floor. The floor and the ceiling are
covered with carpet and plaster board, respectively. Glass
windows exist on one side of the office. To obtain the angular
component of the received millimeter wave signal, a
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directional antenna with a narrow angular resolution of 15
degrees was used at the receiver. The antenna was positioned
to face the transmitter initially and then mechanically rotated
in steps of 5° until full 360° was obtained.

Desk

Desk

2m

12.5 m

Desk

Desk

10 m

7.2 m

7m

Rx

Desk

Desk

Desk

5m

3.5 m

6m

Desk

3.5 m
Meeting
room
0.5 m
Tx

4.25 m

6.25 m

4m

III. DATA ANALYSIS AND PROCESSING
A. CLEAN
As mentioned in the previous section, the process of
measuring angular data involves rotating the directional
antenna at the receiver in steps of 5˚ after each measurement.
This is equivalent to circularly sliding the antenna beam
pattern around the 360˚ field of view in the azimuth dimension.
Noting that the 3 dB beamwidth of the receiver’s directional
antenna is 15˚, the actual channel data will be affected by this
process in a way that is similar to circular convolution.

7.5 m
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7.5 m

1.5 m

Wall (22 m)

Figure 2: Layout of the office

A Vector Network Analyzer (VNA) was used as the signal
generator and receiver. All measurements were conducted in
the frequency domain using the VNA. The receiver antenna
used in [3] is a pyramid horn antenna with 22 dBi gain (see Fig.
3). The 3dB beamwidth of the antenna in horizontal direction
is 15°. At the transmitter, in addition to an omni-directional
Figure 4: Example of raw data produced by the measurement
antenna, various pyramid horn antennas with 10, 16 and 22
Also, the windowing and pulse shaping functions at the
dBi gains were used for the measurements. These are
equivalent to 60°, 30°, and 15° 3-dB beamwidths. Calibration receiver impacts the temporal response of the actual channel
was performed in an anechoic chamber with one meter data. Considering the effects of the measuring process and
instruments, the resulting 2-D angular-temporal data can be
reference distance to remove the antenna effects.
modeled as the true channel response blurred by a Point
Spread Function (PSF). PSF is the measurement system’s 2-D
angular-temporal impulse response when there is no multipath.
Here, the underlying assumption is that specular components
are the main significant components of the multipath channel.
This is a valid assumption since, as will be seen later, scattered
multipath components are negligible and most of the
propagated energy is highly localized in time-angle space. The
raw measurement data, as a result, represents arrivals rays that
have been blurred by the PSF and corrupted by noise at the
receiver. The PSF for the measurement experiment discussed
(a)
(b)
in the previous section is displayed in Figure 5.
Figure 3: Pyramidal horn antenna pattern at the receiver (a) H-plane
(b) E-plane

During the measurements, the VNA was set to sequentially
transmit 401 (801 for the office) continuous waves tones
uniformly distributed over the frequency range 61-64 GHz
which results in frequency steps of 7.5 MHz (3.75 MHz for the
office). This frequency resolution gives maximum excess
delay of about 133.3 ns (266.7 ns for the office). The 3 GHz
bandwidth results in a temporal resolution of 0.25 ns.
An example of the raw data produced by this setup is shown
in Fig. 4. This is a 3-D plot of the received power with respect
to time and azimuth angle. The frequency band for the
experiment was 61-64 GHz. In order to reduce the effect of
non-stationarity in the channel and improve the signal-to-noise
ratio, 128 measurements were taken for each angle and the
results were averaged.

Figure 5: Normalized 2-D PSF

The side-lobes along the time and angle dimensions are due
to the effects of windowing, pulse shaping and beam-pattern of
the antenna respectively. PSF basically represents how a single
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arrival at the receiver is displayed by the measurement system.
Removing the effect of the PSF and therefore identifying the
exact times and angles of arrival is consequently equivalent to
a two-dimensional (2-D) de-convolution. To solve this
problem, we tried different techniques such as LucyRichardson, CLEAN and blind deconvolution. Blind
deconvolution [4] did not perform well and it is usually used in
situations when complete knowledge of the PSF is not
available. The Lucy-Richardson [5], [6] algorithm assumes
that the observed data is the result of a perfect convolution
with a PSF added to a random noise with Poisson distribution.
The CLEAN algorithm is commonly used for processing
astronomical images [7] where it is assumed that the radio sky
can be represented by a number of point sources in an
otherwise empty field of view. Therefore, the resulting image
is modeled as groups of point sources convolved with a
blurring function that is due to the limitation of the imaging
apparatus.
In comparison to the other two methodologies, CLEAN
displayed a better performance; therefore, we used this
technique to remove the angular-temporal effect of the
measuring instrument from the raw data. Implementation-wise,
the CLEAN algorithm essentially turns into a recursive
subtraction of the shifted PSF from the raw data [8, 9]. We
processed the data for each scenario to remove the effect of the
antenna pattern and other processing at the receiver. For cases
where there is a directional antenna at the transmitter, it is
important to note that the ‘CLEAN-ed’ data still has the effect
of the transmitter’s antenna pattern. Therefore, the observed
channel characteristics will be dependent on that particular
beam pattern.
B

Cluster Identification Methodology
Kernel Density Estimation (KDE) is a nonparametric
Probability Density Function (PDF) estimation approach that
can be applied to a given set of measured data [10], [11]. KDE
is a robust, simple and convenient method to estimate the PDF
of a random variable given its sample realization. We have
used the two dimensional version of this technique in order to
estimate the temporal-angular distribution function of the ray
arrivals at the receiver. Having this distribution function and
using an appropriate threshold, all 2-D clusters (i.e. temporalangular) can be easily identified.
Let (t , θ ) denote the random variable that represents the
time and angle of arrival of a ray at the receiver. If f (t , θ ) is
the 2-D PDF of these arrivals, then the multivariate kernel
density estimate of this function (i.e. fˆ (t , θ ) ) can be expressed
by:
1
fˆ (t , θ ) =
Nht hθ

N

∑
i =1

(t , θ ) − (t i , θ i )
)
K(
ht hθ

Where ht and hθ are the temporal and angular bandwidths
respectively;
K ( x, y )
is
the
kernel
function,
(t i , θ i ) i = 1,2,...., N are sample realizations of the random
variable (t , θ ) (i.e. arrivals) with the unknown density
function f (t , θ ) and N is the number of samples. Here, we

have two sets of samples which have been obtained through
measurement and simulation.
The kernel function is often selected to be a PDF that is
symmetric both in time and angle [12]. In our study, we have
used the 2-D Normal distribution to be the kernel function as
written below:
K ( x, y ) =

2
1
1
exp(− ( x, y) )
2π
2

Therefore, the kernel density estimate of f (t , a ) will be:
fˆ (t , θ ) =

1
Nht hθ

N

∑
i =1

2

− (t , θ ) − (t i , θ i )
1
exp(
)
2π
2ht hθ

Using this approach, we have processed the ‘CLEAN-ed’
time-angle impulse response of the channel obtained through
measurement. In the next section, we provide the results of this
analysis and discuss their geometric relevance.
IV. RESULTS
One dimensional temporal clustering phenomenon has been
observed in indoor channels and wideband statistical channel
models have been proposed accordingly. Here, we also
observe that arrivals come in few groups (i.e. clusters)
scattered in different coordinates throughout the time-angle
space. These 2-D clusters are identified by using the KDE and
an appropriate threshold representing the noise floor of the
receiver.
A. LOS Residential Environment
Figure 6a displays the clusters obtained by processing the
measurement data when an omni-directional antenna is used in
the residential environment. A total of 6 clusters are observed
in the channel data. The coordinate of these clusters are listed
in Table 1. A cluster time (angle) coordinate is defined to be
the median of time (angle) of all arrival rays in that cluster.
Table 1: Cluster coordinates for the residential environments
Cluster #

Cluster Arrival Angel
(Degrees)

Cluster Arrival Time
(nsec)

1

0˚

10

2

-50˚

15.5

3

50˚

15.5

4

-74˚

25.75

5

74˚

25.75

6

207.5˚

25.75

A comprehensive geometric interpretation of these results
can be provided by considering the main paths that the RF
signal travels between the transmitter and receiver [19]. Each
cluster formation is the result of a unique path between the
transmitter and receiver. These paths which include direct LOS
and various single-reflected and double-reflected signals have
been graphically identified in Figure 7. There are no clusters
due to reflections from the walls behind the transmitter or
receiver. This is because that the transmitter and receiver are
positioned at the same height and the measuring equipment
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(e.g. covered by electromagnetic absorbers in case of the
transmitter) blocks the path of the reflected signal from either
wall.
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Figure 6: 2-D clusters (Residential LOS environment) (a) Omni (b) α=60˚ (c)
α=30˚ (d) α=15˚

Figure 7: Radio paths resulting to clusters (a) 1,2,3 (b) 4,5 (c) 6

The plots indicating the cluster locations for the case when
directional antennas with different beamwidths were used at
the transmitter are shown in Figure 6. ‘α’ represents the 3-dB
beamwidth of the transmitting antenna. It is interesting to
observe that as the beamwidth reduces, all clusters that occur
due to paths outside the beamwidth of the antenna disappear.
In other words, if the angle of departure of a path leading up to
a cluster falls outside the beamwidth of the transmitter antenna,
then the corresponding cluster will not be formed at the
receiver. Also, looking at the case where α=60˚ and compared
to the omni-directional scenario, a new cluster (i.e. 7) is seen
that is approximately located at (231˚, 24.25ns). Following the
geometry of the layout, we conjecture that this cluster forms as
a result of the reflection from the door as seen in Fig. 8. In the
omni-directional case, the arrivals from this path are too weak
and therefore not identifiable by the KDE. For α=15˚, only the
LOS cluster with minimal delay spread is observed. This is
1220
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B. NLOS Office Environment
The data from the NLOS office environment was also
processed for cluster identification. Figure 9 demonstrates the
clusters that have been identified from the measured data. The
scattering effect of the furniture and other office equipment in
this environment causes some spreading in the shape of the
clusters. For the omni-directional case, a total of 3 clusters are
observed in channel data that are the results of the LOS and
single-reflected paths.

receiver when a directional antenna with 30˚ 3-dB bemawidth
is used at the transmitter. The directional antenna is facing the
receiver in this experiment.
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consistent with our expectation that as α gets smaller, channel
behavior approaches an AWGN channel.
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Figure 9: 2-D clusters (Office NLOS environment, Omni TX)
200
180
160
140
Delay (nsec)

Figure 8: Radio path resulting to cluster 7

The coordinate of these clusters are listed in Table 2. The
direct path between the transmitter and receiver, cluster 1, and
the arrivals due to the reflection from the metal wall, cluster2,
have merged and formed a bigger cluster. The cluster 3, occurs
because of the single reflection from the metal wall behind the
receiver.
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Table 2: Cluster coordinates for the residential environments

Cluster #
1
2
3

Cluster Arrival
Angle (Degrees)
0
-55
178

Figure 10: 2-D clusters (Office NLOS environment, directional TX)

Cluster Arrival Time
(nsec)
37
67.5
117.5

Looking at the time coordinate of some of these clusters, a
mismatch is observed between the results and geometric
calculation based on the RF paths. A physical explanation for
this discrepancy can be given by noticing the velocity change
of RF waves as it goes through different materials that exist on
its path between the transmitter and receiver [13]. In general,
the exact coordinate, shape and size of the clusters depends on
the details of the propagation environments; however, as seen
here, the locations of the main clusters (i.e. high density) can
be reasonably approximated by using information about the
layout and locations of the transmitter-receiver pair.
The clusters in figure 9 are due to the use of an omnidirectional antenna at the transmitter. If a directional antenna
is used instead, arrivals become more localized in time-angle
space and the cluster’s sizes are reduced. The RF energy
transmission in that case is more focused toward certain
direction and therefore, the impact of the scattering on the ray
arrivals is reduced. Figure 10 displays the clusters at the

C. Cluster Energy
We have also investigated energy distribution among the
clusters in both residential and office environments. The
normalized percentage of the received energy in each cluster is
calculated as in [16], [17] and is referred to as the normalized
relative energy.
Figures 11 and 12 illustrate these results for omni and
directional antennas in residential LOS and office NLOS
environments respectively. It is seen that high percentage of
the energy is concentrated in the first cluster. This is especially
expected in the LOS case where reflected rays travel longer
path and therefore contribute less energy to their
corresponding cluster at the receiver. This might not be the
case for NLOS scenarios in general. Also as observed, using
directional antennas with smaller beamwidths increases the
energy of the 1st cluster. This means that for such scenarios, a
single cluster statistical model is probably sufficient to
describe the channel behavior.
V. CONCLUSION
In this paper, we have discussed the clustering
characteristics of a millimeter wave indoor channel, the
influence of geometry on this phenomenon, and energy
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distribution among the clusters for directional antennas with
various beamwidths. Knowledge of such spatial distribution of
RF energy around the receiver in conjunction with array
antennas and appropriate signal processing algorithms can lead
to systems that provide superior performance by taking
advantage of clusters location and their corresponding
characteristics. Also, statistical models that contain both
angular and temporal components of the millimeter wave
indoor channel are needed to ensure more efficient design of
millimeter wave systems. According to the energy distribution
among the clusters, a single cluster statistical model is
probably sufficient to describe the channel behavior in LOS
scenarios. Further experimental results are required to verify
and investigate this observation.
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Figure 11: Normalized percentage of clusters energy for different transmitter
3-dB beamwidths (Residential LOS environment)
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