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Geometry-Based Clustering Characteristics for
Outdoor Measurements at 28-30 GHz

Guojin Zhang, Jesper Ødum Nielsen, Xuesong Cai, Gert Frølund Pedersen, and Wei Fan

Abstract—This paper presents an analysis of channel characteris-
tics for an outdoor scenario at the frequency band of 28-30 GHz.
A geometry-based clustering algorithm is proposed to group the
measured multipath components (MPCs) from the interaction
points on the surrounding walls or objects according to Ray
Tracing 3-D simulations, giving results that are more physically
interpretable than the traditional clustering algorithms. The
cluster-level characteristics at 15 positions along a pre-defined
route covering both line-of-sight (LoS) and non-LoS (NLoS)
scenarios are investigated. Moreover, power contributions of
MPCs with multiple bounces (up to 7 bounces in NLoS scenario)
from the interaction objects (IOs) are also investigated.

Index terms— Millimeter wave, outdoor measurement,
geometry-based clustering, dispersion, interaction objects, and
radio propagation.

I. INTRODUCTION

Millimeter-wave (mm-wave) bands have been widely explored
for fifth-generation (5G) communication systems due to the
large amount of available frequency spectrum and the pos-
sibility to construct large-scale antenna arrays [1]. Despite
many research efforts have been made in the areas of mm-
wave propagation channel measurements and modeling, long-
range outdoor measurements with large-scale arrays are still
scarce, due to channel sounding limitations caused by high
power attenuation in coaxial cables [2]. As wireless com-
munication performance strongly depends on the propagation
environments, accurate channel characterization for outdoor
scenario is necessary for the design of future communication
systems.

The concept of clusters has been extensively used in chan-
nel characterization to group the multipath components
(MPCs) with similar delay and angular parameters. How-
ever, traditional parameter-based clustering algorithms, such
as the KPowerMeans (KPM) algorithm [3] and multipath-
component-distance (MCD) threshold algorithm [4], are based
on the closeness of propagation parameters, lacking the rela-
tion to physical scatterers. In [5], a novel KPM-based clus-
tering algorithm for multiple frequency bands was proposed
by utilizing the clustering results at mm-wave bands as an
initialization for lower bands with richer MPCs, still without
addressing the relation to physical scatterers. To link the
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clusters to their corresponding physical interaction objects
(IOs) in the real environment, a geometry-based clustering
algorithm was proposed by the combination of measurement
and Ray Tracing (RT) simulation, resulting in a closer match
to the measured channels [6]. In [7], [8], a geometry-based
clustering and tracking method was proposed according to
the scattering points obtained from the measurement-based
ray tracer for indoor and outdoor cases. However, only single
and double bounces are considered for indoor line-of-sight
(LoS) environment in [7], and only single bounce and a 2-
D Cartesian coordinate system are considered for a suburban
scenario in [8]. For the outdoor scenarios considered in the
current work with multiple bounces (up to 7) in non-LoS
(NLoS) scenarios, a more sophisticated mapping is needed. In
[9], manual clustering for identifying their physical scatterers
was combined with an automatic clustering algorithm to
detect geometry-based clusters in an outdoor case, leading
to a high complexity. In summary, though a few works have
been reported, a fully automatic and accurate geometry-based
clustering algorithm is still missing in the literature.

To this end, the main contributions and novelties of this paper
include: 1) An outdoor measurement campaign conducted with
a virtual uniform circular array (UCA) in both LoS and NLoS
scenarios is introduced. 2) A fully automatic geometry-based
clustering method with a 3-D coordinate map is proposed for
complicated outdoor scenarios with multiple bounces, linking
the clusters to their corresponding physical IOs. The ability
of the UCA used in the measurement to distinguish elevation
angles of MPCs is not sufficient. Only delays and azimuths
estimated for MPCs can be considered with adequate accuracy.
This makes it difficult to obtain the full physical interactions of
MPCs with the environment, especially for those with multiple
bounces. Therefore, we resort to the assistance of the RT
tool to obtain physical interaction properties of each MPCs.1

3) Finally, the cluster-level channel characteristics linked to
their corresponding physical IOs and power contributions of
multiple bounces are investigated.

II. MEASUREMENT CAMPAIGN

The map of the outdoor measurement environment is shown in
Fig. 1, including several buildings with bicycle shelter, parking
space, and corridor in-between the buildings. A fiber-optic-
based vector network analyzer (VNA) channel sounder [2],

1It is worth noting that the inaccuracy or missing of elevation information
in measurements can make it challenging to distinguish, e.g., MPCs from
the LoS direction and the ground reflection. It is always beneficial if the
measurement system can well resolve paths in the elevation domain.
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Fig. 1: The measurement environment and channel sounder. (Left)
The top-view of the outdoor scenario where the measurement cam-
paign was conducted. Image by Google Maps. (Right-top) Rx antenna
on the roof of the building. (Right-bottom) Tx antenna mounted on
pedestal used to form the virtual UCA.

[4], [10] was used, allowing long measurement distances up
to 300 m and a maximum achievable dynamic range of 112 dB.
To increase the signal to noise ratio (SNR), a broadband horn
antenna (LB-SJ-180400-KF [11]) was exploited as the receiver
antenna (Rx) and fixed on the top of the building at a height
of 18 m indicated as the yellow dot in Fig. 1. The main beam
of the Rx antenna was down tilted to appropriately cover
Tx positions. For the transmitter antenna (Tx) side, an omni-
directional biconical antenna [12] was located on a rotating
device with a height of 1.15 m above the ground. To form a
virtual UCA, the Tx was rotated clockwise in a circle with
a radius of 0.25 m and 1◦ step. For each step, the channel
transfer function from 28 GHz to 30 GHz was recorded with
2000 points. The virtual UCA was formed at 15 different
positions, as indicated by the red dots in Fig. 1. Position 1-
10 are LoS scenarios, and Position 11-15 are NLoS scenarios.

III. GEOMETRY-BASED CLUSTERING METHOD

A. Ray Tracing

The RT tool [13], [14] is used to simulate the radio channels.
Besides reflection, diffraction and transmission, diffuse scat-
tering adopting an effective roughness model is also included.
The accuracy of the RT tool has been validated in various
indoor and outdoor scenarios [13]–[15]. For the simplicity
of the simulations, only the outlines of the buildings and the
bicycle shelter are modeled. The details of the buildings, such
as the windows and the cars in the parking area, are ignored
in the simulation. Note that the permittivity and conductivity
of the materials in the environment is not completely known,
which may lead to inaccurate powers of paths. Nevertheless,
the geometry parameters including the delays and angles of
the MPCs that are used for clustering in Sect. III-B are well
obtained. To lower the computation time, the maximum num-
bers of reflections and diffraction combined with scattering are
set as 4 and 1 for the LoS scenario, while 10 and 5 for the
NLoS scenario. The physical interaction properties of each
path, such as the IOs (as shown in Fig. 1 with white texts
IO#) and the number of bounces, are obtained by the RT
tool. When the ground reflections are simulated, it is found

that each propagation situation has one more bounce from the
ground in the RT simulation with similar delay and azimuth,
due to the Tx being close to the ground. Leaving out the
extra ground reflection does not affect the accuracy of the
initialized clustering centroids described later in Sect. III-B,
and is therefore omitted in the simulation for simplicity. Note
that the ground reflections exist in the real environment.

B. Cluster centroids initialization

Fig. 2(a) and Fig. 2(d) illustrate the delay-azimuth-power spec-
tra estimated from the measured data at a LoS position 6
and an NLoS position 15, respectively, according to the high-
resolution parameter estimation (HRPE) principle in [16], [17].
The minimum MCD principle [4] is used to match the paths
identified from the RT simulation to the estimated paths from
the measured data exploiting the delays and azimuths of the
paths. The MCD threshold ηMCD,1 is used as a threshold
distance to limit the search range of matching for a lower
complexity. Matched paths identified in the RT simulations
at position 6 and position 15 with their corresponding IOs
are illustrated in Fig. 2(b) and Fig. 2(e), respectively. It can
be observed that all the dominant MPCs estimated from the
measured data can be identified in the RT simulation, and
only a few weak MPCs are missing. The 3-D propagation
mechanisms (plotted in 2-D view for clarity) in the RT
simulation for each matched pair are shown in Fig. 2(c) and
Fig. 2(f) for the two positions, respectively. The matched paths
with the same IO# and the same number of bounces in the
RT simulation are grouped as individual clusters. The cluster
centroids µi are calculated as an initialization for clustering
the estimated MPCs in measurements.

C. Main Clustering Algorithm

For each estimated MPC obtained by the HRPE algorithm,
the minimum MCD to the RT-initialized cluster centroids is
calculated. A MCD threshold ηMCD,2 is exploited to assign
estimated MPCs to the RT-initialized clusters or as “new clus-
ters”. That is, if the minimum MCD of a path is within ηMCD,2,
it is assigned to the nearest RT-initialized cluster centroid.
Otherwise, it is labeled as a component of new clusters to be
grouped using the MCD threshold-based clustering algorithm
[4]. The optimal threshold ηMCD,2 is determined by several
cluster validity indices (CVIs). Clusters with powers less than
0.1% of the total power are finally pruned.

Fig. 3(a) and Fig. 3(b) show the clustering results at position 6
and position 15, respectively, with the power in a descending
order and the number of bounces indicated in the legend. At
position 6, clusters have contributions from LoS, surrounding
wall IO#4 and IO#7 as indicated in Fig. 2(c), according to
the RT-initialized cluster centroids as shown in Fig. 2(b).
However, it is worth noting that Cluster No.3 in Fig. 3(a) is
grouped as two clusters if using the traditional MCD threshold
clustering method. The clusters at position 15 are contributed
by multiple bounces with a maximum order of 7, all occurring
in-between the buildings as indicated in Fig. 2(f). It can
be observed from Fig. 3(b) that Cluster No.2 and No.4 are
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Fig. 2: Example at Position 6 : (a) Delay-azimuth-power spectrum. (b) Matched paths from RT tool. (c) RT map. Example at Position 15 :
(d) Delay-azimuth-power spectrum. (e) Matched paths from RT tool. (f) RT map.

close and both have 5 bounces. Nevertheless, they belong to
different clusters, as they have different bounce sequence from
the surrounding walls as IO#7→IO#5→IO#6→IO#7→IO#5
and IO#7→IO#5→IO#7→IO#6→IO#5, respectively. How-
ever, Clusters No.2 and No.4 will be seen as one cluster
with the traditional MCD threshold clustering method, as
they have similar delays and azimuths. Besides, Cluster No.5
with 7 bounces and Clusters No.2 and No.4 with 5 bounces
have higher power than Cluster No.6 with 3 bounces and
Cluster No.8 with 4 bounces. Furthermore, the measured
MPCs missing in the RT simulation in Fig. 2(d) are grouped
as a “new cluster” with unknown bounces and physical IOs,
which is Cluster No.7 in Fig. 3(b).

IV. CLUSTER-LEVEL CHANNEL CHARACTERISTICS

A. Multiple bounces

The power percentage of multiple bounces for each Tx
position is depicted in Fig. 4(a). New clusters, as defined
in Sect. III-C, have unknown numbers of interactions and
are marked with -1 for the number of bounces. Since they
contribute less than 3% of the total power at each Tx position,
they are omitted from the analysis. It can be observed that for
the LoS scenario, the power mainly comes from LoS clusters
with 0 bounce, while for the NLoS scenario, the power is
mostly from single bounce. However, it is seen that the power
contribution of LoS cluster at Tx3 is less than that of clusters
with one bounce. This is because part of the elements of the
large-scale array was blocked in the LoS direction during the
measurement. Moreover, it can be observed that the more
bounces, the lower the power contribution is, as generally
expected. Except in the case of Tx position 15 as shown
in Fig. 3(b), the power percentage with 5 bounces is higher
than that with 2 and 4 bounces. This possible reason is that
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Fig. 3: Clustering results based on the proposed clustering method.
(a) Position 6. (b) Position 15.

the multiple reflections with 5 bounces are mainly from the
windows with less power attenuation.

B. Cluster power decay behavior

The cluster power decays versus propagation distances d in
logarithmic scale is fitted by the floating-intercept (FI) path
loss model [5] with linear regression lines and plotted in
Fig. 4(b). The parameters (α,β, ς) of the FI path loss model
obtained from the MCD-threshold and the proposed methods
are also shown in Fig. 4(b). It can be found that the values of
the slopes β of the fitting line are similar for the two methods.
Additionally, the values of β of both methods are much higher
than that found in indoor scenarios at similar frequency bands,
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Fig. 4: Cluster-level parameters. (a) The power percentage of the
total power for different number of the bounces. (b) Cluster power
loss behaviour. (c) The number of clusters N . (d) Intra-cluster delay
spread στ . (e) Intra-cluster azimuth spread σφ.

which are 2.27 in the classroom, 1.56 in the hall [5], and
3.66 in the NLoS corridor scenario [4]. It means more rapid
variations of cluster power versus distance in outdoor scenario.
We conjecture that the larger power loss is caused by the
multiple bounces occurring between the buildings.

C. The number of clusters

Fig. 4(c) illustrates the CDFs of the number of clusters N
[5] of all Tx positions obtained from the MCD-threshold and
the proposed methods, with means and variances indicated.
The numbers of clusters from both methods are much smaller,
compared to those found for LoS indoor scenarios at similar
frequency bands, where a mean value of 14.4 was found for the
classroom, a mean value of 11 for the hall [5], and a mean
value of 21 for the hall and corridor scenario [4] including
both LoS and NLoS scenarios. We postulate that it is caused
by sparse IOs in outdoor scenarios. Besides, small numbers of
clusters, such as less than 4, are mainly in LoS scenario, while
a large numbers of clusters usually appear in NLoS scenario,
due to the multiple bounces in-between the buildings.

D. Intra-cluster delay and azimuth spread

The CDFs of intra-cluster delay spread στ and azimuth spread
σφ [5] for all the clusters obtained from the MCD-threshold
are plotted in Fig. 4(d) and Fig. 4(e). Similarly, the CDFs of
στ and σφ for all the clusters, LoS and the clusters contributed
from each IO# obtained from the proposed method are also
plotted in Fig. 4(d) and Fig. 4(e). Compared with the results for
the indoor scenario in [4], it is found that στ for all the clusters
obtained using both clustering methods are much smaller,
which are probably caused by the sparse IOs in the outdoor
scenario. While it is also found that σφ for all the clusters are
similar, mostly due to the multiple bounces in the corridor in
both indoor and outdoor scenarios. It can be observed that both
στ and σφ of LoS clusters are non-zero and smaller than other
clusters. This is reasonable, as the Tx is close to the ground,
and the reflections from the ground caused non-zero στ and
σφ, while the high power of LoS path compresses the cluster
dispersion in both domains. Besides, it can be observed that the
clusters from IO#4 have highest στ and lowest σφ. However,
the clusters from IO#5 have lowest στ and highest σφ. We
conjecture this is because the narrow and long dimension
in-between IO#5 and IO#7 caused multiple bounces, which
enlarges the cluster dispersion in angle domain and leads to
smaller delay spread.

V. CONCLUSIONS

The geometry-based channel characteristics for the outdoor
scenario at the frequency band of 28-30 GHz were investigated
in this paper. A geometry-based clustering algorithm was
proposed for accurate determination of clusters based on
the interaction objects (IOs) obtained from 3D ray tracing
(RT) simulations. The complexity and generalization of the
proposed algorithm both depend on the RT tool, where only
a simplified model was needed. Further research is required
for, e.g., THz bands. Using the measured data, cluster-level
parameters contributed by different IOs in both line-of-sight
(LoS) and non-LoS (NLoS) scenarios were investigated.
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