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Abstract—Multipath channel simulations at millimeter-wave
frequencies require more accurate knowledge of the geometry
of physical environments than at below-6 GHz frequencies
because of the shorter wavelength. The accurate geometry can
be obtained as a point cloud through LIDAR (light detection
and ranging) scanning of environments. While the use of point
clouds for ray-optics simulations of multipath channels has
become a popular approach recently, optimized point cloud
parameters – for example its density – that allow accurate
reproduction of multipath channels are not yet known. Motivated
by a conjecture that a same-sized physical object contributes
differently to multipath channels when they are near vs far from
communicating antennas, we propose to use a point cloud that
is denser for environments near antennas and is sparser when
further from antennas. Compared to using a uniform-density
point cloud with 10 cm resolution on average, the use of such
an adaptive-density point cloud in ray tracing simulations shows
better reproduction of measured multipath channels, e.g., delay
and angular spreads, indicating correctness of our conjecture.

I. INTRODUCTION

Planning of base station deployment and the associated
coverage design is an important task of cellular operators.
The recent trend of utilizing above-6GHz radio frequencies for
broadband mobile cellular requires such design with smaller
cell sizes, in typically densely populated areas, than that for
below-6GHz frequencies. Semi-deterministic predictions of
propagation channels, such as ray tracing, are an important
tool for the coverage designs. There has already been works
of ray-based radio propagation simulations in urban cellular
scenarios for above-6GHz frequencies, e.g., [1]–[18], showing
their ability to reproduce the measured cellular coverage and/or
radio channel responses. For above-6GHz, a main challenge
is the inaccuracies of standard digital maps that describe the
physical environments of the cellular site using a limited sets
of planar surfaces because they become larger in units of
wavelength, depressing the accuracy of the channel prediction.

A promising way of circumventing the low-accuracy maps
is to use light detection and ranging (LIDAR). LIDAR
scanning provides point cloud representations of a physical
environment, from which maps covering a wide area [19]
or with a resolution of centimeters or less can be created.
It has been shown that the point cloud is usable for site
specific multipath radio channel simulations in indoor [1]–
[3], [5], [10], [20]–[22] and outdoor [12], [13], [22], [23]
scenarios for above-6 GHz frequencies. Thus deterministic
simulations using such point clouds are a promising approach,
however at the expense of huge increase of computation
time due to the fine granularity of the physical environment
model. This manuscript therefore proposes a novel approach to
decimate points in the point cloud to reduce the computational

complexity while reproducing the measured channel responses
more accurately than using an ordinal digital map. The validity
of the approach is supported by comparison with ground-truth
characteristics of the multipath propagation channels obtained
from measurements at the same site and antenna locations
using a directional channel sounder.

The rest of this paper is organized as follows. Section II
describes measurements as a reference point for validating
channel simulations. Section III introduces point cloud models
of physical cellular sites. Section IV presents ray-optics sim-
ulations and compares their results with the measurements to
study the benefits of using our proposed point cloud density
adaptation. Section V concludes the paper, showing that the
use of a point cloud model with adaptive density realizes the
best reproduction of the measured multipath channels.

II. RADIO CHANNEL MEASUREMENTS

This section describes the measurement campaigns that
serve as the ground truth of channel simulations. While the
campaigns were partly reported in our earlier papers [13],
[24]–[26], the following provides an overview of important
specifications of the channel sounder and complementary
details of the measurement sites that were not described in
earlier papers.

A. Spatio-Temporal Channel Sounder

Our wideband directional channel sounder is based on a vec-
tor network analyser (VNA) that allows phase-synchronized
measurements of scattering parameters with the radio channels
being the device-under-test [27]. The RF signals are centered
at 15, 28 and 60 GHz with bandwidth B = 0.5, 0.9 and 4 GHz,
respectively. The transmit (Tx) antenna is a biconical antenna
showing an omni-directional radiation pattern positioned to
mainly radiate vertically polarized electric field. Vertically
polarized horn antennas with a main lobe gain of 19 dB and
half-power beamwidth and hence azimuth angular resolution
of 10◦, tailored for each frequency band, are installed on the
receive (Rx) side. We analyze co-polarized, i.e., Rx-vertical
Tx-vertical, propagation channels. The horn antenna is rotated
360◦ over azimuth in steps of 5◦, leading to a directionally-
resolved channel impulse response shown in Fig. 1 as an
example. The output power from the Tx antenna is 24 dBm.
The Tx and Rx antennas are at 2.57 m high from the ground.

B. Measurement Sites

Measurements were performed at the following four sites
in the Helsinki metropolitan area, Finland, representing urban
microcellular scenarios. All sites had a single Rx location



Fig. 1. An example of a measured directional power angular-delay profile.

with the varying number of Tx locations. All measured links
had unobstructed optical line-of-sight (LOS) between Tx and
Rx. Some vehicular and pedestrian traffic was noted during
measurements and acquisition of laser-scanned point clouds.

• Aleksanterinkatu (AK) [25] is a street canyon with 8 Tx
locations. Two tracks for cars run in the middle of the
canyon, which are flanked by pedestrian walkways. Tx-
Rx distances ranged from 10 to 188 m. Measurements
were performed at 15 and 28 GHz.

• Itamerenkatu (IM) is a street canyon with 6 Tx locations,
see Fig. 2(b). Four lanes of traffic run in the middle of the
canyon, which are flanked by rows of trees and pedestrian
walkways. Tx-Rx distances ranged from 10 to 125 m,
measurements were performed at 28 GHz.

• Leppavaarankatu (LV) is a wide street canyon with 8
Tx locations on both sides of the canyon as shown
in Fig. 2(c). Four lanes of traffic run in the middle,
flanked by singular trees and pedestrian walkways. Tx-
Rx distances ranged from 39 to 131 m. Measurements
were performed at 15, 28 and 60 GHz.

• Narinkkatori (NT) [13], [24], [28] is an urban square
flanked by buildings with 9 Tx locations shown in
Fig. 2(d). Tx-Rx distances ranged from 5 to 99 m.
Measurements were performed at 15, 28 and 60 GHz.

Aerial photographs of IM and LV are shown in Fig. 2. In each
photo, locations of measured Tx and Rx are shown with green
and red triangles, respectively.

III. POINT CLOUD OF THE PHYSICAL ENVIRONMENT

A. Acquisition and Pre-Processing
The point clouds are captured with a 3D laser-scanner1. The

device uses movable mirrors to steer a laser beam in different
directions to detect distances to reflective surfaces. One of
the considered physical environments shown in Fig. 3(a) is
measured by the laser scanner ending up with a raw point
cloud illustrated in Fig. 3(b) with a uniform 1 cm resolution.
Figure 3(b) points out typical characteristics of raw point
cloud, i.e., 1) shadows cast by objects, e.g., poles in this case,
blocking a laser beam, 2) moving objects due to, e.g., a vehicle
in this case and 3) missing translucent materials, e.g., glass
window. While 2) does not need particular attention, 1) and 3)

1Zoller+Fröhlich GmbH, Z+F IMAGER®5006h.

need to be improved to establish a more complete point cloud,
i.e., by 1) combining multiple scans from different locations
and 3) supplementing the missing windows through clustering
of existing points representing, e.g., window frames. Details
of the method is available in [28]2. The plugin generates a
triangular 3D mesh approximating the point cloud, which can
be used to generate new points to fill the missing windows. The
triangular mesh is used for determining LOS in ray-tracing.

B. Controlling Point Cloud Density
Point clouds with a varying level of detail can be generated

using functionalities of popular software3. The point cloud is
recursively divided into an octree of cubes until a desired cube
side length is reached. Position and normal direction of points
contained in each bin of the octree is averaged, effectively
applying a smoothing filter and yielding a point cloud with
the desired uniform density.

When finding reflected paths on the point cloud, e.g., [3],
[13], [21], [29], we check if any point falls into the first Fresnel
zone formed by a mirror base station and mobile station,
according to the image theory. Therefore the use of too-sparse
point cloud misses reflected paths, while denser point cloud is
not necessary for a far object since a width of the first Fresnel
zone wF increases as

wF = 2

√
d1d2
d

λ, (1)

where λ is wavelength and d1, d2 and d are defined in Fig. 4. In
addition to a uniform-density point cloud of one point in 10 cm
on average, we introduce a point cloud with varying density
where there are at least 1 point within a cube, i.e., an octree
cell, of side length wF/4 centered at each point. The width wF

is calculated for all points in the point cloud using (1), given
the Tx and Rx locations. The coordinates and normal vector
directions of points that fall within an octree cell are averaged
and represented by a point in the center of the cell. Thereby
the point density is higher around the link ends and coarser
far away from them. The density also increases for higher
frequencies due to decreasing wF. The density adaptation of
the point cloud is required for each Tx-Rx link.

C. Map Based on Public Database
Simple and featureless models of the measured sites are

extracted from a public database4. In Fig. 3(c), an example
of the model is compared with a photograph of the same
measured location and a laser-scanned point cloud model.
These models consist of planes instead of point clouds.

IV. COMPARISONS OF SIMULATION AND MEASUREMENTS

This section covers comparison of site-specific wave prop-
agation simulations based on 1) a uniform-density point cloud
with 10 cm resolution on average, 2) adaptive-density point
cloud introduced in Section III-B that achieves 4 points in the
first Fresnel zone and lower density outside and 3) a simple
featureless map. The maps were introduced in Section III. The
resolution of the raw point cloud was 1 cm.

2The Poisson Surface Reconstruction (PoissonRecon) plugin of CloudCom-
pare, https://www.danielgm.net/cc/, was used for 3).

3e.g., pcdownsample() of the Computer Vision Toolbox in MATLAB
and the open-source library TensorFlow.

4OpenStreetMap, https://www.openstreetmap.org.



(a) (b)

Fig. 2. Aerial view of two measurement sites with Tx-Rx floor plan for (a) Itamerenkatu (IM) and (b) Leppavaarankatu (LV); © Google Earth for the photos.

(a) (b) (c)

Fig. 3. A comparison of model types for the channel simulations. (a) Photograph of a measured location Tx4 at AK, with Tx antenna and its tripod in the
foreground. (b) Highly detailed laser-scanned point cloud of the same location with pedestrians visible. Features unique to locally acquired laser-scanned point
clouds are highlighted with numbered arrows. (c) Simple model extracted from a public database with featureless buildings.

Fig. 4. Definition of the first Fresnel zone.

A. Setup, Assumptions and Comparison Metrics

Ray-tracing simulations using point clouds are based on the
image theory [3], [13], [29], [30, Chapter 4], considering up
to second order reflections and no diffraction. The point cloud
keeps details of facade and moving objects on streets. The
latter causes blockage of some propagation paths, where the
number of interaction between a path and moving objects are
described by a Poisson point process [29] while the blockage
loss is calculated by the knife edge diffraction due to absorbing

screens having cross section sizes of a human body, tree and
a passenger car [31]. A commercially available ray-launcher
tool5, hereafter termed WIS, is used with the simple map
from public database. WIS is configured to simulate up to
6 reflections, 1 diffraction and combinations thereof. In all
simulations we assume that the physical environment has
homogeneous electrical parameters of concrete [32], i.e., the
relative permittivity of ϵr = 5.31. We do not make distinctions
of materials between different sections of the sites or object
types, etc. Finally, we assume that the studied sites were in
a similar condition during channel sounding and acquisition
of the laser-scanned point clouds. For example, density and
distribution of pedestrians is assumed comparable.

For meaningful comparison of measured and simulated
channels, we consider effects of the channel sounding tech-
nique on simulated propagation paths. PADP exemplified in
Fig. 1 is reproduced using propagation paths derived from
site-specific simulations by convolving them with antenna
radiation patterns at link ends in the azimuth domain and
with a bandwidth-limited sinc function in the delay domain.
For each measured Tx antenna location shown in Fig. 2, we
perform 9 ray-optics simulations when the Tx antenna is on a

5Wireless InSite, https://www.remcom.com/wireless-insite-em-propagation-
software



3×3 grid having 2×2 m2 area and centered at the measured Tx
location. The simulated channel parameters are mean values
of those derived in 9 simulations. The following parameters
are compared between simulations and measurements: delay
spread τrms, mean delay τmean, and azimuth spread according
to second-central-moment definition Sϕ [30, Chapter 6].

B. Results and Discussions
Multipath propagation was simulated using our in-house

ray-tracing tool with point clouds, and using WIS with planar
models of the same site as outlined in Section IV-A. It was on
average 10 times faster to simulate multipaths using WIS than
using our ray-tracing tool. The simulation runtime compares
when using the uniform- and adaptive-density point clouds.

1) Mean Estimates: Table I summarizes the mean values
of channel parameters, derived from realizations in different
sites and antenna locations. The measured mean values are
reproduced best by using the adaptive-density point cloud.
However, they are often subject to an outlier of significant
errors. Therefore the parameters are also compared against
Tx-Rx distance as shown in Fig. 5. Figure 5(a) compares the
delay spread τrms in AK at 28 GHz. The use of the adaptive-
density point cloud performs very well in comparison to the
other two models because details of the environment result in
rich multipaths. Figure 5(b) shows that the same observation
applies to τmean in NT at 60 GHz. The angular spread Sϕ

is approximated reasonably by each model in IM at 28 GHz
according to Fig. 5(c). WIS provided similar results as the use
of adaptive-density point cloud, possibly because the public
map contains sufficient influential details of the facade such
as varying depth of buildings seen from pedestrian streets.

2) Deviations: Deviation of estimated channel parameters
from corresponding measurements is presented in Fig. 6
when using the uniform- and adaptive-density point clouds.
The deviation is illustrated in a form of probability density
functions along y-axes. Each point in the plot corresponds
to the deviation derived from an individual link in one of
the cellular sites. Mean and root-mean-square deviation values
are shown with white circular and star markers. Vertical gray
bars indicate ranges where 50% of values are contained. The
figures show that the use of adaptive-density point cloud gives
the same extent or smaller deviation than the use of uniform-
density point cloud. The deviation of delay-domain parameters
τrms and τmean tends to be smaller as the carrier frequency
increases, while the deviation is constant across frequencies
for Sϕ. More outliers were observed when using the uniform-
density point cloud than using the adaptive density cloud.
The adaptive-density point cloud models objects close to the
Tx and Rx antennas precisely, leading to many multipaths
originating from there, while distant objects are modeled
with less precision, leading to less multipaths. In contrast,
the uniform-density point cloud produces a large number
of multipaths from distant objects, leading to possible long-
delayed phantom paths affecting τrms and τmean. Overall, the
use of adaptive-density point clouds appears to produce better
results for channel parameters of individual Tx-Rx links.

V. CONCLUDING REMARKS

This paper used three digital representations of cellular
sites in ray-optics simulations: adaptive-density point clouds,

uniform-density point clouds and featureless maps. The first
two were derived from point clouds of cellular sites through
LIDAR measurements, while the last was from a public map.
Using the three types of maps with ray-optics simulators
showed that the adaptive-density point cloud yielded the mean
delay, delay spread and azimuth angular spread that were
closest in many cases to those derived from corresponding
measurements. The adaptive density led to denser points near
the communicating antennas, while to sparser points in far
zones from antennas. It allowed us to consider the important
aspect of wave propagation, i.e., a same-sized physical object
contributes differently to multipath channels when close to
and far from antennas, in the best possible manner among the
tested maps and hence led to multipath simulation results best
in agreement with measurements.
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