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Abstract—Using ray tracing and based on a set
of realistic simulations performed in MATLAB ®
and Open Street Maps, this document relates the coverage
problem in urban 5G wireless networks with other relevant
propagation and signal blockage stochastic models. From a
statistical analysis of these results, the main characteristics
of shadow fading are extracted and compared. In addition, a
review of the current IMT-2020 and 3GPP standards on radio
propagation for 5G has been carried out.

Index Terms—5G wireless, propagation models, Ray Tracing,
Close In, NYUSIM, coverage, standards.

I. INTRODUCTION

The introduction of the 5G technology will transform world-
wide mobile communications. 5G is a heterogeneous tech-
nology capable of cope with the increasing bit-rate demand
from current and emerging network services. The increase of
traffic has been particularly greater in the upstream link due
to the offloading of very big amounts of data demanded from
cloud-based services. Such an increase in demand overpass
any previously known, including the IMT-Advanced case. In
5@, the spectral efficiency increases three times, cell peak bit-
rate twenty times, and the users’ bit-rate along with the density
of the connections up to ten times. Besides, 5G reduces ten
times latency and energy consumption. Therefore, the traffic
in the 5G coverage area increments by a factor of 100 in
comparison to a 4G area [1]. The enabling technologies that
allow all these performance upgrades are: the use of millimet-
ric waves (mmWave) at backhaul/fronthaul and access, the
evolved-packet-core (ePC) with advanced Network Function
Virtualization - Software Defined Networking (NFV/SDN) and
the employ of reconfigurable wave-forms [2].

The International Telecommunications Union (ITU) [3]
determines the guidelines for evaluating radio interface tech-
nologies for IMT-2020. ITU, along with the 3rd Generation
Partnership Project (3GPP) [4], defines three types of scenar-
ios for employing technologies beyond IMT-Advanced (ITU-
R M.2135 [5]): For applications that overload the Mobile
BroadBand (MBB) capacity, there is the enhanced Mobile
BroadBand (eMBB) scenario. For deployments whose main
feature is large amounts of connected devices, transmitting low
volumes of delay-insensitive data, there is the Machine Type
Communication (mMTC) scenario. Finally, for the deploy-
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ments with strict demands of capacity, performance, latency,
and availability, there is the Ultra-Reliable Low-Latency Com-
munication (URLLC) scenario. In addition, IMT-2020 offers
test environments for each one of them.

This research work focuses on a Dense Urban-eMBB test
environment, simulated with Matlab® employing real-life pa-
rameters and under conditions of high density of pedestrian
and vehicular users (i.e. under high traffic-loading demands).
In the simulations, key parameters such as the number of
antenna elements, the signal power, the bandwidth, etc., were
adjusted according to the regulations reported in [3], [4]. Sev-
eral channel statistical models for the characterization of both
large distance and shadow fading [6], [7], [8] were considered.
It was also taken into account the effects of the rain attenuation
[9]. This study covers two transmission bands: 4GHz (FRI -
sub 6GHz) and 28 GHz (FR2 — mmWave) associated with their
correspondent bandwidth and technical specifications. For the
channel distribution, regarding the transmission or reception
of data in the base station (gNB), it was employed the 3GPP
TS 38.104 Rel-15 technical specification [10].

The test scenario employed in this research is a dense
urban area of 4.94 squared kilometers composed of buildings,
shopping centers, and corporate offices in Quito - Ecuador. The
building locations and the terrain profile were retrieved from
Open Street Maps (OSM) open-license software, and buildings
were eventually represented by polygons, using Site Viewer
from MATLAB. This procedure takes into account the terrain
elevation model, the actual layout of the buildings, and the
construction materials. Then, the transmitter sites are located,
the antenna directivity pattern and the propagation model are
defined. Finally, the transmission procedure is performed and
coverage maps are obtained from the signal intensity. This
methodology is valid for all models, but NYU, which does
not incorporate the physical peculiarities of the terrain under
study.

The main contributions of this paper are: 1) A review of
the ITU and 3GPP technical specifications related to dense
urban scenarios. 2) The modeling of 5G communication cells,
base stations (gNB), antennas, and channel distribution, for
the two representative FR1 and FR2 frequency bands [7] [11].
3) Based on the results obtained from simulations, the paper
presents the estimation, statistical validation, and comparison



of the features of a set of large distance and shadow fading
models. Particularly, results from the application of Free Space
[12], Close-In [13] and NYU [8] models have been contrasted
with Ray Tracing simulations on a dense urban area in Quito
city - Ecuador performed with the use of Open Street Maps.
4) Empirical validation of the signal blockage probability in
mmWave communications from ray tracing simulations of the
problem geometry to characterize the probability of the line of
sight (LOS) and the probability of non line of sight (NLOS).
These results are contrasted with the theoretical models, in
terms of buildings density per square kilometer and statistical
characterizations of the buildings dimensions. [14].

This paper is organized as follows: A brief introduction to
this study and its methodology is detailed in Section I. Section
IT presents the most important technical specifications for
each configuration and the millimeter-wave blockage analysis,
in cellular networks, for both LOS and obstructed (OBS)
conditions, in urban scenarios. This section also details the
models for both large distance and shadow fading. Section III
discusses the results obtained along this research and exhibits
the curves for received signal power for the considered models.
Finally, Section IV presents the most important conclusions
and possible future investigations on this topic.

II. TECHNICAL SPECIFICATIONS AND SIMULATION SETUP

A. ITU-R M.2412-0 specifications

IMT-2020 covers many aspects: users, manufacturers, ap-
plication developers, network operators, services and content
providers, and an extensive set of application scenarios. This
paper focuses on the study of the Dense Urban-eMBB sce-
nario. According to [3], the Dense Urban-eMBB test environ-
ment is composed of two layers, a macro-layer, and a micro-
layer. In the macro-layer, each gNB is deployed in a regular
hexagonal grid with three points of transmission and reception
(TRxP), as shown in Fig. 1. In the micro-layer, for each TRxP
area, there are three randomly located micro-sites. It is not
defined in the ITU-R M.2412-0 specification any method for
the deployment of the micro-layers. Instead, the proponent
must inform the employed method and the location of the
base stations of the micro-layers.

The evaluation setups for the Dense Urban-eMBB test envi-
ronment are (1) evaluation of mobility and spectral efficiency
and (2) evaluation of the bit rate and user experience. Scenario
(1) is composed of two configurations: Setup A, for a macro-
layer of 4 GHz, and Setup B, for a macro-layer of 30 GHz.
Scenario (2) constitutes a setup C for one or two layers (macro
+ micro) for the two available frequencies: 4 GHz and 30 GHz.
The carrier frequency of 4 GHz constitutes a sample of the 3
GHz to 6 GHz frequency range, and the carrier frequency of
30 GHz is a representative sample of the 24.25 GHz to 52.6
GHz range.

This paper analyzes the large distance and shadow fading
for a macro-layer under Configuration A, in 4 GHz (FR1),
and Configuration B, in 28 GHz (FR2). The details of these
parameters are available in Table 5b in [3]. Table I exhibits

Parameters Config. A Config. B
Evaluation Carrier 1 layer (macro) at 4 1 layer (macro) at 30
frequency GHz GHz
BS antenna height 25 m 25 m
(gNB)
Total transmission 44 dBm with a 40 dBm with a
power for TRxP bandwidth of 20 bandwidth of 80
MHz MHz EIRP restricted
to be lower than 73
dBm
Inter Site Distance 200m 200m
(ISD)
UE power class 23 dBm 23 dBm, EIRP
restricted to be lower
than 43 dBm

Number of antenna
elements per TRxP

Up to 256 Tx/ Rx Up to 256 Tx/ Rx

Number of antenna
elements of UE

Up tp 8 Tx/Rx Up tp 32 Tx/Rx

BS Noise Figure 5 dB 7 dB
UE Noise Figure 7 dB 10 dB
Gain of BS antenna 8 dBi 8 dBi
element
Gain of UE antenna 0 dBi 5 dBi
element

Simulation bandwidth | 20 MHz for TDD, 10

MHz + 10 MHz for

80 MHz for TDD, 40
MHz + 40 MHz for

FDD FDD
UE antenna height at outdoors: 1.5 m at outdoors: 1.5 m
Table I
EVALUATION SETTINGS FOR THE DENSE URBAN-EMBB TEST
ENVIRONMENT

Micro site
R:radius of UE drops area
Dricro-sites-distance between the micro sites

Figure 1. Reference network design for a dense urban-eMBB.

the main parameters used for both configurations in our
simulations.

Further, for evaluation purposes, it is detailed some features
of the antennas, such as the radiation pattern, the gain, the
level of the pattern side lobes, and the Base Station (BS) and
User Equipment (UE) antenna orientation in hexagonal and
non-hexagonal grids.

The orientation of an antenna is defined as the angle, in
grades, composed between the main radiation lobe and an
eastern reference line. The orientation angle is measured and
increased in a clockwise direction. In Table II, it is detailed the
3-TRxP BS and UE antenna radiation pattern for 30 GHz and
70 GHz. In Fig. 2 and Fig. 3 it can be seen the 3D radiation
pattern, obtained in Matlab, making use of the combination
method, based on the specifications presented in Table II.



Radiation Pattern for BS 3-TRxP antenna
Parameters Values
Vertical radiation pat-
tern for antenna ele- ” o
. r12(0" =90
ment (dB) . —mm[i( Toin ) SLAy]
Ap,v(0") = 0345 = 65°
SLAy =30
Horizontal radiation
pattern for antenna ) & \a
element (dB) ” —min[12( $34B )%, Al
Ap.u(¢") = 3dB =
Am =30
Combination method
for the 3D pattern of A”(O” 6) =
the antenna element —min(—| AE v_(ell)]
(@) +Ap ("), Am)
Maximum directional
gain of an antenna el- 8 dBi
ement
GE ,mazx
Table 1T

RADIATION PATTERN OF THE BS 3-TRXP ANTENNA

B. 3GPP TS 38.104 Rel-15 specifications

This report specifies the RF characteristics and minimum
performance requirements of the New Radio (NR) BS. The
bandwidth of the BS channel admits only one NR-RF carrier in
the upstream and downstream link. The UE channel supports
different bandwidths in the same spectral assignation, for the
uplink transmissions. The bandwidth assignment of the UE
channel is flexible but is limited by the BS channel-bandwidth.

Tables 5.3.2 and 5.3.3 in [10] specify the transmission-
bandwidth configuration, the minimum guard bands, and nu-
merologies for FR1 and FR2. This study also considers the
following parameters, for both setups A and B as detailed
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Figure 2. 3D Directivity pattern of the 3-TRxP BS antenna.
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Radiation Pattern of the UE antenna at 30 GHz and 70 GHz. Figure 3. 3D Directivity pattern of the UE antenna, for 30 GHz and 70 GHz.
Parameters Values
Radiation Pattern of
the antenna element ° . .
in  the direction ; _mm[%7 SLAy] in Tabl.e III. Furthermore, Table IY and Table V detalll the
0" (dB) Ap,v(0") = 0345 = 90° simulation parameters for configurations A and B respectively.
SLAy =25
C. Analysis of signal blockage in cellular mmWave communi-
Radiation Pattern of cations
the antenna element ) 6" o
in the direction | (" —minl12(575)°, Aml The mmWave bands employed for 5G, render more difficult
- 1 = ° . . . .
¢"(dB) B ¢3ap =90 the communications between the transmitter and the receiver
Am =25 . .. . .
in NLOS conditions. Therefore, using stochastic geometry and
Combination method
for the 3D pattern of _
the antenna element A”(el;iqﬁ) _0,, Configuration A (4 GHz)
(dB) —nzn(—[ A ’Vé )] Parameters Values
+Ap.H(¢"), Am) Transmission Bandwidth 20 MHz
Maximum directional Numerology u 1
gain of an antenna el- 5 dBi Sub-Carrier Spacing (SCS) 30 KHz
ement Ciclix Prefix (CP) Normal
G Number of Resource Blocks (NgpB) 51
E,maz Minimum guard band 805
Table IV
Table III SETUP A - SIMULATION PARAMETERS

RADIATION PATTERN OF THE UE ANTENNA AT 30 GHZ AND 70 GHz



Configuration B (28 GHz) Rain model - gas - fog

Parameters Values Parameters Values
Transmission Bandwidth 100 MHz Rain rate 16 mm/h
Numerology 1 3 Signal tilt angle 0 (default)
Sub-Carrier Spacing (SCS) 120 KHz Air Temperature 23.65°
Ciclix Prefix (CP) Normal Dry air pressure 92410 Pa
Number of Resource Blocks (Ngp) 66 Water vapor density 75 g/m?>
Minimum guard band 2420 Liquid water density 0.5 g/m3

Table V
SETUP B - SIMULATION PARAMETERS

random shapes is possible to characterize the probability of
having a LOS or instead a NLOS (obstructed) scenario in
terms of the distance between transmitter and receiver. Several
useful statistics for communication engineering such as the
mean time a user is in NLOS may be derived from these
results. Such statistics are especially useful in an urban zone
where the buildings (whose positions, heights, and lengths are
randomly selected) are located in parallel arrangements in such
a way that they configure the shapes of the streets [14]. Some
of these ideas are used in this work to empirically characterize
these probabilities by using ray tracing as is commented in
section III. The main feature of the shoot and bouncing rays
(SBR) Ray Tracing method [15] [16] is the possibility of
characterizing several reflections for the evaluation of the
propagation paths. As a result, the evaluated received power
using SBR at the reception sites, is more accurate modelled
than statistical models. However, its computational complexity
grows with the number of reflections, so they are limited to
ten. SBR is generally faster than the image method.

The probability to have a LOS condition P(LOS?) is
described by (1), as follows:

P(LOS?®) = exp(Ap*E{L}r) (D

where A is the building density, E{} is the expectation
operator, I corresponds to the random variable that describes
the length of the obstacles (building fronts), r es the distance
to the transmitter, and n” is a parameter related to the blockage
area and computed using stochastic geometry as in [14]. n”
depends on the distribution of the blockage heights and the
transmitter and receiver antenna heights. The blockage-heights
follow a uniform distribution for simulations in this paper.
The probability to have an obstruction P(NLOS?®) is just the
complementary of P(LOS?).

D. Small-scale and large-scale propagation models

A propagation model predicts the characteristics of a radio
signal, like its velocity and attenuation when propagating in
some transmission media. The small-scale propagation models
describe the behavior of a wave in distances comparable to its
wavelength, and the large-scale propagation models describe
their behavior for much longer distances.

In this research, two large-scale propagation models were
employed: Free-space + hydrometeors (parameters in Table
VI) and Close-in (CI); and two models with the capacity of
modelling small-scale fading: SBR Ray Tracing (parameters
in Table VII) and NYU-stochastic model (Table VI). However,
this work focuses on propagation and signal coverage and

Table VI
PARAMETERS FOR THE FREE-SPACE AND NYU PROPAGATION MODELS, IN
RAIN CONDITIONS

SBR Ray Tracing Model

Parameters Values
Angular separation of the rays media
Surface material of building geography Concrete

Relative permittivity of building surface mate- | 5.31 (for concrete in a

rials frequency range of 1-
100 GHz)

Conductivity of building surface materials 0.0548 S/m

Surface material of terrain geography Concrete

5.31 (for concrete in a
frequency range of 1-

Relative permittivity of terrain materials

100 GHz)
Conductivity of terrain materials 0,0548 S/m
Surface material of the Cartesian map Plasterboard
Relative permittivity of the surface material 2.94
Conductivity of the surface material 0,0183 S/m

Table VII
PARAMETERS FOR THE SBR RAY TRACING PROPAGATION MODEL

therefore in large distance attenuation and shadow fading (ran-
dom fluctuations around the mean values predicted by large
distance fading models). Since Ray Tracing takes into account
reflections, SBR-RT and NYU models are able to describe
multipath propagation. The NYU model is also capable to
model doppler shift, another small-scale effect.

Large scale propagation models predict the path loss be-
tween two remote sites, as a function of their distance. These
mean path losses are described using a log model in terms of
the distance and the received power at a reference LOS point
located near the transmitter. Due to their stochastic formula-
tion, these models do not consider terrain particularities neither
atmospheric perturbations such as rain or fog. Particularly, CI
uses a reference point located to 1 m from the transmitter,
and has been adjusted to empirical data collected from almost
3000 data points from measurement campaigns performed in
Aalborg University, UT Austin, NYU and Qualcomm for both
LOS and NLOS environments. Therefore, CI is currently the
5G model most adjusted to reality. [17]. For simulations, setup
A included the rain-model [18], and the gas-model [19] besides
the free-space model. Setup B also included the fog-model
[20].

For rainy conditions, it was employed some data of Quito,
provided by the Meteorology and Hydrology National Institute
(INAMHI).

III. RESULTS

Figure 4 presents the experimental results for blockage for
an IMT-2020 antenna, placed at a height of 25 meters whose
front horizon, up to 1000 meters, is an urban zone plenty of
buildings and a measured building density A = 3.1592m 2.
For this experiment, the Ray Tracing model with zero reflec-



tions was used and sections of area comprised between the
half-power beam width (HPBW) of the antenna at the maxi-
mum distance of 600 meters were extracted with incremental
ranges of 10 meters for the distance between transmitter
and receiver. Within each polygon, the LOS probability was
estimated as the average of the normalized powers in relation
to the highest power level of the segment.The theoretical LOS
probability curves were mathematically modeled as in [14].

It is evident that empiric curve achieved using ray tracing
fits well with the theoretical model for dense urban scenarios,
although certain minimums and maximums appear related to
the particular distribution of buildings in front of the antenna.
Since, the theoretical model has been validated, it may be
easily used to enhance stochastic models to include building
density. However, this requires a careful study that includes
field measurements that ensure that the statistical model keeps
on the basis of electromagnetic theory.
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Figure 4. LOS probability with one element antenna radiation pattern.

Figure 5 shows the coverage map in the objective area
using the SBR-RT technique, with 7 reflections. Lighter colors
identify regions with maximum power levels, whilst zones
with no color are areas with no coverage.

The received signal decay, as a function of the distance
between the BS and the UE, for each propagation model
employed in setups A and B. From Figure 6, it is an evident
fact that the employed stochastic models accurately match
the theory, with free-space loss factors close to 2, for LOS
conditions, and slightly greater than 3 for NLOS conditions.
Using CI and SBR-RT, the obtained loss factor is more
realistic, with a value of about 2.7 for setup A at 4 MHz
(Figure 6) and around 3.4 for setup B at 28 MHz (Figure 7).
Besides, with SRB-RT, it is meaningfully higher the shadow
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Figure 5. Coverage map with Ray Tracing SBR with 7 reflections.
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Figure 6. Coverage for different propagation models at 4 GHz.

fading dispersion. For setup B, the loss factors are higher for
free-space, CI, and SBR-RT, but similar for NYU for both
LOS and NLOS, with an increment of 1 dB in the shadow
fading in LOS conditions. Further, the SBR-RT curves show
an oscillatory behavior in the first 60 m, which may be related
to the results reported in [21] for propagation models based
on electromagnetic theory.

IV. CONCLUSIONS

Although it is true the fact that theoretically the path loss
coefficient does not depend on the signal’s frequency [21],
[17], in the stochastic models adapted to realistic environments
there is in fact such dependence [17]. A possible explanation
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Figure 7. Coverage for different propagation models at 28 GHz.

is the coexistence of LOS and NLOS conditions, due to
the geometry of the problem becomes more critical with
the increase of the distance, particularly for NLOS and high
frequencies. CI model seems to catch well the path loss
coefficient in relation with RT simulations in this study, but
penalizes signal with an additional attenuation of around 7 -
10 dB.
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