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ABSTRACT

The interest in studying the channel characteristics is exponentially increasing
with the growth of the communication systems. Various channel modelling ap-
proaches have been discussed in the past decades. The ray tracing based channel
models are distinguished from the other channel models as they considers the
environmental information and thus are expected to reflect the real propagation
phenomena that exist in that specific environment. The goal of this thesis is to
study the propagation channel characteristics of the three different channel mod-
els. The two deterministic channel models are the simplified map-based ray trac-
ing channel model implemented in the METIS project and the full ray tracing
based channel model implemented by the Beijing Jiaotong University. The third
channel model is the hybrid model based on METIS map-based channel. It uses
the deterministic part of the METIS map-based channel model.

Full ray tracing based models require detailed description of the propagation
environment or map and they target on site-specific channel modelling. Such site-
specific models are not typically required in performance testing of devices, where
the target is to ensure device performance in a typical propagation environment
and possibly to cover some extreme cases. The simplifying map-based approach
contradicts with the full ray tracing method in the way that the information of the
map is reduced by approximating the building shapes and introducing artificial
tiles to make scattering in the walls and ground reflections. Map-based channel
modelling provides additional realism in channel models compared to traditional
stochastic models applied in performance testing.

The urban street canyon scenario was chosen to be modelled. The comparison
was carried out at 3.5 GHz by means of performance metrics such as total path
loss, LOS and NLOS propagation conditions at UE positions, K-factor, RMS de-
lay spread, statistics of angles, angle spreads, and cross polarization ratios.

The results have showed similarities in LOS UE positions and dissimilarities in
NLOS UE positions. The reasons are identified and explained in the discussion
section. It is decided to investigate the radio channel characteristics of METIS
map-based channel model and hybrid channel model for the future study pur-
pose.

Keywords: ray tracing, channel model, hybrid channel model, K-Factor, RMS
angle spread, simplified map-based channel model.
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1 INTRODUCTION

The essential parts of communication systems are the transmitters, the channels, and
the receivers. The knowledge about the variation of channel characteristics and the
critical values of channel characteristics is paramount to design communication system
and performance testing of communication devices. Therefore, it is essential to know
a reliable channel model to design a system that works well in the real environment.
The signal transmitted from a transmitter undergoes various changes due to reflec-
tion, absorption, attenuation, dispersion, refraction, and diffraction. These phenomena
modify the signal in many ways, attenuation causes amplitude change, dispersion in
delay spreads the signal in the time domain, refraction due to various mediums bends
the signal and diffraction by the edges of an object cause scattering. Therefore, it is
critical to know how these phenomena affects channel response.

When 2G systems were in use, the path loss model was fairly enough to design the
system. But the growth of generations from 2G to 5G and beyond has made it more
challenging to design a system by requiring high accuracy while increasing the system
complexity.

The devices used in 5G and beyond are expected to work in the frequency range
500 MHz to 1 THz [1]. In addition to that, it is expected that 5G will facilitate differ-
ent use cases such as high-speed broadband, machine-to-machine, device-to-device,
vehicle-to-vehicle and high-speed train communications. In order to facilitate these,
it is required to have a data rate of 10 Gbps, cell edge rate grater than 100 Mpbs and
latency less than 1 sec [2]. The new scenarios of interests have be identified in [3],
such as Urban Micro (UMi) with Outdoor to Outdoor (O2O) and Outdoor to Indoor
(O2I), Urban Macro (UMa) with Outdoor to Outdoor (O2O) and Outdoor to Indoor
(O2I), indoor, backhaul and device to device/ vehicle to vehicle (D2D/V2V).

These advance requirements have demanded the additional requirements for new
channel models. To address these demands, various proposals are found in the liter-
ature. Such proposals are, extending the existing 3D channel model in 3GPP (3GPP
3D), supplementing the additional requirements of 5G, increasing the supported fre-
quency to up to 100 GHz, supporting the channel bandwidth in the range 100 MHz to 2
GHz, accommodating the mobility scenarios D2D and V2V, hence expected to support
the UE speed up to 500 km/hr [2]. In addition to that, consideration of spatial consis-
tency, support of the range of antenna arrays such as linear, planar, cylindrical, and
spherical arrays with arbitrary polarization, temporal and frequency consistency, less
computation complexity and higher accuracy, consideration of propagation condition,
modelling of polarization characteristics, backward compatibility, and blockage mod-
elling are suggested in [4]. Moreover, the author in [5] has addressed the requirement
of new modulation waveforms.

Map-based modelling utilizes ray tracing to find the paths. Since it uses the envi-
ronmental information in the form of digital information, it is expected to replicate the
propagation phenomena exists in the real environment. In addition to that, it follows
the deterministic approach and includes the propagation mechanisms such as penetra-
tion, diffraction, specular reflection, and diffuse scattering, penetration. The channel
impulse response of each path provides the information distance, incident angle, re-
flected/diffracted/scattered angle as well as the electromagnetic property of the corre-
sponding material. Therefore, the spatial and temporal consistency is guaranteed [6].
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Moreover, the ray tracing methods are proven to give more accuracy as they are site-
specific and the properties of each ray discovered via ray tracing provides the knowl-
edge about the path loss, propagation delay, angle of arrival and angle of departure.

Even though map-based channel modelling provides all these benefits, challenge ap-
pears as the complexity increases when the map size increases and it requires enormous
computation power and time. The author in [7], describes how adding a stochastic part
on top deterministic part will reduce complexity and give more realism.

In channel modelling, it is often interesting to know the variation of channel charac-
teristics in the domains such as path loss, time, delay, doppler shift, and polarization.
The critical values are often required by the designers to design the system to perform
at various extreme scenarios. In this thesis, it is aimed to compare the three channel
models: two models with the same modelling principles but using the simplified map
with METIS map-based model and other model is a hybrid model. The full ray trac-
ing based channel model is developed by the Beijing Jiatong University. The METIS
map-based model has been developed in the METIS project. The hybrid model has
been developed by Keysight Technologies Oy.

1.1 Overview of thesis

This thesis is focused on comparing two deterministic channel models and one hybrid
model. The thesis is structured as follows: In Chapter 1, the radio channel and the
importance of channel modelling from 2G to 5G and beyond is introduced. Subse-
quent chapters describe the background theories for channel modelling and depict the
ray-tracing and hybrid-based channel modelling approaches and channel modelling
comparison parameters. In Chapter 2, the radio channel is introduced, the propagation
mechanisms are elaborated and the description of the channel is presented. Chapter 3,
discusses the simplified map-based ray tracing, the hybrid channel modelling methods
and the channel modelling tools used are briefly described. Chapter 4 brief the compar-
ison metrics and elaborate the application of them in comparing the channel models.
Chapter 5 includes the simulation settings and the comparison results. Later subjects
Chapter 6 and 7 present the discussion and conclusion of the findings in this thesis.



9

2 WAVE PROPAGATION AND RADIO CHANNEL

In this chapter, the basic concepts and literature related channel modelling are dis-
cussed. At first, the propagation mechanism is introduced and later the channel mod-
elling descriptions, modelling methods, and fundamental theories associated with them
are presented. The channel modelling aims to mathematically describe the behavior of
the channel. The following propagation mechanisms are found in literature: the free
space propagation, reflection, refraction, absorption, scattering, and diffraction [8].
Next, we discuss about the propagation phenomena briefly.

2.1 Propagation mechanism

Radio propagation is influenced by the propagation phenomena, which are illustrated
in Figure 1.

Figure 1. Main propagation phenomena.

The amplitude and the phase of ray is changed by these phenomena. Therefore, it is
essential to study the physical and mathematical description of the fields and the phase
change of the ray that experiences these phenomena.

2.1.1 Line of sight propagation

Path loss is the loss the signal experiences by traveling by far distances. Path loss
models for various propagation scenarios are proposed in [9]. For a line of sight prop-
agation, the received power from a transmitter separated by distance d can be given by
well-known Friis’ free space path loss law as [10]

Prx|dBm = Ptx|dBm +Gtx|dB +Grx|dB + 20log(
λ

4πd0

)− 20log(
d

d0

), (1)
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where d0 is an arbitrary reference distance and often considered as equal to 1, d is the
distance of the receiver from the transmitter, Gtx is the gain of the transmitter antenna,
Grx is the gain of the receiver antenna, Prx is the received power, Ptx is the transmitter
power and λ is the wavelength. The corresponding path loss PL can be calculated by

PL[dB] = Ptx[dB]−Prx[dB]+Gtx[dBi]+Grx[dBi]−L[dB] = 20lg(4πd)−20lg(λ),
(2)

where Prx, Ptx are the received and transmitted powers. The author in [1] has catego-
rized the various path loss models based on their applicability. In free space path loss
calculation, the effect of the antennas on both the transmitter and the receiver are not
taken into account and the isotropic propagation is considered.

2.1.2 Reflection and refraction

The reflection or specular reflection is distinguished from diffuse reflection by the situ-
ation where the incident angle is equal to the reflected angle. In ray tracing, the interest
is to know the change of the direction of the ray and the amplitude of the incident, re-
flected, and transmitted ray. Figure 2 depicts the reflection and refraction mechanism.

Figure 2. Reflection and refraction between two medium distinguished by different
refraction indices. The angles θi, θt, θr are incident, transmitted and reflected angles.

The reflected and refracted angle can be calculated with respect to incident angle.
The transmitted and the reflected ray that has traversed from the first medium to the
second medium is governed by the well-known Snell’s law, and the relation between
angles θi and θt is shown in [8] as

sinθi
sinθt

=
n1

n2
, (3)

where n1 and n2 are the refraction indices of the ray impinging and refracting medium.
The amplitude of the reflected and transmitted ray is calculated relative to the incident
wave amplitude by the Fresnel reflection and transmission coefficients. Given that the
ε1 and ε2 are the dielectric constants of the two materials, the Fresnel transmission
and reflection coefficients in the cases where the electric field vector is parallel to the
interface of two dielectrics (transversal electric wave, TE wave) and the case where the
magnetic field is parallel to the interface(transversal magnetic field,TM wave) can be
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calculated as follows. The reflection and the transmission coefficients of the TE wave
are given as [10]

ρTE =

√
ε1cos(θi)−

√
ε2cos(θt)√

ε1cos(θi) +
√
ε2cos(θt)

TTE =
2
√
ε1cos(θi)√

ε1cos(θe) +
√
ε2cos(θt)

·
(4)

Similarly the reflection and the transmission coefficients of the TM wave can be given
as

ρTM =

√
ε2cos(θi)−

√
ε1cos(θt)√

ε2cos(θi) +
√
ε1cos(θt)

TTM =
2
√
ε1cos(θi)√

ε2cos(θi) +
√
ε1cos(θt)

·
(5)

2.1.3 Diffraction

Pioneering work on diffraction was carried out by Keller[11] with the introduction of
geometrical theory of diffraction (GTD) by Keeler. The electric field of a diffracted
ray is given by [10]

Etotal = exp(−jkox)(
1

2
− exp(jπ/4)√

2
F (vF )), (6)

F (vF ) =

∫ vF

0

exp(−jπ t
2

2
)dt, (7)

where k0, λ, F (vF ), vF represent the wave-number, wavelength, Fresnel integral, and
Fresnel parameter, respectively. There is alternative approach to calculate the loss due
to diffraction, which is proposed by Jan-Erik Berg [12]. This original method is to
calculate the path loss for micro-cell in the environment where surrounding buildings
heights are larger than the antenna’s height. However, this is used in calculating the
loss from a diffraction point considering it as a secondary transmitting source.

2.1.4 Scattering

Reflection or specular reflection happens if the incident medium is smooth but if the
incident medium is rough then the ray is scattered in multiple directions. There are
several methodologies found in the literature to model the scattered rays. The well-
known Lambertian based method models the scattered rays by considering the scat-
tering source as a transmitter. But one of the downsides of this method is that the
influence of polarization is not considered. This method was further developed by
the [13] with the ability to tune the main parameters and extensions of this model to
support the ultra-wideband signal was carried out by [14].
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2.2 Multipath propagation

In this section, we introduce the multipath propagation and its effect in the propaga-
tion environment. The multiple replicas of the signal reach the receiver via multiple
paths with each rays having different delay, phase, angle of arrival, angle of departure,
and attenuation. These effect are caused by the different propagation mechanisms ex-
plained in Section 2.1.

1. Fading: the amplitude variation caused by the superposition of MPC.

2. Frequency dispersion: caused by the movement of the transmitter or the receiver
or the interacting objects.

3. Delay dispersion: delay is the time taken to the signal to travel through a specific
multipath component.

4. Polarization dispersion: reflection or diffraction causes changes in polarization
state thus making it necessary to consider polarization changes from the trans-
mitter to the receiver.

Therefore, it is essential to consider the multipath propagation and characteristics of
mutlipaths such as reflection, transmission, and diffraction.

2.3 Deterministic channel description

From legacy systems to 5G and beyond the mathematical description of the channel
has evolved representing information from various domains such as time, spatial, and
polarimetric. This section briefly discusses the mathematical descriptions that used to
describe channel response based on the requirements.

The impulse response the of channel is often described as a mathematical expression.
In legacy systems, the impulse response of SISO channel is calculated by [10]

h(t, τ) =
L∑
i=1

ai(t)δ(τ − τi), (8)

where ai is the complex amplitude of the ith MPC and τi is the multipath delay. It can
be observed that the channel response is a sum of each multipath component response.
This can be further extended to the MIMO system as

h(t, rtx, rrx, τ,Ω,Ψ) =
L∑
l=1

hl(t, rtx, rrx, τ,Ω,Ψ)

=
L∑
l=1

alδ(τ − τl)δ(Ω− Ωl)δ(Ψ−Ψl),

(9)

where Rtx and Rrx are the coordinates of the receiver and transmitter antenna, Ω is the
azimuth angle of departure (AOD) and Ψ is the azimuth angle of arrival (AOA). The
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equation (9) includes the complex gain of the multipath components and the receiver
and transmitter gains are not considered. Therefore, MIMO systems with the antenna
types other than isotropic this can be extended as

hi,j = h(r
(j)
tx , r

(j)
rx )

=
∑
l

hl(r
(1)
tx , r

(1)
rx , τ,Ωl, ψl)G̃tx(Ωl)G̃rx(Ψl)δ(τ − τl)

exp(jk(Ωl) · (r(j)
rx · r(1)

rx ))exp(jk(ψl) · (r(i)
rx · r(1)

rx )),

(10)

where the symbol "·" denotes the scalar product. The equation (10) calculates the gain
in the direction of Ωl. Therefore, it is necessary to know the steering vector αtx. For
the transmit and receive antennas with the spacing da, the TX steering vector can be
defined as:

αtx(Ω) =
1√
Ntx

[1, exp(−j2πda
λ
sin(Ω)) . . . exp(−j2π(Ntx − 1)

da
λ
sin(Ω))]T · (11)

The steering vector of the receiver antenna is also defined in the similar fashion. The
corresponding impulse response can be computed as

H =

∫ ∫
h(τ,Ω,Ψ)G̃tx(Ω)G̃rx(Ψ)αrx(Ψ)α†tx(Ω)dΨdΩ, (12)

where "†" denotes the transpose operation. If the dual polarized antennas are deployed,
the polarization of the antenna needs to be considered. The dual polarized antennas
are capable of transmitting both horizontal and vertical waves V and H, respectively.
For antenna systems with polarized components the channel model characterization
follows as

h(t, rtx, rrx, τ,Ω, ψ) =
L∑
l=1

([
αvvl αvhl
αhvl αhhl

])
δ(τ − τl)δ(Ω− Ωl)δ(Ψ−Ψl), (13)

where, α is the amplitude from vertically polarized transmitter antenna to vertically po-
larized receiver antenna. The symbols vv, vh, hv, and hh represent the corresponding
polarization configuration of the antenna.
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3 CHANNEL MODELLING METHODS

The channel modelling methods are divided into two; stochastic based modelling and
deterministic channel modelling. Such channel modelling methods are further catego-
rized in Figure 3. The purpose of the channel modelling is to drive a mathematical
description of behavior of the channel so that the behavior of channel in the domains
such as path loss, time, delay, doppler, spatial, and polarimetric can be studied. The
stochastic based methods generate fading coefficients based on a stochastic distribu-
tion. These distributions are derived by doing large measurement campaigns. Deter-
ministic modelling tries to reproduce the actual links existing in the typical environ-
ment by considering the environmental information such as geometry of the building,
terrain, etc.

Figure 3. Channel modelling methods.

In this thesis, three channel models are used to compare the channel characteristics.
METIS map-based model and full ray-tracing based model (FULLRT) are based on
the deterministic modelling methods. The hybrid model is developed by combining
the advantages of deterministic and stochastic methods.

3.1 Deterministic channel modelling

The deterministic method is the method, which uses digital maps or the geograph-
ical information about the specific place. The information can be geometry of the
buildings, architectural types, material information about the buildings, scattering ob-
ject (people, vehicles), and weather condition, etc. The deterministic channel models
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are also called as site-specific channel models as they replicate the links specific to a
particular environment and thus those channel models cannot be applied in any other
environments.

One of the commonly used deterministic channel models is the ray tracing based
channel model. Full ray tracing methods yield precise modelling of the propagation
channel characteristics of the modelled environment. Thus, it provides the accurate
data of the discovered rays. Such parameters are 3D distance, time, delay, and field
strength at the receiver, and angles of arrival and departure. However, this requires an
accurate map of the environment. The environment changes time to time and it often
requires updates to data bases. One of the challenges in the RT based method is finding
an updated map. RT based channel models are required by wireless service operators
to optimize their base stations in specific environments. However, in performance
testing it is not necessary to have such site-specific channel models. These map-based
channel models have proved to provide additional realism over stochastic methods.
The simplified map-based channel model was developed in the METIS project. That
model is also based on ray tracing [15]. The underlying idea of hybrid modelling is
that, it combines the advantage of deterministic modelling and stochastic modelling. It
utilizes the radio environment and the information about propagation condition from
deterministic modelling. Stochastic method is applied to model the effects that cannot
be described by the map [16].

3.1.1 Ray tracing based channel modelling

The ray is conceptualized as a line starting from one point and go towards the infinity.
One paradigm for a ray is the light originated from a source, such as sunlight. The ray
has properties such as position, direction, amplitude, phase, and polarization [17]. The
ray tracing method (RT) is considered as a superior method due to the following ad-
vantages. It is site-specific, claimed to provide high accuracy with MIMO systems, and
offer accurate space-time results. In addition to that, this method provides an effective
way to visualize the interaction of EM waves and it is said to be independent of the
bandwidth and the carrier frequency [18, 19]. The study in [20] shows that the capac-
ity rate calculation for the urban microcells is more informative than the conventional
approach. This RT based channel modelling requires the description of an environ-
ment with the information of building walls and other elements of building such as
windows and roof, bridges, terrain information, trees, etc. The goal of the ray tracing
based channel modelling is to model the real links in the propagation environment.
It is carried out by tracing the path of the ray that embarks from the transmitter and
reaches the receiver. The types of rays includes LOS, reflected, diffracted, scattered
and penetrated rays. One of the methods to trace the ray is based on the image based
or backwards ray tracing, which is illustrated in Figure 4.
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Figure 4. The image based method.

If the Tx and Rx locations and heights are known then the imaginary line to Ri
can be drawn. The line which connects the Tx and Ri gives the reflecting point at
earth or any surface. Now the path of the ray is determined. This is the first order
reflection. This simple approach can be followed to calculate multiple reflections. A
tree is drawn by considering each images identified through this method. An image is
considered as one path segment. Several path segments together construct a ray. If one
or more images is saved then it is considered as a valid ray. It is also possible to model
a penetrated ray by considering the internal reflection and refraction. The reflected and
refracted angles are governed by the Snell’s law. The scattered rays are modelled as
considering the scattering source as a secondary transmission source. In practice, a ray
contains multiple interactions combined together.

In ray tracing approach channel transfer function can be composed as [19].

Hi(f) = ai(f)eiψ(f) (14)
= δ(θAOD − θAOD,i)δ(θEOD − θEOD,i)δ(θAOA − θAOA,i)δ(θEOA − θEOA,i)

(15)

H(f) =

Nrays∑
i=1

G′txHi(f)Grx (16)

where the parameters AOA, AOD, EOA, EOD, delay, the electric field at the receiver
point, and the path length need to be known. The complexity of ray tracing grows
exponentially with increasing deterministic information.

3.1.2 METIS map-based channel modelling tool

The implementation of the METIS map-based modelling tool requires wall coordinates
of a building, coordinates of the antenna and the receiver, in the global coordinate sys-
tem as an input. The map is simplified in order to use it with the current implemen-
tation of METIS map-based model. Simplifying reduces the number of the building
by considering the necessary buildings and shaping the buildings to be as rectangular
or square faced. In addition to that all buildings which have more than four faces or
irregular shape are reduced to four shaped rectangular or square faced buildings.
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(a) (b)

Figure 5. The picture shows the original and the simplified map : (a) Map after con-
version from sketch file, (b) Map after simplification.

Figure 5 illustrates the original map and the simplified map. The transmitter or Tx
point is considered as the first node and the algorithm searches for the second node
by searching the walls that are LOS or via specular reflection. This search procedure
discovers the possible building for the next interaction.

Figure 6. LOS walls.

Figure 6 shows examples of this LOS wall searching procedure. The walls that are
LOS to the green colour wall are highlighted by the red colour. The possible second
nodes can be interaction points such as reflecting, scattering, diffuse scattering objects
or sources are searched. It is carried out by searching the walls, which are visible to
the MS and the BS. It is illustrated in Figures 7 and 8.
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Figure 7. LOS walls to MS.

Figure 7 illustrates the possible direct paths from the UE to a wall. This procedure
assists in finding the possible path to a receiver after an interaction. Similarly, the
walls, which are not blocked by any object or buildings are identified by Tx to LOS
checking, which is presented in Figure 8.

Figure 8. LOS walls to BS.

The METIS implementation supports the rays that are combined with the multiple
propagation mechanism and which are presented below. It supports reflection of or-
der 2 and it is possible to have three interaction in one path. However, the current
implementation does not consider penetration.

Therefore, the typical ray will have multiple interactions as shown in Figure 9.
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Figure 9. Illustration of the actual path found for one Tx and Rx position.

Figure 9 illustrates the typical path found for one UE position and a micro base station.
The corresponding ray is the type of Tx→ LOS→ Diffraction→ LOS→ diffraction→
reflection→ end. The 3D coordinates of the interacted points are collected. Euclidean
distance gives the distance in between the interaction points and interaction points to
UE or BS. The high level mathematical description of the METIS map-based model is
given in [15]. In this section, it is briefly explained.

For a path from the transmitter element u, and the receiver element s, the set of vec-
tors Ψk = Ψki = xki, yki, zki, Tki, k = 1, . . . K, i = 1, . . . Ik needs to be determined. In
whichK is the number of paths ways and Ik denotes the path segments. Path segments
are segments of a ray in between two interaction points. Parameters xki, yki, zki are x,
y, and z coordinates of the ith interaction point of kth pathway, Tki is the interaction
type direct, reflection, diffraction, object, scattering, or diffuse scatering. The AOA
and EOA can be calculated by considering the XYZ coordinates of the last interacted
point and current XYZ coordinates of the UE. Similarly, the AOD and EOD can be
determined using XYZ coordinates of the first interaction point and XYZ coordinates
of the BS. The sum of the euclidean distance of path segments gives the total length
dk,u,s of the ray. For each interaction, the corresponding polarization matrix A and di-
vergence factor F need to be calculated. The polarization matrix A is a 2 × 2 matrix
with the amplitude α in the direction θ and φ given as

A =

[
αθθ αθφ
αφθ αφφ

]
· (17)

The divergence factor is a measure of spreading of the wave in terms of distance. For
the LOS ith segment of the kth path, propagation consists only the diagonal elements
and it can be defined as

Alosk,i,u,s =

[
1 0
0 −1

]
· (18)
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The corresponding divergence factor is

F los
k,i,u,s =

1

sin
, (19)

where s is the length of the LOS ray. Consequently the propagation matrix hk,i,u,s for
the full ray can be expressed as

hk,iu,s = βArefk,i,u,s, (20)

where the parameter β refers to the scattered power ratio. This can be either set to a
scale value or can be calculated considering the surface roughness. In each reflection
case, the instruction to calculate the polarization matrix A as given in [15 p. 120].

The relation between the incident and reflected electric fields is given by[
Eθr
Eφr

]
= A

[
Eθi
Eφi

]
, (21)

where Eθi, Eφi are the incident electric fields. The electric fields at reflected fields can
be calculated using the equations (5) and (4).

The parameters θ and φ in equation (21) denotes the polarization components in eθ
and eφ directions with respect to the propagation direction er of the path.

In the implementation, the modelling of a diffracted ray is based on UTD or Berg’s
recursive model. In this thesis, it is configured as UTD. The divergence factor is ex-
pressed as

F diff =
√
sin/sD(sin + sD), (22)

where sin gives the distance from the BS to the diffraction point, sD gives the distance
to the UE from the diffraction point. The polarization matrix in the diffraction case is
given by as

A =

[
Da Db

Dc Dd

]
, (23)

where Da, Db, Dc, and Dd are the polarization components. Reflection on rough
walls is modelled as diffuse scattering. The polarization or propagation matrix for the
scattered path k is given by

hk,i,us =
√
Gsc
k,i,us

[
exp(jΦθθ

k,i) exp(jΦθφ
k,i)

exp(jΦΦθ
k,i) exp(jΦφφ

k,i)

]
, (24)

where Gsc
k,i,us is the scattering gain and Φ is the random phase. The phases of scattered

rays are modelled as the random uniform distribution with the range [0, 2π]. For the
scattered rays the divergence factor of the ray can be calculated as follows

F sc = 1/Ss, (25)

where Ss gives the distance between the receiver node and the scattered node.
Finally, the total propagation matrix can be calculated by the product operation of the

propagation matrix calculated for the each path segment. The instantaneous channel
impulse response can be composed as
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Hu,s(t, τ) =
K∑
k=1

gRXu (−kRXk,u,s(t))T e
j2πdk,u,s(t)

λ

·(
Ik∏
i=1

hk,iu,s(t)F
Tki
k,i,u,s(t)g

TX
s (kTXk,u,s)e

jtwDk δ(τ − τk,u,s(t)), (26)

where the antenna pattern of the uth element of the receive antenna and the sth element
of the transmit antenna are denoted by gRXu and gTXu , the doppler frequency is denoted
by wDk and the divergent factor of each path segment is denoted by F Tki

k,i,u,s [21].

3.1.3 CloudRT - full ray tracer tool

Figure 10. Map loaded to the Full ray tracing tool.

The implementation details of the CloudRT tool are discussed in [19]. In this section,
the differences between the CloudRT tool and METIS map-based modelling tools are
discussed. CloudRT is a high-performance computing platform. It requires coordinates
of antennas, UE, building or objects. It also has an environment, material, antenna
library providing the possibility to the user to customize the simulation based on the
requirements. Moreover, [19] claims this RT tool can be used to simulate scenarios
like mmWave railway communications and indoor mobile robots communication in
smart ware-house. The differences between the METIS map-based channel modelling
tool and the CloudRT tool are listed below.

• Map: METIS map-based model uses the simplified map . In the CloudRT tool
the map is not altered at all.

• The material library can be used in the CloudRT tool. In the simplified map-
based model, it is assumed that the all building has the same electric parameters.

• The simulation time in the CloudRT tool is significantly less than in the METIS
map based tool.
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• In CloudRT tool the polarization matrices cannot be derived directly. It re-
quires 4 times simulation with the corresponding polarization configuration of
the transmitter and the receiver. The configurations are HH, VV, HV, and VH.

• Penetrated rays can be modelled with the CloudRT. The current implementation
of the METIS map-based model does not include this mechanism.

• METIS model supports the multiple propagation mechanism.

• Both models support up to interaction of order 3. but in the CloudRT tool it can
be defined.

The following Figure 11 describes the workflow of getting the simulation data from
the CloudRT tool.

Figure 11. Workflow of generating propagation parameters from the CloudRT tool.

As illustrated in the diagram, initially the BS and the UE coordinates have to be
set in the Universal Transverse Mercator (UTM) coordinate system. Antennas of the
BS and the UE are configured as the isotropic antennas. Building material related
parameters, such as relative permittivity, are chosen based on the material library that
is set to each building. After all configuration, the configuration file is uploaded to the
CloudRT server.

3.2 Map-based hybrid channel modelling

The principle of hybrid modelling is that it uses deterministic propagation parameters
for the specific environment and on top of the deterministic part, the stochastic method
is added to compose channel coefficients. The details on hybrid modelling are given
in [22]. The map-based hybrid channel modelling was proposed in [7]. The METIS
map-based model was used in the deterministic part. From the deterministic part of
the METIS map-based model, the path lengths, arrival and departure directions were
collected. Path tracking is considered to ensure a realistic path/cluster birth-death pro-
cesses [23].

As the first step of path tracking, common paths are identified. Identifying common
paths is carried out by considering the consecutive two UE locations and following the
steps mentioned below.
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• In each UE locations, collect the wall coordinates of the first and the last inter-
actions.

• Compare the first and the last coordinates in the current UE positions and if the
the coordinates are the same, then validate that the AOA, EOA, AOD, and EOD
are the same in those UE locations in that specific interaction.

• If the above mentioned steps goes well then collect the corresponding path data.

The path tracking assures the continuity of the path. The collected paths are sep-
arated into LOS and NLOS types. The paths identified from this path tracking are
considered as common paths. Initially, these common paths are grouped into clus-
ters. The cluster centroids are chosen based on the significant paths. The clusters are
selected based on the power by applying a window of 30 dB (localmax-30). The max-
imum number of clusters was limited to 45 in this simulation. For each cluster, cluster
powers, cluster delays, and cluster angles are to be calculated. The cluster delays and
powers will be the same as the delays and powers of the significant paths, of which
the cluster centroids are based on. The cluster angles are calculated based on the geo-
metric method considering the first and the last interaction coordinates. The next step
is to determine the cluster angular spread. The cluster angle spreads are determined
based on the path interaction type and the distance to the first and the last interaction
is considered to calculate angle ranges. The cluster spread is defined as [23]

AS = AR/3, (27)

where AR is the angle range. AR is calculated as

AR = 2arctan
D

2d
, (28)

where d is the distance to/from the first/last interaction point. For each interaction,
elevation and azimuth angular width is defined, which is then used in calculating the
cluster spreads. The azimuth and elevation angle widths are presented in Table 1.

Table 1: Angle range defined for each interaction.

Interaction type Azimuth angle width (widaz) Elevation angle width (widel)
Ground reflection 0 0
Single reflection 3 3

Multiple reflection 7 7
Diffraction 5 10

Rooftop diffraction 10 5
Scattering 2 2

Diffuse scattering 20 20

The calculation of the cluster spreads goes as follows

ASD =
2 ∗ tan−1(0.5 ∗ widaz/d)

3
, (29)
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ESD =
2 ∗ tan−1(0.5 ∗ widel/d)

3
, (30)

ASA =
2 ∗ tan−1(0.5 ∗ widaz/d)

3
, (31)

ESA =
2 ∗ tan−1(0.5 ∗ widel/d)

3
, (32)

where d is the distance to the first interaction point from the BS in ASD and ESD, and
distance to the last interaction point from the UE in the ASA and the ESA. Next, on top
this clusters, 20 paths were created. The power of the each ray is calculated by equally
dividing the total power. The delay of rays are considered as equal to the cluster delay.
The angles of the rays, such as AOA, AOD, EOD, EOA, delay and power, can be
calculated. The table below shows offset that can be applied to create paths.

Table 2: Offset angles of ray .

Ray number m Basis vector of offset angles αm
1,2 ± 0.0447
3,4 ± 0.1413
5,6 ± 0.2492
7,8 ± 0.3715

9,10 ± 0.5129
11,12 ± 0.6797
13,14 ± 0.8844
15,16 ± 1.1481
17,18 ± 1.5195
19,20 ± 2.1551

The angles of the mth ray of the nth cluster are calculated as [24]

φn,m.A = φn,A + cAαm, (33)

where αm and cA refer to the offset of the ray and the cluster-wise angle spread. This
explains the propagation channel parameters generation. Thereafter, the calculation of
the fading coefficients is explained. The fading coefficients for the hybrid channel are
created following the steps 11 to 13 in [3]. The fading coefficients are created for the
LOS and the NLOS rays separately.

For the NLOS rays created on top of the cluster, initial phases Φθθ
n,m,Φ

θφ
n,m,Φ

φθ
n,m,

and φφφn,m are applied. The phase distribution follows the uniform distribution within
(−π, π).

The fading coefficients for the NLOS rays are composed as follows [3]
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Hu,s,n,m,k(t) =

√
Pn
M

M∑
m=1

[
Frx,u,θ(θn,m,EOA, φn,m,AOA)
Frx,u,φ(θn,m,EOA, φn,m,AOA))

]T
[

exp(jφθθn,m)
√
K−1
n,mexp(jΦ

θφ
n,m)√

K−1
n,mexp(jΦ

φθ
n,m) exp(jφφφn,m)

] [
Ftx,s,θ(θn,m,EOA, φn,m,AOD)
Ftx,s,φ(θn,m,EOA, φn,m,AOD))

]T
·exp(

j ∗ 2π(r̂Trx,n,m · d̄rx,u)
λ0

exp(
j ∗ 2π(r̂Ttx,n,m · d̄tx,u)

λ0

·(
√
Pn,m,k · 10

−(OLn,m(fk+BLn,m(fk,t))

20 exp(
j ∗ 2π(r̂Trx,n,m · v̄)

λ0

t

(34)

and the fading coefficients for LOS rays are calculated as

Hu,s,n=1,k(t) =

[
Frx,u,θ(θLOS,EOA, φLOS,AOA)T

Frx,u,φ(θLOS,EOA, φLOS,AOA)T

] [
exp(jφLOS) 0

0 −exp(jφLOS)

]
[
Ftx,s,θ(θLOS,EOA, φLOS,AOA)
Ftx,s,φ(θLOS,EOA, φLOS,AOA)

]
exp(j2π

fk
c

(r̂Trx,LOS · d̄rx,u + r̂Ttx,LOS · d̄tx,s))

(
√
P1,k × 10

−(OLn,m=1((fk)+BLn,m=1(fk,t))

20 )exp(j2π
fk
c
r̂Trx,LOS v̄t),

(35)

where Frx,u,φ is the field pattern of the receive antenna from the antenna element u in
the direction of the spherical vectors θ and φ, Ftx,u,φ is the field pattern of the transmit
antenna from the antenna element s in the direction of the spherical vectors θ and φ,
d̄rx,u is the location of the receive antenna element u, d̄rx,s is the location of the receive
antenna element s, Kn,m is the cross polarization power ratio in the linear scale, and v
is the doppler frequency.
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4 CHANNEL MODEL EVALUATION METRICS

From legacy systems to 5G and beyond channel modelling has evolved by requiring
the knowledge about the channel in power, frequency/delay, time/doppler, spatial or
angular and polarimetric domain [25]. The knowledge of the behavior of the channel
in these domains is needed to design a high performing communication system. The
multipath signal that is transmitted from an antenna is received with different delays,
distance, and direction. The study of the dispersion of received signal in these do-
mains is essential to know the negative impact of multipath propagation in the NLOS
condition.

4.1 Power delay profile (PDP)

The power delay profile depicts the variation of the power of each path with respect
to the delay. In this simulation, it is presented as power and delay variation along the
UE positions. As this simulation deterministic based, power, and delays are one of the
direct outputs from the three channel models.

4.2 RMS delay spread

The multipath propagation has introduced many rays and each ray has the different
gain and delay. The knowledge of the delay spread is essential to know whether a
channel is ISI-free channel or not. RMS delay spread is one of the techniques that
is used in characterizing the wideband channel [26]. The standard deviation and the
mean of the delay spread are calculated as [27]

DS =

√∑M
=1 Pmτ

2
m∑M

m=1 Pm
− τ 2

0 , (36)

where Pm and τm refer the power and the delay of the mth path. The mean delay τ0 is
defined as

τ0 =

∑M
m=1 Pmτm∑M
m=1 Pm

, · (37)

4.3 RMS angle spread(circular angle spread)

The angle spread calculation shows the dispersion of the received signal in the an-
gular domain. The channel with a large angular spread shows large capacity and the
small angular spread assists in efficient beamformer design [28]. The properties of the
angular spread are claimed to govern the characteristics of capacity distribution and
eigenvalues [29]. There are two methods that have been discussed in the literature to
find the angle spreads [30]. One method considers the LOS path as a reference and
calculate spreads but the other method uses a circular wrapping method to find the
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reference direction. In this thesis, the latter method is used. The CAS function as
described in [31], can be calculated for N multipaths and each having M sub-paths

σAS =

√√√√√√√
∑N

n=1

∑M
m=1

(
θn,m,µ

)2

∗ Pn,m∑N
n=1

∑M
m=1 Pn,m

, (38)

where Pn,m is the power of mth sub-path of the nth path. θn,m,µ is defined as

θn,m,µ = mod(θn,m − µθ + π, 2π)− π· (39)

The symbol µθ is expressed as

µθ =

∑N
n=1

∑M
m=1 θn,m ∗ Pn,m∑N

n=1

∑M
m=1 Pn,m

, (40)

where θn,m is either the AOA or the AOD of the mth sub-path of nth path.

4.4 Power angular spectrum (PAS)

Power angular spectrum gives the power distribution in the angular domain. It is an
essential metric to know the direction of power where the maximum power is generated
in the angular domain.

4.5 Cross-polarization power ratio

Cross-polarization measure provides the knowledge about the polarization imbalance.
The ray experiences different interactions while travelling from the transmitter to the
receiver and the polarization of the ray is changed in each interaction. Therefore,
it is necessary to know the power in the polarization domain in order to know the
power loss due to polarization mismatch. The calculation of the polarization ratio is
mainly carried out for isotropic antennas. The cross-polarization ratios XPRv, XPRh
are defined in [32] as

XPRV =
|αV V |2

|αHV |2
, (41)

XPRH =
|αHH |2

|αV H |2
(42)

where α is the amplitude, vv, vh, hv, and hh denotes the polarization of the transmitter
and the receiver antennas. XPRv is a measure of the power at vertically polarized
antenna in its orthogonal polarized direction and XPRh is defined as vice versa. The
equations (41) and (42) are defined for the calculation at the receiver.
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4.6 K-factor

The K-factor is a measure of ratio of the power between the LOS ray and the NLOS
ray. In a study by [33], it was found that, by increasing the use of higher bands and
access point density, there is an increase of the LOS condition and the K-factor is said
to influence the fading statistics of BER, spectral efficiency, level crossing rate, and
average fading duration. K-factor can be calculated as [34]

KF =
PLOS∑

m 6=LOS Pm
, (43)

where PLOS is the power from the LOS ray and m is the number of rays.
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5 SIMULATION AND RESULTS

This chapter introduces the scenario, the channel model configurations and the com-
parison results of the modelled channel characteristics. The objective of this work is to
model the propagation channel in this chosen environment. This thesis does not asses
the capability of a modelling tool or to point out a certain weakness in the modelling
tool.

5.1 Channel modelling settings

In the literature, one of the 5G deployment scenarios is urban micro (UMi) with out-
door to outdoor (O2O) propagation [24]. The urban street canyon scenario type envi-
ronment was chosen to model the channel. The 3D map of the corresponding environ-
ment is presented in Figure 12. The UE route and the locations for the base stations
were selected with the possibility to have the LOS and the NLOS propagation condi-
tion. The UE route drawn with red and yellow colour was chosen to model the channel.
The UE route is discretized into 97 points with 5 m (red line) and 2.5 m (yellow line)
space as shown in Figure 12. In this thesis the following terms are used: 1) METIS
refers to the ray tracing based modelling tool with the simplified map implemented
in the METIS project, 2) FULLRT refers to the so-called CloudRT software which
is based on full ray tracing, which was implemented by Beijing Jiaotang University,
and 3) HYBRID refers to the METIS map-based model based hybrid implementation
developed by Keysight Finland Technologies Oy. In addition to this, the LOS UE po-
sitions means the UE positions with the LOS condition and the NLOS UE positions
means the UE positions without the LOS condition.

Figure 12. 3D view of map and including the positions of the UE and the base sta-
tions.
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In Figure 12, two micro base stations with the height 14 m and one macro base
station with the height 60 m are deployed as shown. These base stations are addressed
with the names BS1, BS2, and BS3, respectively. In addition to that, Table 3 and
4 shows the other parameters used to generate the channel model in both modelling
tools.

Table 3: The parameters in the METIS map-based channel model configuration.

Parameter Settings
Absorption coefficient α 0

Specular/Diffuse power ratio 0.5
Relative permittivity ε 4.5

Carrier Frequency 3.5 GHz

Table 4: The parameters in the FULLRT based channel model configuration.

Parameter Settings
Relative permittivity ε 1.91

Loss tangent 0.0296
Directive S 0.00187

Directive Alpha 50
Career Frequency 3.5 GHz

5.2 Simulation results

The simulations results consist of the comparison of both the large scale and the small
scale characteristics of the three channel models for the three scenarios. The compared
channel characteristics are the number of paths, LOS and NLOS UE positions, path
loss, delay spread, statistics of angles, angle spreads, and the K-factor.

5.2.1 The LOS and NLOS UE positions

It is essential in a ray tracing based model to discover the propagation condition for a
specific UE location. The propagation conditions in the hybrid model is identical to
the METIS model, hence it was decided to skip hybrid model in this comparison. The
LOS and the NLOS UE positions in the three scenarios are presented in Table 5 and
the corresponding UE locations are depicted in Figures 13,14, and 16.

Table 5: LOS positions in all three base stations.

METIS FULLRT
BS1 1→ 67 1→ 67
BS2 48→ 97 44→ 97
BS3 1→ 16, 30→ 97 30→ 97
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(a) (b)

Figure 13. UE positions with the LOS and the NLOS condition in the BS1 scenario
with the height 14 m : (a) METIS map-based model, (b) FULLRT based model.

Figure 13 depicts the LOS and the NLOS conditions in the UE positions. In this
scenario, both models have the same UE positions with the LOS conditions, which are
at the first 67 UE positions. However, this situation is changed in other two scenarios.

(a) (b)

Figure 14. UE positions with the LOS and the NLOS conditions in the BS2 scenario
with the height 14 m: (a) METIS map-based model, (b) FULLRT based model.

Figure 14 illustrates the LOS and the NLOS positions that were in the BS2 scenario.
Mismatches in the LOS condition can be seen. Table 5 shows that the UE positions
from 48 to 97 has the LOS conditions in the METIS model and the UE positions from
44 to 97 in the FULLRT model has the LOS conditions. The reason for this mismatch
is due to the simplifying approach, which is explained in Figure 15.
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(a) (b)

Figure 15. Illustration of the line from the micro BS2 to the 47th UE position: (a)
METIS map-based model, (b) FULLRT model.

It is seen that the geometry of the building is changed and hence it blocks the direct
ray at that specific UE position in the METIS model. The number of the LOS condi-
tions are increased for the BS3 scenario. But there were mismatches due to the same
reason as in the BS2 scenario. Figure 16 depicts the propagation conditions at each UE
positions in the BS3 scenario.

(a) (b)

Figure 16. UE positions with the LOS and the NLOS conditions in the BS3 with the
height 60 m : (a) METIS map-based model, (b) FULLRT based model.

The height of the BS3 is 60 m and it is obviously the reason for the increase in the
positions with the LOS conditions. In the METIS model, the UE positions from 1 to
16 and 30 to 97 have the LOS conditions, whereas in the FULLRT model the positions
30 to 97 have LOS conditions. The comparison of this result reveals that simplifying
buildings definitely has a negative effect but it is also needs to be mentioned that it is
hard to over come such issue when doing the simplifying process.
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5.2.2 Number of paths

This section presents the number of paths comparison. The comparison is carried out
by considering a dynamic range in each UE locations in order to observe the percentage
of the strong paths among all paths. The dynamic range are calculated by considering
the 60 dB threshold from the highest power of the ray in each locations. The total paths
and the paths within the dynamic range are presented by the dark red colour and the
blue colour, respectively. The difference in the total paths does not mean the capability
of the modelling software, rather is constraint of the system, However, the paths within
the DR are essential to know the percentage of the stronger paths in each location. The
number of paths modelled in each 97 UE position in BS1, BS2, and BS3 scenarios are
displayed in Figures 17, 18, and 19 respectively.
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Figure 17. The number of paths in the BS1 scenario : (a) METIS map based model,
(b) FULLRT based model.

The maximum of the total paths are 850 and 290 in the METIS model and the
FULLRT model respectively. The paths within the dynamic range vary in each lo-
cation. In the LOS UE positions it ranges between 5 to 10 and 1 to 5 in the METIS
model and the FULLRT model, respectively. Interestingly, all paths in the NLOS UE
positions in the FULLRT model lies within the range but it does not necessarily mean
the paths powers are strong but those path powers are below -140 dB. The reason for
less number of paths within DR in the LOS UE positions is the LOS path has much
strong power compared to the NLOS paths.
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Figure 18. The number of paths in the BS2 scenario : (a) METIS map based model,
(b) FULLRT based model.

Figure 18 presents the number of paths in the BS2. The variation of the number of
paths has the similar nature as in the BS1 scenario. But in this case the NLOS positions
of the FULLRT model shows less number of total paths and paths within DR are less
than what is in the BS1 scenario. This difference implies that, though the scenario
is same, statistics do not need to be the same as the antenna location is different and
the rays encounter different interactions. The paths in the BS3 scenario are shown in
Figure 19.
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Figure 19. The number of paths in the BS3 scenario : (a) METIS map based model,
(b) FULLRT based model.

Even though antenna height is large, the number of paths are less than the number
of paths in the UMi scenario, but interestingly the paths within DR are higher than in
the UMi scenario. It is also needs to be noted that the NLOS positions in the METIS
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model have maximum power of the ray around -118 dB which is higher than the max-
imum power of the ray in the NLOS positions in the UMi scenario. This comparison
reveals, the influence of the height of the antenna in the power of the NLOS rays in
the UE positions that do not have the LOS conditions. Two discrete reasons can be put
forwarded as the reasons for less number of the paths within the DR in the FULLRT
model. They are, reflection of order 2 and the rays that do not have the multiple prop-
agation mechanism combined together.

5.2.3 Path loss comparison of the three scenarios

The gain of the antennas, the other losses such as antenna feeder loss are not consid-
ered in the calculation. The path loss of the hybrid model is skipped as it takes the
propagation parameters of the METIS model and therefore the path loss is identical to
the METIS model. The free space path loss (FSPL) is calculated based on the Frii’s
law [35] for reference.
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Figure 20. Path loss comparison at 3.5 GHz in the BS1 scenario.

Figure 20 shows the total path loss calculated at each in the UE location in the
BS1 scenario. In addition to that, FSPL has been plotted as the reference. In the UE
Locations, where the LOS condition or the LOS path exists, the total loss includes the
loss from the LOS path and the other multipath. Therefore, the total loss has to be less
than FSPL as there are gain in the multipath. In all three scenarios, in the UE positions
where the LOS condition exists, the METIS model shows 2 dB gain but the FULLRT
model almost follows the FSPL as the multipath are weak. This is also illustrated in
Figure 23, which presents the different between the FSPL and the total path loss.
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Figure 21. Path loss comparison at 3.5 GHz in the BS2 scenario.

The path loss in the BS2 scenario has the same trend as in the BS1 scenario at the
UE positions where the LOS condition exist. However, the total loss is very high in
the METIS model at the UE positions where the LOS condition does not exist.
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Figure 22. Path loss comparison at 3.5 GHz in the BS3 scenario.

In the BS3 scenario, the UE positions where the both model has the NLOS propa-
gation condition, the loss is considerably less than in the BS1 and BS2 scenarios. It
is observed that the METIS model has around 15 dB higher loss than the FULLRT
model.

The path loss values at the UE positions where the LOS condition does not exist have
dramatic discrepancies. This also can be said due to the differences in the modelled
NLOS rays. Next, the comparison of the path loss to FSPL is presented. The "path loss
to FSPL" is calculated by subtracting the total loss from the FSPL. At each location,
the FSPL was calculated regardless of the propagation condition. The purpose of this
comparison is to illustrate the loss variation along the UE locations with respect to the
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FSPL. In the UE locations with the LOS propagation condition, the result of subtract-
ing the FSPL loss from total loss can be considered as the gain. It is because the loss
of the LOS ray can be calculated with FSPL. The positive result is represented by the
dark red colour.

(a) (b)

Figure 23. Path loss to FSPL comparison in the BS1 scenario : (a) METIS, (b)
FULLRT.

Figure 23 shows the colour which represents the gain in the LOS UE positions. This
implies that the NLOS rays of the METIS model in the LOS UE positions have higher
power than the NLOS rays of the FULLRT model.

(a) (b)

Figure 24. Path loss to FSPL comparison in the BS2 scenario : (a) METIS, (b)
FULLRT.

Figure 24 depicts the BS2 results for the path loss to FSPL comparison. This shows
the similar trend as in the BS1 scenario. However, it is observed that the METIS model
has a higher loss in the NLOS UE positions.
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(a) (b)

Figure 25. Path loss to FSPL comparison in the BS3 scenario : (a) METIS, (b)
FULLRT.

In the BS3 scenario, also the similar trend in BS1 and BS2 scenarios is exhibited.
In summary, the NLOS UE location has dramatic discrepancies between both mod-

els. The reasons identified are similar to that discussed in the number of paths compar-
ison. The propagation condition mismatch between the models and the rays from the
FULLRT model does not include the rays combined with more than one propagation
mechanism.

5.2.4 Power delay profile (PDP)

The power delay profiles in the BS1, BS2, and BS3 scenarios are presented in Figures
26, 27, and 28, respectively. The height of the vertical lines are negatively proportional
to the delays and colours of the lines are used in a way the rays can be distinguished
based on the power. In each UE locations, the rays with the power below the 200 dB
were discarded.

(a) (b)

Figure 26. Power delay profile in the BS1 scenario : (a) METIS, (b) FULLRT.
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The PDP comparison in the BS1 scenario between the METIS and the FULLRT
model shows the similar trend in the LOS UE locations. However, in the NLOS UE
locations, the delays of stronger rays vary dramatically. It is clearly seen that the
NLOS rays in the NLOS UE location of the FULLRT model have stronger power than
the METIS model. Next, the PDP in the BS2 scenario is presented in Figure 27.

(a) (b)

Figure 27. Power delay profile in BS2 scenario : (a) METIS, (b) FULLRT.

In BS1 and BS2 scenarios, it is surprising to see in the NLOS UE locations, there
are differences in the delays of the rays with the stronger rays. The PDP in the BS3
scenario is presented in Figure 28.

(a) (b)

Figure 28. Power delay profile in the BS3 scenario : (a) METIS, (b) FULLRT.

In the BS1, BS2, and BS3 scenarios, the results of the LOS rays as anticipated.
However in the METIS model it is observed to see the higher number of rays with
longer delays and significantly low powers.
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5.2.5 K-factor comparison

The K-factor is calculated in the UE locations that have the LOS condition. The K-
factor results in the BS1, BS2, and BS3 scenarios are presented in Figures 29, 30, and
31. The K-factor values have dramatic discrepancies in all three scenarios. Firstly, the
KF in the BS1 scenario is analyzed.
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Figure 29. K-factor comparison in the BS1 scenario.

The KF of the METIS model and the HYBRID model shows consistent and well-
aligned between two models. The KF of the METIS model in the BS1 scenario starts
from 5 dB and reach a peak at the 12th position and reduce gradually and reaches
around 2 dB at the 67th position. Next, the KF in the BS2 scenario is presented.
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Figure 30. K-factor comparison in the BS2 scenario.
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In the BS2 scenario, it starts at 4 dB and increases gradually until the last position.
This trend in UMi implies that, the higher KF is reflected at the UE positions with
higher euclidean distances. Thirdly, the KF result in the BS3 is discussed.
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Figure 31. K-factor comparison in BS3 scenario.

At first 18 positions in the BS3 scenario, the KF values of the METIS model have
rise and fall and from the 30th UE position shows similar trend in the UMi scenario.
One unanticipated finding is that the KF of all three BSs in the FULLRT model, fluc-
tuates frequently. These results did not show a significant trend. One immediate con-
clusion can be derived is that, the power of the NLOS rays at the each UE locations in
the FULLRT model are significantly weak. In addition to that the ground reflected rays
were not observed in the FULLRT model. Since the attenuation is mainly caused by
the distance travelled by the ray and the FULLRT model has limited support of prop-
agation mechanism, the NLOS rays from the FULLRT model fail to find the NLOS
rays that are possible to reach the UE with shorter distance. Therefore, this could be
the reason for the higher KF in the FULLRT model.
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5.2.6 Statistics of angles comparison

This section consists of the study of the probability of azimuth angles of arrival, az-
imuth angles of departure, elevation angles of arrival, and elevation angles of departure.
We considered 5o angle bin size to calculate probability. Firstly, the probabilities of
AOAs in the BS1, BS2, and BS3 scenarios are presented in Figures 32, 33, and 34.
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Figure 32. Probability of azimuth of angle of arrival in the BS1 scenario.
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Figure 33. Probability of azimuth of angle of arrival in the BS2 scenario.
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Figure 34. Probability of azimuth of angle of arrival in the BS3 scenario.

Though the BS1 and the BS2 are UMi with the same height 14 m, they do not show
considerable similarity in the statistics of AOA. In the BS1 scenario, the rays arrive
with the azimuth angles −100◦ and −5◦ in the FULLRT model but in the METIS
model, there are azimuth angles −160◦ with the 0.2 probability and −25◦ with 0.8
probability. FULLRT model yield same azimuth angles in all scenarios. The rays in
the HYBRID model arrive with multiple azimuth angles. The azimuth angles observed
in the BS1 scenario are −160◦, −100◦, in the BS2 scenario, angles are −90◦, 250◦ and
in the BS3 scenario, the angle is −160◦. Despite of these dissimilarities in the prob-
ability of AOA, it is more interesting to see there are higher probabilities of elevation
angles with similarities. Secondly, the EOAs in the BS1, BS2, and BS3 scenarios are
presented in Figures 35, 36, and 37.
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Figure 35. Probability of elevation of angle of arrival in the BS1 scenario.
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Figure 36. Probability of elevation of angle of arrival in the BS2 scenario.
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Figure 37. Probability of elevation of angle of arrival in the BS3 scenario.

The elevation angles of arrival are identical in both the METIS and the HYBRID.
The EOA in this case is centered around 0◦. Surprisingly, in the BS3 scenario, the EOA
is increased to almost 5◦. However, the EOAs in the FULLRT model shows different
values than the other two models. Thirdly, the statistics of the AODs are discussed in
Figures 38, 39, and 40.
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Figure 38. Probability of azimuth of angle of departure in the BS1 scenario.
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Figure 39. Probability of azimuth of angle of departure in the BS2 scenario.
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Figure 40. Probability of azimuth of angle of departure in the BS3 scenario.

The azimuth angles of departure from the BS1 scenario in the HYBRID and the
METIS models are −160◦, 10◦, and the BS2 scenario angles are around 90◦ and 10◦.
However, it needs to be noted the probabilities of same angles are less than in the
HYBRID model. It is difficult to draw any conclusion about the angles in the BS3
scenario, as there are not any considerable peaks in probabilities. Interestingly, angles
in the FULLRT models shows higher probability for 10◦ and 160◦. It is surprising to
see the angle 160◦ in the FULLRT model. Unlike the azimuth angles of departure,
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there are similarities seen in the elevation angles of departure. The EOD is illustrated
in Figures 41, 42, and 43.
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Figure 41. Probability of elevation of angle of departure in the BS1 scenario.
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Figure 42. Probability of elevation of angle of departure in the BS2 scenario.
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Figure 43. Probability of elevation of angle of departure in the BS3 scenario.

In all three scenarios −5◦ is a common angle. Similar to other cases the METIS
model elevation angles are analogous to the HYBRID model. Unlike EOA and EOD
shows a negative shift in angles and there is a probability of −5◦ departure angles.

In summary, the azimuth angles of both the arrival and the departure angles from the
METIS and the HYBRID model gives multiple angles but the FULLRT model gives
less number of angles. Though there are few similarities in the elevation angles, there
are considerable shifts seen in the angles of the FULLRT model. The last and the first
interaction point influence the angles. It could be argued that the differences in the fea-
tures of the modelling tool, such as supported mechanisms cause these discrepancies.
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5.2.7 Angle spreads comparison

The measure of angle spreads provides the knowledge about the dispersion of the
power of the rays in the spatial domain. The comparative analysis of the angular disper-
sion of arrival and direction angle in the azimuth and the elevation domain is presented.
Firstly, the ASA of the BS1, BS2 and BS3 scenarios are illustrated in Figures 44, 45,
46.
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Figure 44. ASA in the BS1 scenario.
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Figure 45. ASA in the BS2 scenario.
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Figure 46. ASA in the BS3 scenario.

In Figure 44, the first twenty positions shows similar spreads values. From the 20th

position to the 67th position, the ASA of the METIS and the HYBRID models go
near to 1◦ and the FULLRT model shows inconsistent values. In the BS1 scenario,
the first 67 UE positions has the LOS conditions. Therefore, the presence of LOS ray
makes considerable difference in the power between the LOS ray and the NLOS ray.
However, the FULLRT model shows slightly higher spread values and reaches the peak
at some UE positions. This can be explained by comparing to Figures 32, 33, 34. The
ASA in the NLOS UE positions are significantly high in the METIS and the HYBRID
model. Since there are multiple AOAs, and the power of the NLOS rays varies to each
ray, the spread value is high. The power of the NLOS rays is concentrated in one
direction and has a medium value. It resulted in the moderate value of the spread. The
ASA in the BS3 scenario is analogous to the BS1 scenario. The explanation to the
lower spread values of the NLOS UE location in the BS2 scenario is that the arrival
angle in the NLOS UE location is centred around −100◦. Therefore, the power of rays
is opulently distributed in the direction. Like in the case of ASA, ASD also can be
related to AOD statistics in Figures 38, 39, and 40.

Secondly, the azimuth spread of departure is presented in Figures 47, 48, and 49.
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Figure 47. ASD in the BS1 scenario.
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Figure 48. ASD in the BS2 scenario.
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Figure 49. ASD in the BS3 scenario.
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The spreads of the METIS model in the BS1 scenario varied between 4◦ and 10◦ in
all UE positions. This behavior in NLOS is different to what is depicted in the NLOS
ASA in the BS1 scenario. From the AOD it is seen in the NLOS departure direction is
around 5◦. It is evident for the lower spreads in the METIS model. The spread values
of the FULLRT model can explained in the similar fashion in the ASA.

Thirdly, the comparison of the ESA in the BS1, BS2, and BS3 scenarios are given
in Figures 50, 51 and 52.
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Figure 50. ESA in the BS1 scenario.
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Figure 51. ESA in the BS2 scenario.
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Figure 52. ESA in the BS3 scenario.

The ESA in the BS1 scenario, the METIS model starts with 10◦ and reaches a peak
at the 16th UE position and gradually decreases by reaching 2◦ at the 97th UE posi-
tion. Like in azimuth spreads the HYBRID and the METIS model have shown similar
trends. The elevation angle of arrival in the BS1 scenario is centered around 0◦ but the
spreads values are moderately high in LOS UE positions. Even though the rays arrive
at almost the same angle at the elevation domain, only one ray is observed with higher
power which has a different elevation angle.

The PAS figures are presented in order to analyze the critical spread values. Figure
53 is presented to illustrate the situation at the 13th UE position where all rays except
the LOS ray comes in same elevation angle but the LOS ray arrive at around 100◦

causing the dispersion.

(a) (b)

Figure 53. Power angular spectrum seen by the UE at the 13th UE position : (a)
METIS, (b) FULLRT.

Figure 53 shows that the LOS ray has different elevation angle than NLOS rays in
both METIS and the FULLRT model. Similarly, for the BS2 and the BS3 scenarios,
the UE positions 50 and 40 PAS figures given to verify this explanation.
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(a) (b)

Figure 54. Power angular spectrum seen by the UE at the 50th UE position : (a)
METIS (b) FULLRT.

Figure 54 illustrate the PAS at the UE location 50. It is seen in that in the elevation
domain the rays are aligned in the same direction in the METIS model and there are
small differences in the EOA in the FULLRT model. Next, the PAS at the UE position
40 is presented for the BS3 scenario.

(a) (b)

Figure 55. Power angular spectrum seen by UE at 40th UE position : (a) METIS (b)
FULLRT.

The elevation spread rises sharply at the UE position 40. The reason is illustrated in
Figure 55, where the rays with higher power with various EOA are seen in elevation
axis. Finally we present the ESD in BS1, BS2, and BS3 scenarios in Figures 56, 57
and 58 .



55

0 20 40 60 80 100

Rx Locations

0

5

10

15

20

25

30

35

40

45

E
S

D
°

METIS

FULLRT

HYBRID

Figure 56. ESD in the BS1 scenario.
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Figure 57. ESD in the BS2 scenario.
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Figure 58. ESD in the BS3 scenario.
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The elevation spreads in the BS1 and the BS2 scenarios for the METIS and the
FULLRT models are less than 5◦. By referring to the EOD in Figures 41 and 42, it is
evident almost every ray comes in the same direction in both the LOS and the NLOS
UE positions and then the dispersion is reduced. But in the FULLRT models, there are
higher probabilities seen for two angles which caused the higher spread values in the
NLOS UE positions.

5.2.8 Delay spread

The RMS delay spread comparison in the BS1, BS2, and BS3 scenarios is presented
for the METIS and the FULLRT model in Figures 59, 60, and 61. First we analyze the
RMS DS in the BS1 scenario.
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Figure 59. Delay spread comparison in the BS1 scenario.

In the BS1 scenario, DS values of both the FULLRT and the METIS model shows
spread values less than 40 ns in the LOS UE positions. After the 67th UE position, the
DS values change dramatically. The DS in the METIS model fluctuates with higher
values than the FULLRT model. Next, we present the RMS DS in the BS2 scenario in
Figure 60.
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Figure 60. Delay spread comparison in the BS2 scenario.

Looking at the SP values in the BS2 scenario, the LOS UE positions have small
spread values. But in the NLOS UE positions, the SP of the METIS model as unantic-
ipated. By comparing the BS1 and the BS2 scenarios, it can be said that delay spread
values in the NLOS locations are not necessarily the same. The delays are mainly de-
termined by the deterministic feature of the environment. Lastly, we present the RMS
DS analysis in the BS3 scenario in Figure 61.
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Figure 61. Delay spread comparison in the BS3 scenario.

Delay spreads values in the BS3 scenario show the known trend that the lower spread
values in the LOS conditions and the higher spread values in the NLOS conditions.
In three scenario, the most important finding is that, there is significant similarities
between the two model where the LOS condition exists. It is indeed because of the
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existences of the LOS ray that contributes to the shortest delay in the specific UE
location.

5.2.9 Cross-polarization ratios

In this section, the cross-polarization ratios in the BS1, BS2, and BS3 scenario are
discussed. This calculation was carried out by considering only the NLOS rays in each
locations. Firstly, we present the XPRh results in Figures 62, 63, and 64.
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Figure 62. XPRh comparison of the METIS map-based model and the FULLRT
model in the BS1 scenario.
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Figure 63. XPRh comparison of the METIS map-based model and the FULLRT
model in the BS2 scenario.
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Figure 64. XPRh comparison of the METIS map-based model and the FULLRT
model in the BS3 scenario.

In the BS1 and BS2 scenarios, the XPRh of the FULLRT model is nearly 0 dB in
majority of the UE positions. But in the METIS models it is above 20 dB in almost ev-
ery UE positions. The power received at the orthogonal direction is comparatively low
which has increased the ratio. Therefore, it seems that the power at the vertical polar-
ization has been reduced dramatically in the rays modelled by the FULLRT. However,
this observation is totally different in the BS3 scenario. In the first 31 UE positions and
the UE positions from the 55th to the 60th, similar trend is seen but in the other po-
sitions both models have shown contradicting results. Secondly, we present the XPRv
results in the BS1, BS2, and BS3 scenarios in Figures 65, 66, and 67.
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Figure 65. XPRv comparison of the METIS map-based model and the FULLRT
model in the BS1 scenario.
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Figure 66. XPRv comparison of the METIS map-based model and the FULLRT
model in the BS2 scenario.
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Figure 67. XPRv comparison of the METIS map-based model and the FULLRT
model in the BS3 scenario.

In BS1 scenario, from the 45th to 97th positions, the XPRh and the XPRv is same
for the FULLRT model. It is difficult to explain the reason for discrepancies in the
results but it might be related to the differences in the ray types and the relative permit-
tivity of the building material. It is also noteworthy to mention that in the ray, which
has multiple propagation mechanisms combined together, polarization of the ray is
dramatically affected.

Next, we present the mean and standard deviation of the performance metrics in
the Table 6. The mean and the standard deviation of the k-factor in the METIS and
the HYBRID models are nearly equal. However, mean of the FULLRT model deviate
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largely from other two models. The mean of the delay spreads and angle spreads are
nearly equal in all three models.

Table 6: The mean and the standard deviation values of comparison parameters.

Parameter KF[ dB] DS[ ns] ASA[ ◦] ASD[ ◦] ESA[ ◦] ESD[ ◦]
µ σ µ σ µ σ µ σ µ σ µ σ

BS1

METIS LOS 5.0291 1.7902 15.931 5.2674 5.0821 5.1679 5.3906 1.6778 9.4708 5.9813 1.1254 0.80414
NLOS NAN NAN 126.51 61.05 25.038 13.011 5.7243 2.5174 0.3033 0.17266 0.3033 0.17265

FULLRT LOS 30.084 14.1 11.081 9.6429 5.5328 4.9641 2.7285 4.9718 0.53831 0.79305 0.53831 0.79305
NLOS NAN NAN 75.613 59.422 18.599 10.463 21.483 16.472 14.65 13.649 14.65 13.649

HYBRID LOS 5.0344 1.7895 13.177 7.1898 4.4104 5.5964 5.0591 1.7382 9.4782 5.9773 1.2812 0.82482
NLOS NAN NAN 123.26 61.724 24.248 13.808 5.2325 2.797 4.0011 1.3617 1.2551 0.38177

BS2

METIS LOS 4.7712 1.4226 17.299 7.1901 5.6308 6.7444 1.771 1.1502 8.3419 5.003 0.88691 0.50404
NLOS NAN NAN 81.482 37.885 13.077 13.211 12.274 17.26 0.23549 0.76874 0.13347 0.12471

FULLRT LOS 28.965 12.988 9.1828 8.5753 7.6599 7.841 1.6661 2.1638 0.3413 0.43462 0.3413 0.43462
NLOS NAN NAN 162.14 150.29 30.697 20.977 19.269 14.392 4.2285 3.3882 4.2285 3.3882

HYBRID LOS 4.5135 1.7228 13.396 16.545 10.467 12.153 6.9055 11.889 0.93956 4.9898 0.93956 0.48082
NLOS NAN NAN 86.768 47.973 19.662 24.219 15.823 18.671 1.7627 1.4319 1.3924 0.49223

BS3

METIS LOS 11.033 8.1939 19.844 32.51 2.9885 2.0477 2.1379 4.6937 16.21 8.3737 0.48414 0.17979
NLOS NAN NAN 335.56 203.83 51.842 17.853 41.837 19.12 3.5755 1.6225 3.2791 1.4132

FULLRT LOS 29.822 16.295 13.496 9.693 7.2931 6.7698 4.0989 3.9857 0.70827 0.58379 0.70827 0.58379
NLOS NAN NAN 262.56 123.61 39.527 22.83 27.476 31.144 2.0639 1.3429 2.0639 1.3429

HYBRID LOS 10.85 8.2866 25.803 35.118 5.6814 6.6258 5.6062 7.7894 16.235 8.395 1.2511 1.8778
NLOS NAN NAN 331.68 195.61 51.735 17.907 41.763 19.184 6.1562 2.1679 3.4306 1.4298
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6 DISCUSSION

In this thesis, two deterministic channel models, namely the full tracing based model
and the simplified map-based model are discussed and supported with the hybrid chan-
nel modelling method. This thesis work is focused in processing the map so that it
can be used with the current METIS map based channel modelling tool and building
comparison metrics. Some implementation principles are taken from the hybrid mod-
elling approach to get the propagation channel parameters from the METIS map-based
model. Initially, it was decided to compare the radio channel characteristics but due to
the time factor, it was then limited to the propagation channel characteristics. The dif-
ferences in the results of the LOS and the NLOS UE positions reveals the missmatches
caused when simplifying the map.

The comparison of the number of paths is carried out to observe the strong paths as
a percentage of the total paths. The number of paths does not necessarily mean the
capability of the modelling tool to discover paths. All paths were gathered from the
three modelling tools and the HYBRID model result is skipped due to the fact that, it
is not meaningful to compare it with the other two models because of creating the 20
random rays on top of the cluster. In the UMi scenario, the LOS UE positions in the
METIS model has higher number of rays within DR than the FULLRT model. This
is because of that fact that the power of NLOS rays are strong in the METIS model.
However, in the NLOS UE positions this situation is changed and higher number of
rays within DR in the FULLRT model is noted. It is important to mention that in
the NLOS position, DR is calculated based on the power of the strongest ray in that
specific UE position. Though the power of the NLOS rays in the FULLRT models is
weak, the low difference between the power is making the higher number within DR.
The higher number within the DR in the LOS UE positions makes more reasonable
than in the NLOS UE positions as it is an indication of good rays in that specific UE
location.

The path loss comparison results show a similar trend in the LOS conditions and
have a 50 dB different in the NLOS UE positions in the BS1 and the BS2 scenarios.
This difference is no surprise when considering the fact that the rays in the real en-
vironment will have multiple propagation mechanisms combined together. However,
the NLOS positions in the BS3, there is only 15 dB higher loss shown in the METIS
model. This reveals that if the NLOS rays are modelled accurate enough then the re-
sults between all three models will tend to behave close enough. The path loss to FSPL
comparison illustrates the multipath gain and losses from the METIS and the FULLRT
model. This gain is calculated by taking the difference between FSPL and the total
loss. The loss is high in all three BSs in the NLOS UE positions in the METIS model.

The power delay profile comparison is presented to observe the variation of the
delays and the power along the UE positions. Both models have shown the inconsistent
power with delays. There are rays with higher delays with considerable higher power
compared to the middle area of PDP, which reveals the higher delay spread.

K-factor comparison had a dramatic difference between the METIS and the FULLRT
model. It is obvious that if the powers of the NLOS rays are much lower than the power
of the LOS ray, consequently the KF value will be large. The SD of the METIS model
is very small. But the FULLRT model has 14.1 dB, 12.988 dB, 16.295 dB standard
deviation for the scenarios BS1, BS2, and BS3, respectively. This also indicates that
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in order to get a realistic KF, the precise modelling of the NLOS rays is essential.
Furthermore, the ground reflected rays were not seen among the NLOS rays.

In the angular statistics comparison, azimuth angle reveals multipath richness of
the environment as there are various azimuth angles observed. There are similarities
in the elevation angle comparisons. However, that shift in the angle reveals there is
a possibility of human error in the calculation of the height of the first and the last
interaction points when simplifying the map. Angle spreads are influenced by the LOS
ray power and the spread values in the LOS UE positions are observed to be near to 0◦.

The mean and average of the delay spread value in the METIS model is higher than
in the FULLRT model. In the NLOS UE locations, significantly higher spread values
are exhibited in the METIS model and considerably higher spread values are seen in
the FULLRT model. The discrepancies in the delay spread are also due to the rays
with the longer delays, which is a result of the rays having three-order interaction and
multiple propagation mechanisms. The delay spreads and angle spreads are strongly
correlated and they are affected by the LOS path to a greater extent. The results of
the cross polarization ratios are hard to interpret or put a reason for the dissimilarities.
In contrast, most of the discrepancies in all results are caused due to variations in the
LOS and the NLOS UE conditions and dissimilarities in features.
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7 CONCLUSION

The main goal of this thesis was to investigate and compare the propagation channel
characteristics from the three channel models: 1) the simplified map based model, 2)
the full ray tracing based model, and 3) the hybrid channel model which is based on
the map based implementation. The results of the LOS and the NLOS UE position
analyses have shown that, the simplifying causes mismatches in the propagation con-
ditions in a specific UE location. It was also found that in the UE positions where this
kind of mismatch has caused dramatic discrepancies in the results. Next, the number
of rays within the 60 dB DR is analyzed.

The finding from these results provides how many stronger NLOS rays with respect
to the LOS ray are modelled. In the NLOS UE location it portrays the portion of good
rays among the NLOS rays. The number of rays and the number of rays within DR
was high in the METIS model than the FULLRT model. The results of the K-factor
suggest that to get similar KF, the NLOS rays should be modelled accurately. Statistics
of angle describe how well the arrival and the departure angles of rays are distributed
in the azimuth and the elevation domains. Three models, present the rays that are
well distributed in the azimuth domain. However, the difference in the elevation angle
probabilities could be due to the error while processing the simplifying map. The
spreads of angle in the LOS UE positions are as anticipated. It is hard to come to the
conclusion about the spreads in the NLOS UE locations due to the differences in the
modelled NLOS rays.

Next, we analyzed the delay spread. The delay spreads in the NLOS UE positions
had significant differences in the values. The reason is same as in the angle spreads.
It is unfortunate that the cross polarization comparison result does not warrant any
true conclusion based on these results. Notwithstanding these unanticipated results, it
offers some insight into how these polarization ratios can be affected in the high dense
urban environment.

Finally, a number of important limitations need to be acknowledged. The main
challenge of this comparison work was the paucity of the good data. The chosen
environment itself is a high dense urban environment. The highest of the building is
60 m. The number of the UE positions are 97 and the METIS map-based model and
the hybrid model takes significantly larger time to run the simulation. Furthermore, it
needs to be noted that in the simplified concept the material related parameters, such
as relative permittivity, are assumed to be same for all buildings.

Despite of these limitations, differences and challenges, the results in this thesis
reveal some practices to be considered when comparing the ray tracing based channel
models. It is essential for the ray tracing based model to determine the propagation
condition correctly and the models should have identical propagation condition in each
UE positions. When comparing the ray tracing based models at least the main features,
such as supported propagation mechanisms, order of interaction, and the map used in
the models should be identical. In the results, there should be a sufficient number of
good rays in each UE position in order to get meaningful results. It would benefit to
a ray-tracing tool to model the rays with multiple propagation mechanism, so that the
NLOS rays are realistic. As the future study, it is decided to embed the antenna and
investigate the radio channel characteristics of the three models.
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