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With the development of the vehicular network, new radio technologies have been in the spotlight for maximizing the utilization
of the limited radio spectrum resource while accommodating the increasing amount of services and applications in the wireless
mobile networks. New spectrum policies based on dynamic spectrum access technology such as flexible access common spectrum
(FACS) have been adopted by the Korea Communications Commission (KCC). 23GHz bands have been allocated to FACS bands
by the KCC, which is expected extensively for vehicular communications. *e comprehensive knowledge on the radio channel is
essential to effectively support the design, simulation, and development of such radio technologies. In this paper, the charac-
teristics of 23GHz vehicle-to-infrastructure (V2I) channels are simulated and extracted for the urban environment in Seoul. *e
path loss, shadow factor, Ricean K-factor, root-mean-square (RMS) delay spread, and angular spreads are characterized from the
calibrated ray-tracing simulation results, and it can help researchers have a better understanding of the propagation channel for
designing vehicular radio technologies and a communication system in a similar environment.

1. Introduction

Recently, flexible access common spectrum (FACS) has been
considered to have an important role in accommodating the
fast-growing spectrum demands in vehicular communica-
tions, which will ramp up the development of mobile and
wireless vehicular communication technologies to advance
safety and convenience on the roads [1, 2]. Among them,
vehicle-to-infrastructure (V2I) robust connectivity is the key
enabler for enhancing traffic safety, reliability, and efficiency
[3, 4]. *e channel characteristic is a critical role in the
design and performance evaluation of V2I connectivity
networks. For example, the realistic large-scale fading
channel parameters are indispensable for efficient network
deployment and optimization; the fidelity small-scale fading
channel parameters are crucial in physical layer design, such
as optimal modulation, coding, diversity, and protocol
scheme development [5].

Most of the previous works on vehicular propagation
channels are focused on the 5GHz band, e.g., [6–16], which
use the lower frequency band to increase the V2I and ve-
hicle-to-vehicle (V2V) link ranges. In [6], based on the
narrowband channel measurement at 5.2GHz, the propa-
gation loss (PL) parameters of the vehicular channel are
studied under a highway and under urban, suburban, and
village environments. In [7], a large number of vehicular
narrowband channel measurements are carried out at
5.9GHz. A dual-slope PL model is proposed for the sub-
urban environment. Meanwhile, it is found that, in such an
environment, the small-scale fading of the channel obeys the
Nakagami distribution, and the effect of speed and relative
distance of the transmitting and receiving vehicles on the
Doppler spectrum and quasistationary time is discussed.
Based on the wideband multi-input multioutput (MIMO)
channel measurement at the 5.3 GHz band, the authors in
[8, 9] discuss the nonstationary delay spread (DS) and small-
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scale fading characteristics (following Ricean distribution) in
vehicular channels. In [10], under a highway environment, the
PL, delay distribution, and Doppler characteristics of the V2I
channel are studied according to the MIMO channel mea-
surement. Similarly, the dispersion of multipath components
(MPCs) in delay and Doppler domains is analyzed for V2I
channels under urban and rural environments, and the ge-
ometry of scatterers is also being constructed to illustrate the
MPC distribution [11, 12]. Moreover, in [13], the authors
present a three-dimensional (3D) distribution estimation of
MPCs and discuss the power ratio of different propagation
mechanisms associated with the actual propagation envi-
ronment. *e work in [14–16] describes the MPC dispersion
in delay and angle domains for the non-line-of-sight (NLOS)
environments and explores MPC distribution and its prop-
agation mechanisms in different propagation environments.
All of those important vehicular channel characteristics show
that the vehicular channel exhibits severe fading and statistical
nonstationarity. *e propagation mechanisms and spatial
distributions ofMPCs aremainly determined by the vehicular
propagation environment.

For the 20–60GHz band, the studies in [17, 18] show
that the large spectrum in a higher frequency band provides
a possibility of high data rate, but the channel is much
different from that in the 5GHz band, and directional
antennas are adopted by transceivers in such vehicular
communication systems to overcome the heavy loss at
those high frequencies [19, 20]. But the obvious limitation
by using directional antennas for the higher frequency
applications is the difficulty of providing an “always
connected” V2I or V2V link. In [21], the two-ray channel
model with random reflected paths is used to represent
60GHz vehicular channel, and the system performance has
been theoretically evaluated by varying modulation for-
mats, coding complexity, and propagation characteristics
for vehicular communications. *e similar works in
[22, 23] analyze the characteristics of MPC propagation
and verify the availability of the vehicular communication
system at 60 GHz. Based on channel measurement with
rotating directional antennas, the DS, path loss exponent
(PLE), and angular spread of arrival (ASA) are compared
between line-of-sight (LOS) and NLOS conditions at
60GHz under outdoor environments in [24, 25]. *e
channel impulse response and scattering functions, as well
as the DS, are obtained from 38GHz to 60GHz channel
measurements in [26]. Such measurements show that the
MPC in the channel typically contains LOS, road reflection
paths, and reflection paths from the guard rails. However,
the two distinguishing features of vehicular channels at
higher frequency bands, e.g., directionality and blockage,
are not fully explored in the work, which are the significant
challenge remaining in the design of such vehicular
networks.

An overview of the previous work is to study the typical
behavior of vehicle lanes, identifying missing features in
currently available channel models to design and evaluate
vehicle radio links in a safe and efficient environment.

In this paper, intensive simulations at the 23GHz band
with 1GHz bandwidth in a realistic V2I urban environment

are performed by a calibrated ray-tracing (RT) simulator to
complement these missing characteristics, e.g., directionality
and blockage. Besides, different road widths, traffic flows,
vehicle types, antenna heights, and traffic signs are con-
sidered in the RTsimulation to fully explore the V2I channel
behaviors under different conditions. *e time-varying
power delay profile (PDP), path loss (PL), shadow factor, DS,
Ricean K-factor, and angular spreads (ASs)—azimuth an-
gular spread of arrival (ASA), azimuth angular spread of
departure (ASD), elevation angular spread of arrival (ESA),
and elevation angular spread of departure (ESD)—are an-
alyzed and extracted from the simulation results. In addi-
tion, the propagation mechanism in different environments
is analyzed that can illustrate the impact of the actual en-
vironment on the channel characteristics. Furthermore, the
extracted parameters can be input to the channel generator,
like QuaDRiGa or METIS, to generate similar channels,
which can be used to evaluate or verify the performance of
the system- or link-level design.

*e rest of this paper is organized as follows: In Section 2,
the realistic vehicular environments are reconstructed and
introduced. In Section 3, extensive RT simulations are per-
formed in all cases. *en, based on the RT results, the ve-
hicular channels are comprehensively characterized in
Section 4. Finally, the conclusions are drawn in Section 5.

2. Realistic Vehicular Moving
Network Environments

In order to obtain realistic behavior of vehicular channels in
the moving network (MN), the influence of vehicles must be
considered in the propagation model [27, 28]. In this paper,
to map the MN architecture defined by 3GPP TR 37.885 to
the real propagation environments, the 3Dmodels of a set of
comprehensive vehicular environments are reconstructed.

2.1. Overview of Environments

2.1.1. Urban Environments. *e 3D details of the considered
environment are built by OpenStreetMap (OSM). OSM is a
collaborative project to create a free editable map of the
world, and in addition to street-level map information, it can
provide 3D building information. In order to make it easier
to access the OSM data, a plugin for SketchUp (3Dmodeling
software) is developed in this work. *e plugin can import
both street and building information from OSM data. It is
the open source software that can be obtained from http://
www.raytracer.cloud/software. As shown in Figure 1, the
typical urban area in Seoul is selected. *is urban envi-
ronment is universal and can represent most of the vehicular
propagation environment in the urban area. In addition to
OSM, KakaoMap, the Korean map software, is also used to
reconstruct the real environment more completely, which
has a 360-degree street view, and some landmark buildings
such as cafes and restaurants will be specially marked.
Combined with OpenStreetMap and KakaoMap, the urban
environments in Seoul can be reconstructed by the SketchUp
software, which is shown in Figure 2. Considering the
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impact of different neighborhood environments on the
vehicular channel, two typical urban streets in the city are
selected as the simulation environments. As shown in
Figure 1, the selected streets were marked with red lines on
the maps. Figures 2(b) and 2(c) show the 3D environment
models of these two areas. *e difference between the two
areas is the width of the road, characterized by the number of
lanes.

2.1.2. Small-Scale Structures. In addition to the large
buildings, the common small-scale structures such as
roadside trees, traffic lights, traffic signs, and bus stations
are considered in the environment model. *ese small-
scale structures are on the same order of magnitude as the
wavelength, and the most relevant propagation mechanism
of them in vehicular environments is scattering [29].
Figure 3 shows the 3D models of small-scale structures in
urban environments.

2.2. Vehicle Types and Mobility Modeling

2.2.1. Vehicle Types. In this work, three different vehicle
types are selected by considering the recommendation by
3GPP TR 37.885 [30], which are defined as follows:

(i) Type 1 (passenger vehicle with a lower antenna
position): length 5m, width 2.0m, height 1.6m, and
antenna height 0.75m, as shown in Figure 4(a)

(ii) Type 2 (passenger vehicle with a higher antenna
position): length 5m, width 2.0m, height 1.6m, and
antenna height 1.6m, as shown in Figure 4(a)

(iii) Type 3 (truck/bus): length 13m, width 2.6m, height
3m, and antenna height 3m, as shown in
Figure 4(b)
To more comprehensively reflect the impact of
vehicle types on signal propagation, another type of
vehicle is also considered:

(iv) Type 4 (delivery van): length 13.5m, width 2.6m,
height 3.5m, and antenna height 3.5m, as shown in
Figure 4(c)

2.2.2. Mobility Modeling. As per the recommendation by
3GPP TR 37.885, the vehicles are dropped for the urban
environments according to the following process:

(i) *e distance between the rear bumper of a vehicle
and the front bumper of the following vehicle in the
same lane follows an exponential distribution

(ii) All the vehicles in the same lane have the same speed

(a) (b) (c)

Figure 2: (a) 3D model of Seoul urban environment. (b) 3D model of Area 1. (c) 3D model of Area 2.

Figure 1: Seoul map from OpenStreetMap.
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(iii) Vehicle-type distribution is not dependent on the
lane

In general, the width of the line is 3.5m. In Area 1 (shown
in Figure 2(b)), the road is with four lanes. Considering the
traffic congestion in the actual environments, the speed and
the direction of vehicles in each lane are shown in Figure 5.
*e width of the road in Area 2, as shown in Figure 2(c), is
more extensive than that in Area 1, and the eight-lane road is
designed in Area 2.*e vehicle speed on such a road is shown
in Figure 6. According to the recommendations of 3GPP TR
37.885, the distribution of vehicle types in the urban envi-
ronment is determined:

(i) 60% Type 1 vehicles and Type 2 vehicles (passenger
car)

(ii) 20% Type 3 vehicles (bus)
(iii) 20% Type 4 vehicles (delivery van)

*e vehicles in each lane are randomly generated
according to vehicle distribution. Vehicles do not change
their direction at the intersection.

2.3. Antenna Model. *e antennas of the base station (BS)
and the user equipment (UE) of the MN system defined are
with the same antenna pattern [30], as shown in Figure 7.
*e locations and heights of the transmitter (Tx) at the BS
and receiver (Rx) at the UE are given in Table 1. *e settings
follow the recommendations of 3GPP TR 37.885.

3. RT Simulations in Realistic
Vehicular Scenarios

In this section, in order to characterize the 23GHz vehicular
channels, RT simulations with different antenna height

setups are developed in different realistic environment cases.
First, the calibration and verification of the RTsimulator are
discussed, and then the RT configuration and different
propagation mechanisms caused by the surrounding envi-
ronment in various environment cases are presented.
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Figure 5: Vehicle speed in the 4-lane road (Area 1).

Bu
ild

in
gs

Bu
ild

in
gs

Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7 Lane 8

Lane 1 2 3 4 5 6 7 8
Speed
(km/h) 15 25 50 60 15 25 50 60

Figure 6: Vehicle speed in the 8-lane road (Area 2).

(a) (b) (c) (d)

Figure 3: 3D models of small-scale structures. (a) Traffic light model. (b) Traffic sign model. (c) Bus station model. (d) Tree model.
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Figure 4: 3D models of different vehicle types. (a) Passenger car model. (b) Bus model. (c) Delivery van model.
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3.1. RT SimulationVerification. According to realistic urban
3D maps and design specifications for urban infrastructure,
the vehicular environment features, and typical small-scale
structures is presented in the above section. Based on which,
a large number of statistical consistent environment models
can be generated to simulate urban vehicular channels.
Before this, RT needs to be calibrated via propagation
measurement, and then the intensive close-to-real channel
simulations can be conducted with standard-defined
configurations.

*e validations of the RT simulator against various
measurements have been presented in various propagation
environments and different frequency bands. For example,
RT is calibrated and verified in the tunnel environment at
25GHz [31], in the urban environment at 28GHz [28], in
the indoor environment at 26GHz [32], in the viaduct
environment at 93GHz [33], and so on. After the calibra-
tion, the corresponding material parameters are obtained.
*e calibrated materials basically cover all the material
composition of the considered propagation environments in
this paper, e.g., concrete, brick, granite, marble, glass, and
metal. Note that applying appropriate material parameters
in RT is a precondition to obtain practical channel results. In
general, the material parameters are frequency dependent.
*e material parameters are calibrated in similar propaga-
tion environments at the adjacent frequency band, i.e.,
25GHz and 28GHz [28, 31]. In Rec. ITU-R P.1238-7 [34]
and Rec. ITU-R P.2040 [35], such material parameters for
urban and indoor environments can be obtained for
1GHz–100GHz, indicate an insignificant difference, and are
almost independent of the frequency in the range from
20GHz to 30GHz.

3.2. RT SimulationConfiguration. Considering the vehicular
MN in the urban environment, not only the bus equipped
with the Rx can move but also other vehicles such as cars,
delivery vans, and other buses can move around as the
moving scatterers. Aiming at supporting these features, the
workflow is shown in Figure 8. Dynamic mobility patterns of
moving objects and the Tx/Rx should be defined prior to
simulation. After all the models and configurations are
uploaded to the RT simulator, the geometry and visibility
relationship of the objects are updated for each snapshot.

*e carrier frequency of V2I simulation is 22.6GHz with
a bandwidth of 1GHz. Both Tx and Rx beam patterns are the
same as the Tx antenna beam pattern of the MHN-E system
shown in Figure 7. *e deployment of the Tx and Rx is
shown in Figure 9; the Tx is placed at the top of the building
with a height of 25m or installed on the pillar of the traffic
light with a height of 5m. *e Rx is placed on the top of the
bus. *e travel distance of the bus where the Rx is located is
500m. *e RT simulation includes two simulation granu-
larity settings:

(i) *e low-resolution simulation: with the sampling
interval 1.38–1.67m, it is used to get the channel
profile and determine the propagation zones where
the high-resolution simulations will take place.
Different propagation zones indicate different
propagation mechanism combinations.

(ii) *e high-resolution simulation: for every propaga-
tion zone in every case, one CIR will be simulated per
OFDM symbol duration (which is much shorter
than half of the wavelength), in order to feed into the
link-level simulator.

*e simulation setups are based on the RT frequency-
domain method for the ultra-wideband channel, and the
material parameters are extracted from measurements or
literature. *e involved material parameters are summarized
in Table 2, where εr

′ is the real part of the relative permittivity,
tan δ is the loss tangent, and S and α are the scattering
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Figure 7: (a) 3D antenna pattern of the transceiver. (b) E plane. (c) H plane.

Table 1: Locations and heights of the Tx and Rx.

Parameters Urban

BS antenna height Top of the building: 25m
On the traffic light: 5m

UE antenna height Top of the bus: 3.2m
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coefficient and scattering exponent of the directive scattering
model [36]. Particularly, the parameters of wood are cali-
brated in [37, 38], and the parameters of concrete are cali-
brated in [39]. *erefore, with the provided calibrated
material parameters, various V2I Tx/Rx deployments can be
simulated by an RT simulator.

Propagation mechanisms in the simulations are LOS,
scattering (multiple scattering theory for vegetation and
single-lobe directive model for others), diffraction (uniform
theory of diffraction (UTD)), reflection (up to 2 orders), and
transmission.*e detailed configuration of the RTsimulated
channels in urban environments is summarized in Table 3.
*e propagation mechanisms for different objects in the
simulation environment are summarized in Table 4.

3.3. Propagation Mechanism Analysis. In this work, 3 dif-
ferent traffic flows are considered:

(i) Full traffic flow: 100% randomly generated vehicles
on the road

(ii) Half traffic flow: 50% randomly generated vehicles
on the road

(iii) Low traffic flow: 10% randomly generated vehicles
on the road

*e considered simulation cases are summarized in
Table 5 for clarity, and the exemplified simulation results are
shown in Figure 10. Figures 10(a) and 10(b) show the MPC
distribution of the typical snapshots for Case 9 and Case 10,
respectively; moreover, the time-varying PDPs are also given
to distinguish the MPC distribution in the delay domain

intuitively. According to different MPC distribution and
propagation mechanisms, the “zone” concept is proposed.
Different zones for different cases are used for channel
characterization in the next section. For Case 9, three zones
can be detected, and two zones are marked for Case 10.
According to the RT simulation results for each case, there
are 12 typical divided zones in Table 6, in which the details of
propagation mechanisms for different zones are listed. For
example, in Zone 2, the Rx is out of the Tx main lobe, the
LOS path and reflected and scattered paths (from urban
furniture and other vehicles) exist, and no ground reflection
exists, as shown in Figure 10(c); in Zone 9, the Rx is in the Tx
main lobe, LOS and ground reflected paths exist, and no
reflection or scattering from urban furniture or other ve-
hicles is seen, as shown in Figure 10(d); in Zone 11, the Rx is
in the Tx main lobe and the LOS path is blocked by a vehicle,
as shown in Figure 10(e). Note that the rays whose power is
more than 80 dB lower than that of the strongest ray are cut
off to get the dominant propagation mechanisms.

Extensive high-resolution simulations are conducted in
each propagation zone for different cases. All simulated
channel data can be imported to the V2I link-level simulator
to guide the construction of the vehicular infrastructure for
better road services.

4. Key Channel Parameters for Link-
Level Simulation

In order to support the link-level simulation, for every
propagation zone, the spatial sampling interval is set to 80λ
for high-resolution simulation. *e delay resolution is

Table 2: Electromagnetic parameters of different materials.

Material εr
′ tan δ S α

Brick 1.9155 0.0568 0.0019 49.5724
Marble 3.0045 0.2828 0.0022 15.3747
Toughened glass 1.0538 23.9211 0.0025 5.5106
Metal 1 107 0.0026 17.7691
Concrete 5.4745 0.0021 0.0011 109
Wood 6.6 0.9394 0.0086 13.1404

3D model of
moving objects

Define dynamic mobility 
pattern of moving objects

3D model of
stationary objects

Define dynamic mobility pattern of
communication devices

Import to RT

Update geometry and 
visibility relationship

Trigger simulation
for a new snapshot Simulation result

Figure 8: Workflow of simulating moving environments.

500m

4 or 8 lanes highway

Tx and beam direction
Rx and beam direction

(5, 25) m Vehicle direction

Figure 9: Deployment of the Tx and Rx.
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8.14 ns, and the time sampling rate is 8.92 μs. Based on
extensive RT simulation results, the comprehensive features
of 23 lanes in urban environments are analyzed and
extracted. *e channel characteristics include PL, root-
mean-square (RMS) DS, Ricean K-factor (KF), ASA, ASD,
ESA, ESD, and blockage loss (BL). All these channel pa-
rameters are fitted by the normal distribution with the mean
value and standard deviation. All the extracted parameters
are summarized in Tables 7–9, where μDS, μKF, μASA,
μASD, μESA, and μESD are the mean values of DS, KF, ASA,

ASD, ESA, and ESD, respectively. σDS, σKF σASA, σASD,
σESA, and σESD are the standard deviations of DS, KF, ASA,
ASD, ESA, and ESD, respectively.

4.1. Path Loss. *e PL in dB is modeled by the A-B model,
which is expressed as

ΡL(dΒ) � A · log10
d

d0
  + B + Xσ , (1)

Table 4: Propagation mechanism.

Object LOS Reflection (up to 2 orders) Scattering Transmission Diffraction
Trees ✓ ✓ ✓
Buildings ✓ ✓ ✓
Traffic signs ✓ ✓ ✓
Signal lights ✓ ✓ ✓
Bus stations ✓ ✓ ✓
Ground ✓ ✓ ✓
Vehicles ✓ ✓ ✓ ✓

Table 5: Analysis cases.

Index Environment Lane Tx height (m) Traffic flow Terminology
1 Seoul 4 25 Full Seoul-4Lanes-Tx25-TFFull
2 Seoul 4 25 Half Seoul-4Lanes-Tx25-TFHalf
3 Seoul 4 25 Low Seoul-4Lanes-Tx25-TFLow
4 Seoul 4 5 Full Seoul-4Lanes-Tx5-TFFull
5 Seoul 4 5 Half Seoul-4Lanes-Tx5-TFHalf
6 Seoul 4 5 Low Seoul-4Lanes-Tx5-TFLow
7 Seoul 8 25 Full Seoul-8Lanes-Tx25-TFFull
8 Seoul 8 25 Half Seoul-8Lanes-Tx25-TFHalf
9 Seoul 8 25 Low Seoul-8Lanes-Tx25-TFLow
10 Seoul 8 5 Full Seoul-8Lanes-Tx5-TFFull
11 Seoul 8 5 Half Seoul-8Lanes-Tx5-TFHalf
12 Seoul 8 5 Low Seoul-8Lanes-Tx5-TFLow

Table 3: Environment configuration.
Frequency 22.1–23.1 GHz
Bandwidth 1GHz
Antenna Directional antenna

Tx Power 0 dBm
Height 5m, 25m

Rx Height 3.2m
Travel distance for the urban environment 500m

V2I path D1: Rx on lane 2 (4-lane urban street; Figure 5), v � 25 km/h
D2: Rx on lane 4 (8-lane urban street; Figure 6), v � 60 km/h

Vehicle type
Passenger car 60%

Bus 20%
Delivery van 20%

Propagation

Direct ✓
Reflection Up to 2 orders
Diffraction UTD
Scattering Directive scattering model

Transmission ✓

Material

Building Brick, marble, toughened glass
Urban furniture, vehicle Metal

Tree Wood
Ground, highway fence Concrete

International Journal of Antennas and Propagation 7



where d is the distance between the Tx and the Rx in m; d0 is
the reference distance, equal to 1m; A is the PL exponent; B
is the offset; and Xσ is the shadow factor (SF), which can be
modeled as a Gaussian variable with zero mean and a
standard deviation σSF.

*e fitting results of all 23 zones for different analysis
cases are listed in Table 7, where A< 0 is under the con-
ditions that the Tx and Rx antenna beams are misaligned at

the beginning and that the moving Rx gradually approached
the main lobe of the Tx.*e similar result is presented in the
previous work [31]. It can be found that the absolute value of
A in Zone 1 to Zone 4 (outside the main lobe of the Tx and
LOS condition) and Zone 11 and Zone 12 (within the main
lobe of the Tx and NLOS condition) is larger than that in
Zone 7 to Zone 10 (within the main lobe of the Tx and LOS
condition). *is indicates that the main lobe and the
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Figure 10: Exemplified RTsimulation results in different cases and zones. (a) Case 9: Seoul-8Lanes-Tx25-TFLow. (b) Case 10: Seoul-8Lanes-
Tx5-TFFull. (c) One typical snapshot of Zone 2. (d) One typical snapshot of Zone 9. (e) One typical snapshot of Zone 11.

Table 6: Zones of simulation results.

Zone Antenna
alignment

LOS condition Propagation mechanism

LOS
NLOS

Ground
reflection

Reflection/scattering from urban furniture
and other vehiclesBlocked by

vehicle
Blocked by urban

furniture
1 × ✓ × × × ×

2 × ✓ × × × ✓
3 × ✓ × × ✓ ×

4 × ✓ × × ✓ ✓
5 × × ✓ × — —
6 × × × ✓ — —
7 ✓ ✓ × × × ×

8 ✓ ✓ × × × ✓
9 ✓ ✓ × × ✓ ×

10 ✓ ✓ × × ✓ ✓
11 ✓ × ✓ × — —
12 ✓ × × ✓ — —
✓: within main lobe; ×: outside main lobe.
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barriers, i.e., other vehicles and traffic signs, have a great
influence on path loss. With the increase of traffic flow, the
probability of occurrence of Zone 5 and Zone 11 (LOS path
is blocked by other vehicles) rises.

4.2. RMS DS and Ricean K-Factor. *e Ricean K-factor is
defined as the ratio of the power of the strongest MPC to the
power of the sum of the remaining MPCs in the received
signal [40]. Traditionally, the Ricean K-factor is calculated
from the narrowband channel sounding results by using a
moment-based method [41]. However, the ultra-wideband
(UWB) channel sounding results in this measurement have
high resolution in the time domain. *us, the Ricean K-
factor can be calculated according to its definition as follows:

KF � 10 · log10
Pstrongest

 Premaining
 , (2)

where KF denotes the Ricean K-factor and Pstrongest and
Premaining denote the power of the strongest MPC and the
power of the remaining MPCs, respectively. RMS DS is used
to quantify the dispersion effect of the wide channel. It is
defined as the square root of the second central moment of
the PDP [42]:

στ �

������������������������


N
n�1τ

2
n · Pn


N
n�1Pn

−


N
n�1τn · Pn


N
n�1Pn

 

2



, (3)

where στ denotes the RMS delay spread and Pn and τn

denote the power and the excess delay of the n-th multipath.
*e fitting parameters for KF and στ are listed in Table 8.

As it can be seen from Table 8, the zones with the LOS
path are outside the main lobes of transceivers (as shown in
Figure 11), the Ricean K-factor is smaller than that of the
zones with the LOS path in such main lobes, yet the delay
spread is larger than that in the zones with the LOS path in
the main lobes. *e reason is that the MPCs in the main
lobes would have higher gain than the LOS path which gives
rise to increasing Premaining with a long delay. Another
finding is that, in the case of the same environment, i.e., the
same Tx height and the same zone, the mean value of Ricean
K-factor in full traffic flow is smaller than that under the half
and low traffic flow conditions; meanwhile, the mean value
of DS is larger. As shown in Figure 12, there are more MPCs
caused by more vehicles in the case of full traffic flow,
resulting in an increase in power to diffuse MPCs. As shown
in Figure 13, the Ricean K-factor in some cases of the NLOS
channel with reflection is larger than that in other cases of
the NLOS channel without reflection. *e channel with the
strongly reflected path is close to the cases of the LOS
channel. It has been found that such strong reflected paths
are mainly from a metal vehicle or the ground, and power of
them is almost as strong as the LOS path.

4.3. Angular Spread. According to the 3GPP definition, the
conventional AS calculation for the composite signal is given
by

Table 8: Extracted parameters for the DS and K-factor.

Environment Zone
DS (ns) KF (dB)

μDS σDS μKF σKF

Seoul-4Lanes-Tx25-TFFull 8 1.39 0.23 52.26 15.46
10 2.30 1.06 27.38 27.50

Seoul-4Lanes-Tx25-TFLow
1 1.29 0.01 47.23 6.04
9 4.77 2.04 23.60 20.81
12 81.32 83.08 0.47 6.82

Seoul-4Lanes-Tx5-TFFull 8 1.77 0.21 44.22 4.07

Seoul-4Lanes-Tx5-TFHalf 2 19.42 4.73 − 1.37 1.67
10 5.44 0.87 42.04 3.96

Seoul-4Lanes-Tx5-TFLow 1 17.28 7.08 2.81 3.48
3 14.54 9.48 7.94 9.14

Seoul-8Lanes-Tx25-TFFull
2 23.95 8.42 9.79 5.30
8 1.89 1.35 44.23 10.64
12 75.4 42.14 − 4.55 12.89

Seoul-8Lanes-Tx25-TFHalf
1 28.17 12.52 10.74 5.74
4 16.36 4.41 7.58 3.22
7 2.60 1.04 41.54 4.29

Seoul-8Lanes-Tx25-TFLow 3 32.1 4.65 2.07 2.84
9 4.00 0.37 38.21 2.22

Seoul-8Lanes-Tx5-TFFull 2 8.17 11.72 25.16 17.74
11 46.54 66.15 0.74 15.21

Seoul-8Lanes-Tx5-TFHalf 8 2.84 3.36 56.32 15.16

Seoul-8Lanes-Tx5-TFLow 4 13.19 17.37 11.77 7.67
10 9.07 3.46 53.24 15.13

Table 7: Extracted parameters for the PL.

Environment Zone
PL (dB)

A B σSF

Seoul-4Lanes-Tx25-TFFull 8 10.71 37.32 1.14
10 − 415.00 1104.00 3.69

Seoul-4Lanes-Tx25-TFLow
1 − 96.78 271.93 0.29
9 24.39 3.47 4.36
12 − 106.41 418.49 4.53

Seoul-4Lanes-Tx5-TFFull 8 29.81 − 11.58 0.84

Seoul-4Lanes-Tx5-TFHalf 2 141.50 − 31.47 3.17
10 5.37 47.69 5.37

Seoul-4Lanes-Tx5-TFLow 1 34.54 56.56 5.44
3 − 77.27 152.50 2.60

Seoul-8Lanes-Tx25-TFFull
2 135.07 − 122.46 4.21
8 7.40 46.50 0.84
12 1674 − 4100 10.46

Seoul-8Lanes-Tx25-TFHalf
1 − 243.70 497.19 3.96
4 30.19 44.80 1.51
7 − 46.56 170.31 0.59

Seoul-8Lanes-Tx25-TFLow 3 − 374.55 760.65 7.22
9 62.08 − 97.05 5.33

Seoul-8Lanes-Tx5-TFFull 2 − 58.31 158.92 5.28
11 90.38 − 71.97 15.06

Seoul-8Lanes-Tx5-TFHalf 8 14.89 25.98 2.71

Seoul-8Lanes-Tx5-TFLow 4 − 61.72 164.97 6.10
10 12.85 30.87 5.89
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where σAS denotes the AS, Pn denotes the power of the n-th
ray, and θn,μ is defined by

θn,μ � mod θn − μθ + π, 2π(  − π, (5)

where θn is the ASA/ASD/ESA/ESD of the n-th ray and μθ is

μθ �


N
n�1θn · Pn


N
n�1Pn

. (6)

Generally speaking, ASD and ASA are larger than ESD
and ESA, implying that most of the MPCs come from the
horizontal direction. *is reflects the fact that more objects
(scatterers) are located on the two sides of the Rx vehicle in
the urban environment than above/under the Rx vehicle (as
shown in Figure 14). Figure 15 shows the variation of the AS
with Tx-Rx distance for the urban environment. It can be
seen that, in the case of the LOS channel, the mean value of
angular spread within the main lobe is generally smaller than
that outside the main lobe.*is indicates that when the Rx is
within the main lobe, the distance between the Rx and the Tx
is larger, and the object that produces reflection and scat-
tering is closer to the Tx than the Rx. Moreover, the main
lobe filters low-energy rays, resulting in the reduced AS.

Table 9: Extracted parameters for the AS.

Environment Zone
ASA (∘) ESA (∘) ASD (∘) ESD (∘)

μASA σASA μESA σESA μASD σASD μESD σESD

Seoul-4Lanes-Tx25-TFFull 8 0.14 0.21 0.42 1.33 0.19 0.03 0.05 0.17
10 0.03 0.00 2.28 2.13 0.19 0.10 0.29 0.10

Seoul-4Lanes-Tx25-TFLow
1 0.07 0.01 0.02 0.00 0.30 0.03 0.00 0.00
9 0.37 0.83 3.27 1.10 0.26 0.29 0.42 0.14
12 143.83 29.62 2.04 0.58 7.48 9.69 0.57 0.04

Seoul-4Lanes-Tx5-TFFull 8 1.55 0.57 0.11 0.18 0.00 0.00 0.01 0.02

Seoul-4Lanes-Tx5-TFHalf 2 52.11 27.11 18.06 1.59 72.27 13.14 8.26 1.69
10 1.37 0.10 1.24 0.14 0.00 0.00 0.80 0.09

Seoul-4Lanes-Tx5-TFLow 1 43.55 26.66 18.28 1.70 72.67 12.85 8.37 1.78
3 47.28 41.54 12.06 6.69 40.63 32.22 8.39 5.44

Seoul-8Lanes-Tx25-TFFull
2 46.97 11.44 24.65 3.66 1.23 0.40 2.13 0.59
8 6.54 31.00 0.22 1.00 0.09 0.23 0.04 0.06
12 52.62 25.63 2.53 1.34 3.68 1.50 0.42 0.15

Seoul-8Lanes-Tx25-TFHalf
1 39.26 9.23 24.85 3.68 1.17 0.50 2.07 0.65
4 79.11 28.25 10.02 2.53 3.93 1.10 0.55 0.24
7 0.27 0.29 0.01 0.00 0.16 0.10 0.05 0.00

Seoul-8Lanes-Tx25-TFLow 3 98.51 18.6 21.54 1.06 7.25 0.73 3.62 0.65
9 0.01 0.00 2.90 0.06 0.01 0.00 0.37 0.01

Seoul-8Lanes-Tx5-TFFull 2 22.72 35.31 2.73 4.84 8.62 10.32 1.78 1.89
11 28.98 31.14 1.01 0.75 2.45 3.07 0.77 1.36

Seoul-8Lanes-Tx5-TFHalf 8 14.16 46.64 0.07 0.25 0.10 0.25 0.05 0.11

Seoul-8Lanes-Tx5-TFLow 4 21.78 35.13 4.71 4.34 10.82 11.74 4.22 3.55
10 0.01 0.01 0.90 0.15 0.01 0.00 0.58 0.10

Tx

Rx

(a)

Tx
Rx

(b)

Figure 11: Rays in the main lobes of the transceiver. (a) Reflected
rays aligned with the main lobe. (b) Scattered rays aligned with the
main lobe.

Rx

(a)

Rx

(b)

Figure 12: MPC distribution in the same environment
with different traffic flows. (a) Zone 8 in Case 2 (Seoul-4Lanes-
Tx25-TFHalf). (b) Zone 8 in Case 1 (Seoul-4Lanes-Tx25-TFFull).
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Another finding is that when the Rx vehicle is within the
main lobe, the AS for NLOS channels is much larger than
that for LOS channels.

4.4. Blockage Loss. *ere are buildings, small-scale struc-
tures, and moving vehicles in the analyzed urban envi-
ronments. When the vehicle on which the Rx is located is
moving on the road, the directed ray may be blocked by
these objects. As shown in Figure 16, the maximum
blockage loss and the corresponding blockage time for each
segment are calculated and fitted by the normal distribu-
tion with the mean value μBL, σBL_t, and standard de-
viation μBL, σBL_t, respectively. *e parameters are
summarized in Table 10.

5. Conclusion

In this paper, the 23GHz V2I channels are characterized by
measurement-validated RTsimulations for different antenna
heights in various propagation environments. *e PL,
shadow fading, Ricean K-factor, DS, AS, and blockage loss of
the channels are characterized for each zone in different
cases. In the considered 3D Seoul urban environments, all
the main buildings and small-scale structures, such as traffic
lights, traffic signs, bus stations, and trees, are included with
their typical geometries and materials in reality. *e fun-
damental channel parameters analyzed are summarized in
tables, which can be imported to standard channel models
for generating realistic channels for similar environments.
*e study of this paper and the provided suggestions will be
useful to guide the design and deployment of vehicular
communication systems with FACS technologies.
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