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ABSTRACT In recent years, the intelligent transport system (ITS) has been developed rapidly because of
global urbanization and industrialization, which is considered as the key enabling technology to improve
road safety, traffic efficiency, and driving experience. To achieve these goals, vehicles need to be equipped
with a large number of sensors to enable the generation and exchange of high-rate data streams. Recently,
millimeter-wave (mmWave) technology has been introduced as a means of meeting such a high data
rate requirement. In this paper, a comprehensive study on the channel characteristics for vehicle-to-
infrastructure (V2I) link in mmWave band (22.1-23.1 GHz) for various road environments and deployment
configurations is conducted. The self-developed ray-tracing (RT) simulator is employed with the calibrated
electromagnetic (EM) parameters. The three-dimensional (3D) environment models are reconstructed from
the OpenStreetMap (OSM). In the simulations, not only the vehicle user equipment (UE) moves, but also the
other vehicles such as cars, delivery vans, and buses move around the vehicle UE. Moreover, the impacts of
the receiver (Rx) multiple antennas and beam switching technologies at the vehicle UE are evaluated as well.
The channel parameters of the V2I link in mmWave band, including received power, Rician K -factor, root-
mean-square delay spread, and angular spreads are explored in the target scenarios under different simulation
deployments. This work aims to help the researchers understand the channel characteristics of the V2I links
in mmWave band and support the link-level and system-level design for future vehicular communications.

INDEX TERMS Channel characterization, millimeter-wave communication, ray-tracing simulation,
vehicle-to-infrastructure link, wave propagation.

I. INTRODUCTION
The intelligent transport system (ITS) is defined as the set
of applications to provide innovative services for the trans-
port of various modes and involve a wide range of different
technologies and applications such as beam switching during
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the overtaking process, dynamic traffic light sequence, and
autonomous vehicles [1].

In the ITS, the vehicular Ad-hoc Network (VANET)
is envisaged as the most important component to realiz-
ing intelligent connected vehicles, which is incorporated
in the following architectures: vehicle-to-vehicle (V2V),
vehicle-to-infrastructure (V2I), vehicle-to-pedestrians (V2P)
and vehicle-to-everything (V2X) [2]. The V2V communica-
tions are realized among the moving vehicles i.e., vehicles

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ 42325

https://orcid.org/0000-0002-9852-7948
https://orcid.org/0000-0001-7229-7446
https://orcid.org/0000-0002-0917-5013
https://orcid.org/0000-0001-6850-0595
https://orcid.org/0000-0001-8749-037X
https://orcid.org/0000-0003-1768-5360
https://orcid.org/0000-0002-7213-5671
https://orcid.org/0000-0001-8889-7374
https://orcid.org/0000-0003-3941-4617


D. Yan et al.: Channel Characterization for Vehicle-to-Infrastructure Communications in Millimeter-Wave Band

act as sources, destinations, and routers in the communi-
cation process. Intermediate nodes (vehicles) transfer mes-
sages between the source and destination nodes. The V2I
communications allow vehicles to communicate with Road
Side Units (RSUs). In this case, vehicles act as source and
destination [3]. The V2P allows direct, instant, and flexi-
ble communication between moving vehicles and roadside
passengers. With pocket wireless devices, passengers can
easily join the VANETs as roadside nodes and express their
travel demands. The V2X provides communication services
between a vehicle and networks, vehicles, and pedestrians [4].

Currently, some of the most relevant international stan-
dardization bodies like the 3rd Generation Partnership Project
(3GPP) and Institute of Electrical and Electronics Engineers
(IEEE) 802 have developed their own standards for vehicular
communications. In the 3GPP, the enhancements to V2V are
mainly studied based on the standardization activities for
Long Term Evolution (LTE) V2X [5]. IEEE 802.11p stan-
dard is the most important system dedicated to short-range
communication. It defines enhancements to 802.11 required
to support ITS applications and supports both V2V and
V2I communications in the licensed ITS band of 5.9 GHz
(5.85-5.925 GHz) [6], [7].

The future V2X services provide the safety-critical
vehicular applications (vehicle detection, road detection, lane
detection, pedestrian detection, position detection, collision
avoidance, etc. [8], [9]) that require ultra-reliability and
low latency communications [10]. However, the existing
technologies including the aforementioned IEEE 802.11p
and LTE-based V2X are unable to meet the requirements
of data rate and delay. As the European Commission’s
Connected-Intelligent Transportation System (C-ITS) has
proposed, for the driving becomes more automated and
intelligent, the number of sensors (radars, cameras, and
Light Detection And Ranging) equipped on each vehicle
will be increased. Currently, the number of equipped sen-
sors is around 100, and this number is expected to double
by 2020 [11]. With such a large number of sensors, advanced
wireless links supporting several multi-Gigabit-per second
(Gbit/s) data rates are needed to exchange data from all sen-
sors [12]. Moreover, semi-autonomous and fully autonomous
vehicles will require a high rate and low latency commu-
nication links to support the applications envisaged by the
fifth-generation mobile communications (5G) Infrastructure
Public Private Partnership’s. These applications include the
See-Through use case (maximum latency equal to 50 ms),
which enables vehicles to share live video feeds of their
onboard cameras to the following vehicles. Other applica-
tions such as automated overtaking and high-density pla-
tooning are also expected to require communication latencies
smaller than 10 ms [11]. Therefore, the wireless industry
is moving into the 5G and beyond the 5G era, which can
achieve enhanced mobile broadband (eMBB), ultra-reliable
and low-latency communications (uRLLC), and massive
machine-type communication (mMTC) [13]. This commu-
nication system will use the millimeter wave (mmWave)

band, where a large number of spectrum resources are
still underutilized, providing unprecedented spectrum and
Gbit/s data rates to a mobile device, can support typ-
ical cellular communications, vehicular communications,
accuracy position, and high-speed-train (HST) communica-
tions [14]. The 3GPP focuses on 5G new radio (NR)-based
V2I standardization where mmWave is considered to be
one of the operating frequencies [15]–[17]. In June 2018,
3GPP TR 37.885 [18] proposed two candidate mmWave
carrier frequencies (30 GHz and 63 GHz) for the V2I com-
munications with a recommended bandwidth of 200 MHz.
Although there are 60GHz preliminary propagationmeasure-
ments in a cellular point-to-point outdoor environment and
vehicle scenarios at 28 GHz and 60 GHz [19]–[21], further
analysis is still required in more mmWave bands.

In addition, the design of the mmWave technology requires
not only received power but also high resolution informa-
tion in the time and space domains [22]. The location of
the antenna and the effects of surrounding objects should
be considered and incorporated into the mmWave V2I link.
Therefore, it is important to understand the mmWave channel
for the V2I communication scenarios. In general, the exist-
ing mmWave channel models use traditional frequency
band modeling theories and methods, which are divided
into two categories: stochastic models and deterministic
models [23]. Stochastic models (such as GBSM) use ran-
dom geometric points to characterize the propagation envi-
ronment and parameterize them using channel measurement
data [24], [25]. However, characterizing the environment with
geometric points means simplifying the physical properties
of the environment, which also makes it difficult to accu-
rately predict the channel impulse response under certain
conditions [26].

The ray-tracing (RT) modeling method is one of the deter-
ministic modeling methods [27] used by the IEEE standard
group for mmWave high-speed mobile communication [28].
Compared to stochastic channel modeling, the RT can accu-
rately describe the multipath effects of a given environment
model and deployment configuration. It has been successfully
applied to different works [29]–[32]. The authors of [29] give
the concept of performing the virtual drive test (VDT) by
using RT, which is cost-effective and practical. Moreover,
the channel parameters extracted from the RT simulation
results can be used in the future to design and develop
multi-antenna systems. In addition, the authors of [30] ana-
lyze the influences of typical objects in rural railway envi-
ronments at 28 GHz by using the RT simulator. The anal-
ysis of RT simulation results and the extraction of channel
parameters (including the path loss (PL), root-mean-square
(RMS) delay spread (DS), etc.) not only help to understand
the important influential factors of the propagation channel
at the object level but also guide the deployment of mmWave
communication systems. As for now, many research works
have shown that RT is not only a powerful tool for determin-
istic channel modeling, but also a powerful tool for bridg-
ing the gap between limited channel measurements and the
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requirements for comprehensive parameters by stochastic
channel models. However, the computation time of the
RT increases with the size of the environment and the number
of tasks, and its accuracy depends to a large extent on reliable
environmental models and material parameters.

A high-performance cloud-based RT simulation plat-
form (CloudRT) is developed in [33], which is open accessed
by ‘‘http://raytracer.cloud’’. By performing the RT simulation
at each frequency point (fi) to obtain the wideband chan-
nel transfer function (CTF) in the whole frequency domain,
which is presented as H(fi). Then, the time domain chan-
nel impulse response (CIR) under the corresponding band-
width is obtained through Inverse fast Fourier transform
(IFFT). Based on the CloudRT, the efficiency is significantly
improved and a large number of moving scatterers can be
added to the scenario, making it suitable for generating reli-
able channel data to evaluate the mmWave V2I link. In addi-
tion, many researchers have performed a large number of
works on accurate and effective mmWave dynamic channel
measurements in typical application scenarios, such as related
work proposed in [34], [35]. These works can be used to
calibrate the RT for better accuracy.

Therefore, in this paper, a comprehensive study on the
channel characteristics for V2I link in mmWave band
(22.1-23.1 GHz) for various road environments and deploy-
ment configurations is conducted. The contributions of this
work are composed as follows:
• We characterize the mmWave V2I link with consider-
ation of the impact of overtaking and deployment con-
figuration, such as various base station (BS) heights and
vehicle initial placements. In the simulations, not only
the vehicle user equipment (UE) can move, but also
the other vehicles (passenger car, delivery van, and bus)
can move around the vehicle UE. Then, we evaluate the
impact of the receiver (Rx) multiple antennas and beam
switching technologies at the vehicle UE.

• The high-performance cloud-based RT is employed to
conduct intensive simulations with massive mobile vehi-
cles. Our previous works calibrate and provide electro-
magnetic (EM) parameters in this region for realistic
RT simulations [3], [36], [37]. The three-dimensional
(3D) model of the selected area is reconstructed from
the OpenStreetMap (OSM). The received power, RMS
delay spread, Rician K -factor (KF), and angular spreads
are analyzed and compared between different configu-
rations. The analysis and the provided parameters in this
paper will help researchers understand the propagation
channel for designing mmWave V2I communication
systems.

The rest of this paper is organized as follows: In section II,
the measurement campaigns and RT validation are intro-
duced. Section III introduces the urban and highway scenar-
ios and the simulation configurations. In Section IV, all the
channel parameters of the mmWave V2I link are character-
ized and summarized for the urban and highway scenarios,
respectively. Finally, conclusions are drawn in Section V.

FIGURE 1. Bird’s-eye view of the measurement campaign which is
from [38]. Both Tx and Rx are static. The overtaking vehicle
moves at an excess speed v relative to the statics vehicles.

II. CHANNEL MEASUREMENT AND RT SIMULATION
In this section, by comparing the results obtained from the
measurement campaign in [38] and the simulation results
obtained through the RT simulator under the same environ-
ments, the accuracy of the RT simulator is verified.

A. MEASUREMENT CAMPAIGN
The measurement campaign in [38] analyzes the effect of an
overtaking vehicle on the mmWave V2V wideband channel,
which is conducted in an urban street in the center of Vienna,
Austria. The setup for measurement is to simulate the sce-
nario of two cars driving in the same direction with a constant
distance, then the third vehicle overtakes this car platoon.

For the measurement, a custom-built omni-directional
(λ/4) monopole antenna is used as the Rx. As shown in Fig. 1,
the Rx is deployed on the left window of the static car in
the front. The transmitter (Tx) is a horn antenna with an
18 ◦ half-power beamwidth, which is aligned towards the
Rx car. During the measurement, Tx and Rx are both with
a height of 1.56 m and the Tx is approximately 15 m behind
the Rx. Due to the Tx is a directive horn antenna, the single
reflection at the Tx car can be ignored. In addition, high order
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FIGURE 2. Comparison of the measurement scenario and the RT simulation scenario. (a) Measurement scenario in an
urban street, which is from [38]. (b) The reconstructed 3-D environment model.

reflections are below the Rx sensitive. Therefore, the Tx car
is replaced by a simple tripod mounting. Then the effect of
overtaking vehicles can be analyzed with excess speeds of up
to 13 m/s. In Fig. 1, the distance ‘‘d’’ represents the ‘‘bumper
to bumper distance’’, which means the distance between the
front bumper of the overtaking vehicle and the rear bumper
of the static Rx car. The reference plane is the position where
‘‘d = 0 m’’. The considered measurement range varies from
d = 1 m to 9 m and is marked on the left-hand side in the
figure. The channel sounder was operated at 60 GHz with
510 MHz bandwidth. More details about the measurement
campaign such as ‘‘frequency synchronization, time synchro-
nization, measurement data memorize and processing’’ can
be found in [38].

B. VALIDATION OF RT SIMULATOR
The 3D environment model in Fig. 2 is reconstructed accord-
ing to the measurement campaign and measurement scenario.
The parked car, ground, and significant objects such as traffic
signs, are considered in the model. The geometry of the
RT simulation scenario is the same as the measurement sce-
nario. The antenna locations and patterns in the simulation
are the same as the aforementioned in the measurement. The
Tx power is set to 0 dBm, in order to eliminate the system
influence. Then the extensive RT simulations are conducted at
the center frequency 60 GHz with 510 MHz bandwidth. The
number of frequency points is 103, which is the same as the
number of sub-carriers in the measurement. For the propaga-
tion mechanisms, the line-of-sight (LOS) ray, reflected rays
(up to the 2nd order) and scattered rays are considered in the
simulations, which can balance the simulation accuracy and
the computational complexity.

In the simulation, we selected the truck as an overtak-
ing vehicle. The moving trajectory can be seen in Fig. 2
and the distance interval of each snapshot is 0.25 m.
Through comparing the position-specific relative LOS tap
gain and RMS delay spread betweenmeasurement results and
RT simulation results, the accuracy of our RT simulator can

FIGURE 3. Box plot of the position-specific relative LOS tap gain.

be verified. The position-specific relative LOS tap gainmeans
the strength of the LOS delay tap relative to all taps at the
specific positions, which is represented by �̂LOS [d̂]/�̂[d̂].
Both the strength of the LOS delay tap (�̂LOS [d̂]) and the
strength of all taps (�̂[d̂]) in the measurement results are
distance-dependent estimated values. The distance interval
in the measurement is 0.25 m. For the sake of illustration,
the measurement results of each sampling point are rounded
to the nearest integer meter value, and then drawn into a box
plot on a meter based grid. As shown in Fig. 3 and Fig. 4,
the bottom and top edges of the box indicate the 25th and 75th

percentiles. The whiskers show the 5th and 95th percentiles.
We use the same data processing method to the simulation

results, where simulation results of each sampling point are
rounded to the nearest integer meter value. Each integer meter
will thus include several rounded samples, from which a
median value can be calculated. In total, 9 median values can
be obtained. Then the median values are represented by the
yellow diamond in Fig. 3.

In addition, the RMS delay spread can be calculated by:

στ =

√√√√√√√√√
N∑
n=1

τn2 · Pn

N∑
n=1

Pn

−


N∑
n=1

τn · Pn

N∑
n=1

Pn


2

(1)
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FIGURE 4. Box plot of the RMS delay spread.

where στ denotes the RMS delay spread, Pn and τn denote the
power and the excess delay of the n-th tap, respectively. Using
a similar data processing method, the RMS delay spread is
compared in Fig. 4.

The comparison between simulation results and the mea-
surement results is shown in Fig. 3 and Fig. 4, respectively.
In most cases, the simulation results are within the ranges
of the measurement results, which are denoted by the boxes
and whiskers. Matching the simulation results to the mea-
surement results well verifies the accuracy of the propaga-
tion mechanism model and material EM parameters in our
RT simulator. Moreover, the accuracy of interactions
between typical structures (such as buildings, ground, traffic
signs, etc.) can be validated. Therefore, the simulator can
be used for channel simulation under similar scenarios with
similar materials and the simulation results can be used
to channel characteristic analysis, such as the measurement
campaigns in the reference [39]. However, in some posi-
tions, the simulation results cannot map the measurement
result very well. It is mainly due to the inaccuracy of the
3D digital map, which will cause some differences between
the simulation scenario and the measurement scenario.

III. RT SIMULATIONS FOR THE V2I LINK IN URBAN
AND HIGHWAY SCENARIOS
In this section, the simulation scenarios of typical urban and
highway are defined and reconstructed. For both the urban
and the highway scenarios, the Rx is always deployed on
the bus, which represented as the vehicle UE in the follow-
ing part. We also considered different traffic flow (full/low
traffic flow) for all the cases. Moreover, not only the various
heights of the BS are considered, but also the impact on
different overtaking situations are in the consideration. For
the different overtaking situations (the vehicle UE overtakes
the bus and the vehicle UE overtakes the car), the multiple
antennas and beam switching technologies at the vehicle UE
are also considered. Thus, a total of 44 cases are simulated
(sampling interval: 0.83 m both in the urban scenario and
highway scenario, respectively), which are listed in Table 5.
The details for simulation configurations are as follows.

A. OVERVIEW OF SCENARIOS
1) URBAN SCENARIO
The RT simulations are realized by the reconstructed 3D envi-
ronment model with calibrated EM parameters. Based on the

FIGURE 5. 3D model of the constructed urban scenario in Seoul.

FIGURE 6. 3D model of the constructed highway scenario.

FIGURE 7. 3D model of the bus in the simulation.

OSM, which is a collaborative project to create a free editable
map of the world, the 3D details of the considered environ-
ment are obtained. With a self-developed plugin (available on
http://www.raytracer.cloud/software), the OSM data can be
directly imported to the SketchUp, which is a widely used 3D
modeling computer program for drawing applications such
as architecture (more details about SketchUp can be found
on https://www.sketchup.com/). Then, the 3D environment
model for the RT simulation can be generated. In this work,
one typical urban street with 4 lanes in Seoul is selected as
the simulation scenario (see Fig. 5).

2) HIGHWAY SCENARIO
As shown in Fig. 6, an 8-lane highway is reconstructed by the
SketchUp, with the concrete guardrail in the middle and the
metallic noise barrier on both sides of the highway.

B. VEHICLE TYPES AND VEHICLE INITIAL PLACEMENTS
In this study, different vehicle types and vehicle initial place-
ments are considered in both the urban and highway sce-
narios. Based on the 3GPP TR 37.885 [18], three vehicle
types and the distribution of each kind of vehicle are clarified
in Table 1. The 3D models of each vehicle type are shown
in Fig. 7 - Fig. 9.
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TABLE 1. Vehicle types in the simulation and distribution.

FIGURE 8. 3D model of the passenger car in the simulation.

FIGURE 9. 3D model of the delivery van in the simulation.

Moreover, the vehicles are placed in the urban and highway
scenarios according to the following process:

• The distance between the rear bumper of a vehicle and
the front bumper of the following vehicle in the same
lane is max {2, x*2 sec} m, where x is a realization of
an exponential random variable with the average of the
speed.

• All the vehicles in the same lane have the same speed.
• Vehicle type distribution is not dependent of the lane.

In both the urban and the highway scenarios, the vehicles
in each lane are randomly generated according to vehicle
distribution. The vehicles do not change direction at the
intersection and the speed in each lane is marked in Fig. 10
and Fig. 11.

C. SIMULATION CONFIGURATION
In the simulations, the carrier frequency is 22.6 GHz with a
bandwidth of 1 GHz. The Rx beam pattern is the same as the
Tx antenna beam pattern (see Fig. 12). To explore the impact
of the beam switching technologies at the vehicle UE, the Tx
beam is fixed, and the multiple antennas at the vehicle UE
are placed on the top of the bus head with a height of 3.2 m
(bus height: 3 m). These three beams have the same pattern
and the beamwidth of the main lobe is around 20◦, therefore,
each of which has a 20◦ to another (see Fig. 13).

FIGURE 10. 4-lane road in the urban scenario.

FIGURE 11. 8-lane road in the highway scenario.

FIGURE 12. Tx and Rx antenna pattern in the simulation.

FIGURE 13. Location of multiple antennas at the vehicle UE.

For the overtaking situation in the urban scenario, the
Tx is placed in a building on the roadside with (x, y, z)= (182,
38, 25), with the main lobe pointing at (x, y, z) =
(500, 0, 0). The vehicle UE is driven in lane 1 at
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FIGURE 14. Overtaking situation in the urban scenario.

FIGURE 15. Overtaking situation in the highway scenario.

a speed 15 km/h, then the vehicle UE gradually returns to
the fast lane at the point of (415, 7, 0). After overtaking the
preceding vehicle at the point of (330, 3.5, 0), the vehicle
UE comes back to lane 1 (see Fig. 14).

For the overtaking situation in the highway scenario,
as shown in Fig. 15, the Tx is located above the traffic light
and the corresponding coordinates are (340, 35, 10). Themain
lobe of the Tx is pointing at (500, 17, 0). The trajectory of the
vehicle UE in the highway scenario is similar to the trajectory
in the urban scenario. The only difference is that the vehicle
UE in the highway scenario changes from lane 3 to lane 4 to
complete the overtaking process.

In the case of ‘‘various BS heights’’ for both urban
and highway scenarios, the moving distance of the vehicle
UE is 500 m and the main lobe of the Tx is pointing at
(500, 0, 0). The Tx is placed next to a building in the
urban scenario (see Fig. 16) and by the roadside in the
highway scenario (see Fig. 17) with the height varying
from 5 m to 25 m.

Table 2 summarizes the locations and heights of the
Tx and Rx in the both ‘‘overtaking situation’’ and ‘‘various
BS heights’’ cases. The simulation configurations for all the
cases are concluded in Table 3.

In the case of the ‘‘overtaking situation’’, we evaluate the
multiple antennas and beam switching (Beam 1, 2, 3) tech-
niques at the Rx; for the ‘‘various BS heights’’, we mainly
study the impact of different BS heights on beam 2. For
the propagation mechanisms, direct, reflection, scattering,
diffraction and transmission are considered.

The EM parameters of the involved materials have been
calibrated in our preliminary work [40]–[43] and are summa-
rized in the Table 4, where ε′r is the real part of the relative

FIGURE 16. Various BS heights in the urban scenario.

FIGURE 17. Various BS heights in the highway scenario.

TABLE 2. The locations and heights of the Tx and Rx.

permittivity, tanδ is the loss tangent, S and α are the scattering
coefficient and scattering exponent of the directive scattering
model [44]. Therefore, with the provided calibrated param-
eters, we can further conduct RT simulations with various
Tx/Rx deployments.

D. RT SIMULATIONS FOR DIFFERENT CASES
For both the urban and the highway scenarios, besides
considering the multiple antennas and beam switching
(Beam 1, 2, 3) at the vehicle UE in the different overtaking
situations mentioned above and various BS heights, we have
additionally considered two different traffic flows:

• Full traffic flow: all the randomly generated vehicles on
the road

• Low traffic flow: 10% of all the randomly generated
vehicles on the road
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TABLE 3. Simulation configuration for urban and highway scenarios.

TABLE 4. EM parameters of different materials.

Hence, a total of 44 cases are considered in this work,
which is summarized in Table 5 for clarity. U and H stand
for urban and highway scenarios, respectively. Overtaking is
represented by OT, while traffic flow is represented by TF,
respectively.

IV. KEY CHANNEL PARAMETERS FOR EXTENSIVE
SIMULATIONS
Based on extensive RT simulation results, the mmWave V2I
channel in urban and highway scenarios with two cases
(‘‘overtaking situation’’ and ‘‘various BS heights’’) are char-
acterized by the following relevant parameters: received
power, RMS delay spread, KF, azimuth angular spread of
arrival (ASA), azimuth angular spread of departure (ASD),
elevation angular spread of arrival (ESA) and elevation angu-
lar spread of departure (ESD).

All these channel parameters are fitted by the normal dis-
tribution with the mean value µ and the standard deviation
(STD) σ . However, in some cases, the fitting results per-
formance not well. This is due to the relatively large travel
distance of the vehicle UE and the moving scatters around the
vehicle UE, the channel characteristics may change signifi-
cantly along the path. Thus, for these cases, it is not suitable
to use the log-norm fitting method. The extracted parameters

TABLE 5. Total cases in the simulation.

are summarized in Table 6 - Table 8, where µDS , µKF , µASA,
µASD, µESA, µESD are the mean values of DS, KF, ASA,
ASD, ESA, and ESD, respectively. σDS , σKF , σASA, σASD,
σESA, σESD are the standard deviations of DS, KF, ASA, ASD,
ESA, and ESD, respectively. In order to clarify the channel
characteristics for these two cases in both urban and highway
scenarios, we first study the impact of the overtaking situation
and then study the impact of the various BS heights.

A. RECEIVED POWER
1) OVERTAKING SITUATION
The received power in the overtaking situation for both the
urban and the highway scenarios (listed in Table 5) are shown
in Fig. 18 - Fig. 19.
For all the cases, the blue dotted lines represent the received

power of the beam 1, the red dotted lines show the received
power of the beam 2 and the green dotted lines indicate the
received power of the beam 3.

In the urban scenario, the overtaking process takes place
after the snapshot 100 and ends the overtaking process after
the snapshot 210 for two different overtaking situations
(‘‘vehicle UE overtakes the bus’’ and ‘‘vehicle UE overtakes
the passenger car’’). In the highway scenario, the overtaking
process takes place between snapshot 130 and snapshot 260
for two different overtaking situations.
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TABLE 6. Extracted parameters for the DS of overtaking situation and various BS heights.

TABLE 7. Extracted parameters for the KF of overtaking situation and various BS heights.

As shown in Fig. 18 and Fig. 19, for all the cases,
the received power of beam 2 (represented by the red dotted
line) is greater than that of beam 1 (represented by the blue
dotted line) before the overtaking process occurs. However,
take the overtaking situation in the urban scenario as an
example, we can find that, when the overtaking process starts,
the vehicle UE gradually turns from lane 1 to lane 2. During
this process, with the steering of the vehicle UE, themain lobe

of the beam 2 gradually deviates from themain lobe of the BS,
meanwhile, the main lobe of the beam 1 gradually align to
the main lobe of the BS (see Fig. 20). Therefore, the received
power of beam 1 gradually exceeds beam 2.

When the vehicle UE continues to drive in lane 2 and is
close to the BS, since the beam 1 is gradually aligned with
the main lobe of the BS, and the beam 2 gradually deviates
from the main lobe of the BS, the received power of the beam
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TABLE 8. Extracted parameters for the ASs of overtaking situation and various BS heights.

1 is greater than that of the beam 2 (maximum approximately
20 dB). Since the vehicle UE leaves the main lobe of the BS
once the overtaking process ends, the received power of all
beams begins to decrease.

In most cases, the impact on the received power during the
overtaking process due to the traffic flow is not significant.
However, in the highway scenario, when the vehicle UE
overtakes the bus (see Fig. 19 (a) and (b)), the fluctuations of
received power under full traffic flow are less significant than
those under low traffic flow. This is mainly because when the
traffic flow is low, there is always a strong reflected ray from
the random vehicles between snapshot 1 and snapshot 130,
which results in small-scale fading significantly. When the
traffic flow is high, randomly placed vehicles do not produce
such a reflected ray. When the placement of the random
vehicles changes, the results may be different.

2) VARIOUS BS HEIGHTS
Fig. 21 shows the received power for various BS heights. For
all the cases, the blue, red, green, yellow, and black dotted
lines represent the received power on the Rx at BS heights
of 5 m, 10 m, 15 m, 20 m, and 25 m, respectively.

In the urban scenario, when the height of the BS is 5 m,
the traffic flow has a significant influence on the received
power of the Rx (represented in Fig. 21 (a) and (b) with the
blue dotted line). In the case of low BS height, when the
traffic flow is full, due to a large number of moving vehicles
on the lane, there are many non-line-of-sight (NLOS) cases,
resulting in severe fading of the received power. When the
BS height is higher than 5 m, the NLOS cases due to traffic
flow will decrease. However, as the BS height increases,
multipath increases significantly, resulting in increased oscil-
lation effects. For example, when the BS height is 25 m,
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FIGURE 18. Received power of the overtaking situation in the urban
scenario. (a) U - OT Bus - TF Full. (b) U - OT Bus - TF Low. (c) U - OT Car - TF
Full. (d) U - OT Car - TF Low.

FIGURE 19. Received power of the overtaking situation in the highway
scenario. (a) H - OT Bus - TF Full. (b) H - OT Bus - TF Low. (c) H - OT Car -
TF Full. (d) H - OT Car - TF Low.

the oscillation effects are obvious and affected by the traffic
flow.

In the highway scenario, different traffic flows have signif-
icant impacts on receiving power. Since the highway scenario
is relatively simple, the impact of the moving vehicles on
the received power is particularly significant compared to the
complex urban scenario. For example, when the BS height
is 25 m (black dotted line), the random moving scatterers on

FIGURE 20. Schematic of the overtaking process.

FIGURE 21. Received power of various BS heights. (a) U - TF Full - Tx
5∼25. (b) U - TF Low - Tx 5∼25. (c) H - TF Full - Tx 5∼25. (d) H - TF Low - Tx
5∼25.

the road will cause the significant small-scale fading, which
can be mapped to the oscillation effects on the black dotted
line. In addition, as shown in Fig. 21(d), when the BS height
is 15 m (represented by the green dotted line), the significant
small-scale fading is due to the metallic noise barrier on the
roadside. The details are shown in Fig. 29(a).

In summary, the results indicate that when the BS is at the
roadside, the vehicle UE can achieve more reliable commu-
nication by adopting beam switching during the overtaking
process. When the BS height is relatively low (e.g., 5 m),
the NLOS is likely to happen due to the blockage of the
vehicles, thus the communication quality might be affected.
In the urban scenario, the received power is mainly affected
more by urban furniture than the moving vehicles, and in the
highway scenario, it is more affected by the moving vehicles.

B. RMS DELAY SPREAD
RMS delay spread is used to quantify the dispersion
effect of multipath channel. It is defined as the square
root of the second central moment of the power delay
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FIGURE 22. CDF of the DS of overtaking situation in the urban scenario.
(a) U - OT Bus - TF Full. (b) U - OT Bus - TF Low. (c) U - OT Car - TF Full.
(d) U - OT Car - TF Low.

profile (PDP) [45]:

στ =

√√√√√√√√√
N∑
n=1

τn2 · Pn

N∑
n=1

Pn

−


N∑
n=1

τn · Pn

N∑
n=1

Pn


2

(2)

where στ denotes the RMS delay spread, Pn and τn denote
the power and the excess delay of the n-th multipath,
respectively. The cumulative distribution functions (CDFs)
of the RMS delay spreads στ in the simulations are shown
in Fig. 22 - Fig. 25 for the overtaking situation and various
BS heights in urban and highway scenarios, respectively. The
mean values and the standard deviations (STDs) of RMS
delay spread for each case are listed in Table 6.

1) OVERTAKING SITUATION
As shown in Fig. 22 - Fig. 23, the µDS in the urban scenario
is larger than the µDS in the highway scenario. The reason
is that there are more multipath components in the complex
urban scenario than in the simple highway scenario.

In the urban scenario, whether the vehicle UE overtakes the
bus or the vehicle UE overtakes the passenger car, the µDS of
the beam 3 is approximately 70 ns, which is much larger than
the µDS of the beam 1 and the beam 2 (around 35 ns). It’s
found from the simulation results that there are a large number
of reflected rays generated from the buildings along the lanes,
which arrive in the main lobe of beam 3 (see Fig. 24).

In the highway scenario, the mean value of DS is mainly
affected by traffic flow.When the traffic flow is low, the mean
value of DS is relatively small (6-7 ns). When the traf-
fic flow is full, the mean value of DS is relatively large
(22-23 ns) because there are more multipath components
from the moving vehicles.

FIGURE 23. CDF of the DS of overtaking situation in the highway
scenario. (a) H - OT Bus - TF Full. (b) H - OT Bus - TF Low. (c) H - OT Car -
TF Full. (d) H - OT Car - TF Low.

FIGURE 24. One simulation snapshot of the overtaking situation in the
urban scenario.

2) VARIOUS BS HEIGHTS
From Fig. 25 and Table 6, we can see that in the urban
scenario, when the BS height is 5 m, the mean value of DS
is less than 4 ns. When the BS height is relatively high (e.g.,
higher than 5 m), a large number of multipath components
result in larger mean value of DS, which is various from 20 ns
to 36 ns.

However, in the highway scenario, the mean value of DS
is not sensitive to the changes of BS height. No matter the
BS height is 5 m or 25 m, the mean value of DS is less
than 3 ns. Additionally, when the BS height is 15 m (rep-
resented with the green dotted line in Fig. 25(d)), the DS is
relatively larger than other cases, the reason is that the influ-
ence of the metallic noise barrier on the roadside, which was
mentioned before and the details are shown in Fig. 29(a).

C. RICIAN K-FACTOR
The Rician K -factor is a significant indicator of how the mul-
tipath components dominate the power contribution, which is
defined as the ratio of the power of the strongest component
to the power of the sum of the remaining components in the
received signal [46]. The expression is shown as follows:

KF (dB) = 10 · log10(
Pstrongest∑
Premaining

) (3)
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FIGURE 25. CDF of the DS of various BS heights. (a) U - TF Full - Tx 5∼25.
(b) U - TF Low - Tx 5∼25. (c) H - TF Full - Tx 5∼25. (d) H - TF Low - Tx 5∼25.

FIGURE 26. CDF of the KF of overtaking situation in the urban scenario.
(a) U - OT Bus - TF Full. (b) U - OT Bus - TF Low. (c) U - OT Car - TF Full.
(d) U - OT Car - TF Low.

where KF denotes the Rician K -factor, Pstrongest and
Premaining denote the power of the strongest component and
the power of each of the remaining components, respec-
tively. The fitting results of Rician K -factor are summarized
in Table 7 and the CDFs are compared in Fig. 26 - Fig. 28.

1) OVERTAKING SITUATION
Based on Fig. 26 and Fig. 27, the following conclusions
are drawn: compared with the urban scenario, the line-of-
sight (LOS) ray contributes the most to the received power
in the highway scenario. Therefore, the µKF in the highway
scenario (around 17 dB) is larger than µKF (around 10 dB) in
the urban scenario.

FIGURE 27. CDF of the KF of overtaking situation in the highway scenario.
(a) H - OT Bus - TF Full. (b) H - OT Bus - TF Low. (c) H - OT Car - TF Full.
(d) H - OT Car - TF Low.

FIGURE 28. CDF of the KF of various BS heights. (a) U - TF Full - Tx 5∼25.
(b) U - TF Low - Tx 5∼25. (c) H - TF Full - Tx 5∼25. (d) H - TF Low - Tx 5∼25.

2) VARIOUS BS HEIGHTS
Comparing Fig. 28 (a) with (b), we can find that in the urban
scenario, as the height of the BS increases (various from 5 m
to 25 m), the µKF gradually decreases from 40 dB to 15 dB
(summarized in Table 7). This is because that the higher the
BS, the more abundant multipath components in the urban
scenariowill occur, resulting in a gradual decrease in theµKF .
In the highway scenario, the µKF (around 35 dB) is not

sensitive to the changes of the BS height (various from 5 m to
25m). However, in the case ‘‘H - TF Low - Tx 15’’, theµKF is
relatively small (around 7 dB) due to the presence of a strong
reflected ray from the metallic noise barrier (see Fig. 29).
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FIGURE 29. Simulation snapshots of various BS height in the highway
scenario. (a) One snapshot in the case: H - Tx15 - TF Low. (b) One
snapshot in the case: H - Tx20 - TF Low.

FIGURE 30. Simulation snapshots of different overtaking situations in the
highway scenario. (a) One snapshot in the case: H - OT Bus - TF Full.
(b) One snapshot in the case: H - OT Car - TF Full.

D. ANGULAR DOMAIN
Based on the 3GPP definition, the conventional angular
spread calculation for the composite signal is given by

σAS =

√√√√√√√√
N∑
n=1

(
θn,µ

)2
· Pn

N∑
n=1

Pn

(4)

where σAS denotes the angular spread, Pn denotes the power
of the n-th multipath, and θn,µ is defined by:

θn,µ = mod (θn − µθ + π, 2π)− π (5)

µn is defined as:

µθ =

N∑
n=1

θn · Pn

N∑
n=1

Pn

(6)

and θn is the angle of arrival/departure of the n-th multipath.
The angular spreads values for each case are summarized

in Table 8.

1) OVERTAKING SITUATION
Generally speaking, for the overtaking situation in the urban
scenario, the mean value of ASD and ASA (around 35◦ and
50◦, respectively) are larger than ESD and ESA (around 15◦

and 10◦, respectively), implying that most of the multipaths
come from the horizontal direction. This truthfully reflects
the fact that in the simulation results, a large number of
reflected rays are mainly from the surface of buildings and
the moving vehicle bodies.

In the highway scenario, under the condition of full traffic
flow, the two situations of ‘‘vehicle UE overtaking the bus’’
and ‘‘vehicle UE overtaking car’’ are compared. We can find
that when the vehicle UE overtakes the bus, both ASD and
ASA are smaller than when the vehicle UE overtakes the car.
The reason is that when the car is in front of the vehicle UE,
since the height of the car is low (1.6 m) and the height of
the vehicle UE is 3 m, more multipath components from the
surrounding scatterers can get to Rx (see Fig. 30).

2) VARIOUS BS HEIGHTS
According to Table 8, we can find that in the urban scenario,
the mean values of the horizontal angular spreads (ASD and
ASA) increase with the height of the BS. In the highway
scenario, it mainly depends on the condition of the moving
vehicles.

V. CONCLUSION
In this paper, a comprehensive study on the channel charac-
teristics of the V2I link in mmWave band (22.1-23.1 GHz)
for various road environments and deployment configurations
is conducted. In combination with the dynamic mobility pat-
tern of the antenna on the RT simulator, mmWave channel
characteristics for ‘‘overtaking situation’’ and ‘‘various BS
height’’ in typical urban and highway scenarios are evaluated,
respectively. By considering different traffic flows, multiple
antennas and beam switching (Beam 1, 2, 3) at the vehicle
UE, 44 cases have been considered in this work.

The key channel parameters in target scenarios are
extracted and analyzed from the calibrated simulations.
Based on the analysis of the channel parameters, a series
of interesting findings in the V2I link are summarized as
follows:

During the overtaking process, when the BS is beside
the road, the received power of three beams in different
directions has a difference of 10 dB. As the vehicle UE is
further approaching the BS, the originally communicating
beam on the vehicle UE (the beam which has the greatest
received power before the overtaking process) will deviate
from the main lobe of the BS. In this case, the received power
of different beams may even differ by up to 20 dB, thus
multiple antennas and beam switching can be effectively used
to achieve more reliable communication of the V2I link.

In the urban scenario, the received power is mainly affected
by the surrounding objects along the roadside, and in the
highway scenario, it is more affected by the moving vehicles
on the lane.

In the highway scenario, the mean value of DS is mainly
affected by traffic flow.When the traffic flow is low, the mean
value of DS is relatively small (6-7 ns). When the traffic
flow is full, the mean value of DS is relatively large
(22-23 ns), which is approximately three times the mean
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value of DS with low traffic flow, because there are more
multipath components generated from the moving vehicles.

For the various heights of the BS, we find that in the urban
scenario, as the height of the BS increases, the type and
number of multipath increase. Meanwhile the mean value of
KF decreases and the mean values of DS increases. However,
in the highway scenario, the mean values of KF and DS
are not sensitive to the BS height. The mean value of the
horizontal angular spreads (ASD and ASA) increase with the
higher BS in the urban scenario. In the highway scenario,
it mainly depends on the condition of the moving vehicles.

In summary, the analysis and the provided parameters in
this paper will help the researchers understand the channel
characteristics of the V2I link in mmWave band and support
the link-level and system-level design for future vehicular
communications.
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