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ABSTRACT Due to the drastic increase in the volume of data generated by connected vehicles (CVs), future
vehicle-to-infrastructure (V2I) applications will require a communication medium that offers high-speed
and high bandwidth communication while maintaining reliability in high-mobility traffic scenarios. The 5G
millimeter-wave (mmWave) can solve the communication issues related to V2I applications. However, the
performance of the 5G mmWave for vehicular communication in high-mobility urban traffic scenarios is
yet to be evaluated. This study presents a case study on assessing the performance of the 5G mmWave-
based vehicular communication in such traffic scenarios. We have designed three realistic use cases for
performance evaluation based on three challenges: dynamic mobility, increased CV penetration level, and
V2I application specifications, such as data rate and packet size. We have also created a simulation-based
experimental setup using a microscopic traffic simulator (SUMO) and a communication network simulator
(ns-3) to simulate the use cases. We have used delay, packet loss, throughput, and signal-to-interference-
plus-noise ratio (SINR) as the communication performance evaluation metrics. Our analyses found that the
CV penetration level is the primary determinant of the performance of the 5G mmWave. Moreover, once the
data rate is increased by a factor of 40, delay and packet loss increase by factors of 6.8 and 2.8, respectively.

INDEX TERMS Connected vehicle, 5G, millimeter-wave, communication, vehicle-to-infrastructure, V2I.

I. INTRODUCTION
A. BACKGROUND
Connected vehicles (CVs) are an integral part of the trans-
portation cyber-physical systems (CPS). Numerous safety,
mobility, and environmental benefits can be achieved through
CV applications [1]. The communication technologies used
for vehicular networks include the widely adopted Wireless
Access in Vehicular Environments (WAVE/IEEE 802.11p),
4G, LTE, Cellular vehicle-to-everything (C-V2X), and 5G
[2]. As identified in previous literature, the advantages of
5G over 4G and LTE includes increased spectrum allocation,
improved capacity to aggregate simultaneous users within the
coverage area, availability of directional beamforming anten-
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nas, highly increased bit rates within increased proportions
of the 5G coverage areas, and lower infrastructure cost [3].
Researchers have increasingly shown more interest in spec-
trums higher than 6 GHz to improve communication network
reliability and throughput in the transportation CPS [4], [5].
The frequencies under 6 GHz are already allocated to various
LTE bands [6]. Higher data throughput can be supported
by the unused spectrums above 6 GHz for the increasing
number of CVs in the future. The term ‘mmWave’ in the
‘5G mmWave’ refers to the spectrum corresponding to wave-
lengths between 1 and 10 millimeters [7]. Compared to LTE,
the carrier frequency of the 5GmmWave allows for increased
data rates while reducing the communication latency [8].
This inherent capacity offered by the 5G mmWave for both
backhaul links (within multiple base stations) and access
links (within the base station and end-users) can support the
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FIGURE 1. 5G mmWave network in urban environment.

CV environment [9]–[12]. The coverage area of mmWave
communication is limited; however, extending the coverage
area throughmulti-hop cooperative relay networks can signif-
icantly enhance communication network performance [13].
The wireless network operators increase the number of cell
towers with reduced cell coverage areas to reduce inter-
ference and use cooperative multiple-input-multiple-output
(MIMO) antennas at the receiver and sender end to compen-
sate for the reduced cell coverage through improved relay-
ing [3]. Future 5G mmWave based deployment will contain
a high number of cell towers suitable for the future CV
environment where an unprecedented number of CVs will
demand multi-gigabit/second data transmission to support
different CV applications.

CVs (both human-driven and automated vehicles) can
run various data-intensive applications, such as in-vehicle
infotainment systems [14] or sensor data sharing [15]. Fig-
ure 1 shows a conceptual 5G mmWave enabled CV scenario
where a data center is connected with the mmWave base
station either: (a) directly with a fiber-optic network or (b) via
macro base stations. Multiple mmWave base stations can
have overlapping regions to serve the high number of CVs
if needed. The macro base stations operate at lower frequen-
cies (below 6 GHz) to offer higher wireless communication
coverage.

B. MOTIVATION
5G technologies have been deployed commercially in many
locations across the world [16]. However, one of the 5G
technologies, the 5G mmWave, is still in the development
phase, and its application feasibility to roadway traffic is
an important research area. The performance of the 5G
mmWave base stations and the associated performance met-
rics for various roadway traffic scenarios is still an evolving
research area. The initial phase of deploying any technol-
ogy should include a thorough evaluation of the technology
using simulation studies, identifying potential challenges,
and finding the solutions to these challenges. This study was
conducted to evaluate the efficacy of the 5G mmWave in
different challenging roadway traffic scenarios in a simula-
tion environment, which can provide valuable lessons that

could be used in the 5G mmWave experiments in a real-
world roadway traffic scenario. Our study will support the
future 5GmmWave integration in different connected vehicle
applications.

C. CONTRIBUTIONS
Our contribution in this simulation-based study is providing
performance data of 5G mmWave for V2I communication
considering three specific challenges: dynamic mobility of
CVs, different CV penetration levels with changing maxi-
mum speeds (which is the same as the posted speed limit in a
corridor), and CV application requirements that correspond
to variable data rate and packet size. In the first use case,
we evaluate one 5G mmWave base station’s performance for
varying maximum speed of CVs, keeping the other factors
(CV penetration level, application data rate, and packet size)
constant. To quantify the relationship between CV mobility
and the performance of the 5G mmWave communication
(the second use case), we evaluate the performance of a 5G
mmWave base station with varying numbers of CVs, keeping
the other factors (maximum speed, application data rate, and
packet size) constant. In the third use case, we evaluate one
5GmmWave base station’s performance for variable data rate
and packet size, keeping the other factors (maximum speed
and CV penetration level) constant. We have also selected a
baseline technology (WAVE/IEEE 802.11p) for comparison
with the 5GmmWave. This studywill also providemotivation
for developing new connected vehicle applications that can
benefit from 5G mmWave.

D. OUTLINE
In the rest of the paper, we first review the literature on the
status of 5G and the use of 5G for vehicular communications.
Section III describes the three use cases developed to evaluate
the 5G mmWave performance. Sections IV and V describe
the experimental setup for simulating the use cases and per-
formance evaluation metrics used in this study, respectively.
Section VI presents the evaluation results obtained by simu-
lating the use cases. Section VII discusses the conclusions
based on the results obtained in Section VI. Section VIII
provides recommendations for future research related to the
5G mmWave-based vehicular communication.

II. LITERATURE REVIEW
The telecommunications industry and academia are involved
in research to find technologies to support higher data rate
and enhance spectral communication efficiency. Since the
early 1980s, every ten years, a new generation of emerg-
ing communication technologies has replaced the old one:
first-generation analog frequency modulation (FM) cellular
systems in 1981, second-generation (2G) digital technology
in 1992, 3G in 2001, and LTE-A in 2011 [17]. The 3rd
generation partnership project or 3GPP consists of seven
standard organizations, and they are responsible for creating
the 5G new radio (NR) standards. The 3GPP published the
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first complete set of 5G NR standards in 2017 in Release
15 [18]. Further updates on 5G NR standards will be pub-
lished in Releases 16 and 17, which will include vehicle-to-
everything (V2X) application layer services [19]. In the US,
the telecommunication industry, including AT&T, Verizon,
and Sprint, have deployed 5G as a fully operational network
in major cities, such as Atlanta, Boston, New York, Chicago,
San Francisco, and Houston [16].

The barriers to reliable wireless communication for CV
applications include dynamic network topology of vehicular
communication due to high vehicle mobility and frequent
data link disconnections [20], cross-channel interferences
and consequent packet drops in adjacent channels [21], and
increased channel access delays [22]. The 5G networks are
expected to expand and support various use cases, such as
enhanced Mobile Broadband (eMBB), Ultra-Reliable Low-
Latency Communication (URLLC), and Massive Machine
Type Communication (MMTC). The eMBB is designed for
the high data rate mobile broadband services, which require
seamless data access both indoors and outdoors. The URLLC
is designed for applications with stringent latency and relia-
bility requirements in highly mobile vehicular communica-
tions to enable the CV network. The MMTC supports a vast
number of devices that sporadically generate a small amount
of data.

Many recent studies have shown that the 5G mmWave
can be applicable for connected vehicles because of its high
communication bandwidth with a gigabit/sec data rate and
low latency communication delay [9]–[12]. These studies
focus on specific aspects of the 5G mmWave based V2X
communication, such as 3D beam alignment strategies [9],
software-defined networking-based ecosystems [10], content
dissemination methods for enhanced V2X (eV2X) services
[11], and propagation channels for vehicle-to-vehicle (V2V)
communication [12]. Moreover, end-to-end 5G network slic-
ing can enable mmWave communication for vehicular net-
works [23]. Dehos et al. have identified mmWave as the
primary technology for next-generation communication [24].
Mastrosimone and Panno have studied hybrid mmWave and
LTE access links’ performance and compared the hybrid
system against pure LTE-based access links [25]. They have
found CVs can achieve increased throughput of 33% using
the hybrid mmWave and LTE access links compared to solely
using LTE scenario [25]. Mezzavilla et al. (2018) evaluated
LTE and 5G mmWave communication with a single mobile
node [26]. In a real-world experiment conducted by Kim
(2019), the author used mmWave for V2V communication on
a university campus and on city roads with different permitted
vehicle speeds. Due to the real-world environment, frequent
disconnections occurred, and the inter-vehicle connectivity
was impacted by the vehicles’ speed variations. However,
sufficient throughput was maintained to exchange large vol-
ume of data through the V2V connectivity. In another study
conducted by Giordani et al. (2017), the authors developed
a mathematical model to perform connectivity analysis in
mmWave-based vehicular networks [27]. Based on their anal-

ysis, Giordani et al. (2017) found the mean data throughput at
different vehicle speeds remains the same with 5G mmWave.

As discussed above, no previous study quantified the 5G
mmWave communication performance for different use cases
considering dynamic mobility of CVs, different CV penetra-
tion levels with changing maximum speeds, and CV appli-
cation requirements that correspond to variable data rate and
packet size. Our study aims to address these research gaps and
provide a simulation-based performance evaluation of the 5G
mmWave for V2I applications in an urban roadway corridor.
The purpose of our study is to evaluate the 5G mmWave
communication medium that offers high bandwidth while
maintaining reliability in high-mobility traffic scenarios. Our
multi-vehicle traffic scenario testing is a more realistic exten-
sion of an earlier study conducted byMezzavilla et al. (2018).
Also, we demonstrated the comparison of mmWave commu-
nication with another widely studied communication option,
i.e., WAVE/IEEE 802.11p.

III. USE CASES AND BASELINE TECHNOLOGY
Here we discuss the three use cases to evaluate 5G mmWave
communication and the baseline technology, WAVE/IEEE
802.11p, whose performance is compared against the 5G
mmWave.

A. USE CASES
To evaluate the efficacy of the 5GmmWave, we have selected
an urban arterial (Woodruff Road), in Greenville County,
South Carolina, US. Literature suggests that a 5G mmWave
base station can cover a distance of 500m [8], so we have
chosen a portion of the corridor (∼500m) and considered
one 5G mmWave base station. We use a microscopic traffic
simulator (i.e., Simulation of Urban Mobility or SUMO)
to model the corridor and simulate traffic flow through the
corridor. We simulate downlink data traffic, where the remote
host sends synthetic data packets with a specific packet size
and bit rate, and the CVs receive the data while in motion,
which is a V2I application and an eMBB use case of 5G.
It is envisioned that one 5G mmWave base station can deliver
10Gbps peak throughput [8], which is very useful whenmany
users are running multiple high data rate applications. Our
goal is to study the 5GmmWave communication performance
for traffic scenarios with multiple CVs on the road network.
This study will simulate multiple CVs running applications
that need to download data at a high data rate while moving
at high speed through the corridor. Figure 2 presents the
roadway section we have simulated in this study.

We have mentioned three factors (high CV penetration
level, dynamic mobility, and CV application requirements)
that create challenges for the 5G mmWave-based vehicular
communication. Based on these factors, we have designed
three use cases to evaluate the performance of the 5G
mmWave. We have also selected a baseline technology for
comparison. The description of the three use cases and base-
line technology is described here.
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FIGURE 2. CV application data flow (downlink) using 5G mmWave eNB.

1) Use Case 1: CVs represent high-mobility nodes, which
will make the communication between CVs and the 5G
mmWave base stations challenging and often unreli-
able. This study evaluates the effect of CV mobility on
the 5G mmWave communication performance for V2I
applications. Here, CV mobility refers to the dynamic
movement of CVs, which can be expressed using CV
speed. The 5G mmWave can use any high-frequency
spectrum above 24 GHz, decreasing communication
reliability in high-mobility scenarios. In this use case,
we evaluate one 5G mmWave base station’s perfor-
mance for varying maximum speed (35mph, 45mph,
55mph) of CVs, keeping the other factors (CV pen-
etration level, application data rate, and packet size)
constant. These constant values are: CV penetration
level = 20 CVs, application data rate = 250 Kbps, and
packet size = 256 bytes. For arterials, the three speeds
mentioned above represent typical speed limits.

2) Use Case 2: In an urban roadway condition, many
CVs may communicate with the backend infrastructure
through the 5G mmWave base stations. The number
of base stations needed will depend on the penetration
of CV traffic on the roadway. As such, the number of
CVs is an essential factor. In use case 2, we evalu-
ate the performance of one of the 5G mmWave base
stations for varying numbers of CVs (20, 40), along
with altering the maximum speed of CVs (35 mph,
55 mph), keeping the other factors (maximum speed,
application data rate, and packet size) constant. This
experiment can be used to quantify the relationship
between CV mobility and the performance of the 5G
mmWave communication.

3) Use Case 3: The primary purpose of deploying the 5G
mmWave base stations is to support applications with
high bandwidth requirements. However, the uplink and
downlink data rates between the CVs and the 5G
mmWave base station will vary depending on applica-
tion specifications. Moreover, the data packet size may
also vary depending on the application. In use case 3,
we evaluate one 5G mmWave base station’s perfor-

mance for variable data rate (250 Kbps, 10 Mbps) and
packet size (256 bytes, 1024 bytes), keeping the other
factors (maximum speed and CV penetration level)
constant. These constant values are: CV penetration
level = 20 CVs, and maximum speed = 45 mph.

B. BASELINE TECHNOLOGY
We have selected the WAVE/IEEE 802.11p standard-based
communication as the baseline technology. It is an established
standard for vehicular communication that uses the 5.9 GHz
spectrum, and significant research has been conducted to
demonstrate its feasibility using simulations and field eval-
uations [28]. According to the federal communications com-
mission (FCC), 5.9 GHz band will be used for indoor WiFi
and C-V2X communication [29]. The C-V2X technology is
developed using the Release 16 of the 3GPP standard for
cellular communication, and it uses the 5.9 GHz spectrum
for direct communication. The direct communication mode
of C-V2X is called the 5G new radio (NR) sidelink. Although
C-V2X is an emerging technology, initial studies have shown
that the performance of C-V2X technology using 5.9 GHz
is very similar to the performance of WAVE/IEEE 802.11p
technology [30]. That is why we have selected WAVE/IEEE
802.11p for benchmarking in this study.

IV. EXPERIMENTAL SETUP
The details of the experimental setup for both 5G mmWave
and WAVE/IEEE 802.11p are discussed in this section.

A. 5G mmWave SETUP
In this study, we use the network simulator, ns-3 [31] and
the microscopic traffic simulator, SUMO [32]. Using ns-
3, we model the communication between the CVs and the
network infrastructure for the experimental setup. It is nec-
essary to model the channel characteristics in a network
device. To simulate the 5G mmWave communication in ns-
3, we have used the mmWave module developed by the New
York University (NYU)Wireless Group and the University of
Padova [26]. ThemmWavemodule can simulate a wide range
of frequencies (i.e., 6 ∼ 100 GHz) for 5G communication.
The 5G mmWave module architecture is built upon the ns-
3 LTE module (LENA), which uses the evolved packet core
(EPC) network for LTE communications [33]. All layers in
the 5G mmWave module from the network layer and above
are identical to the LENA module. However, the mmWave
PHY and MAC layers are explicitly designed for mmWave
communication.

We create multiple ‘‘MmWaveUeNetDevice’’ objects in
ns-3, representing the mmWave user equipment (UE) net-
work devices to simulate multiple CVs. We also create one
‘‘MmWaveEnbNetDevice’’ object in ns-3 to simulate the
radio stack in the mmWave base station (evolved Node B
or eNB) [26]. All parameters related to the 5G mmWave
simulation modeling are given in Table 1. The 5G mmWave
eNB and other communication infrastructure, such as a data
center working as a remote host, will have a constant position
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TABLE 1. Consideration for wireless communication of CVs.

mobility model. For the moving nodes or CVs, we have used
the waypoint-following mobility model. We use SUMO to
generate the trace file containing the CVs’ motions, such as
a CV’s position, speed, and timestamp of data capture. The
trace file is combined with the waypoint-following mobility
model in ns-3 to model CVmobility in the network simulator.
The network simulation generates several output files, which
are post-processed to extract the evaluation metrics, such
as throughput, delay, packet loss, and signal-to-interference-
plus-noise ratio (SINR). The ns-3 simulation generates raw
output files related to the radio link control (RLC) protocol
and packet data convergence protocol (PDCP). The PDCP
Tx and Rx files are packet traces that contain the information
about each transmitted and received data packet during the
simulation. The packet traces are post-processed to extract the
packet information, along with timestamps and signal power.
The packet information is used to generate output based on
the selected evaluation metrics, which will be discussed in
the following subsection. The findings presented in this paper
have been obtained by running the ns-3 simulation for a short
interval of 30 seconds due to the computational requirements
of the 5G mmWave simulations.

Our approach to communication network simulation with
network simulator (ns-3 and its predecessor ns-2) has been
a widely accepted strategy for designing and validating net-
work protocols in the industry and academia for a long
time [26]. The outputs generated from the ns-3 simulator have
been accepted to be reliable for representing the real-world
network performance [26], [34], [35]. The 5G mmWave
module’s channel model used in the ns-3 simulation has
been validated with real-world data [36]. The details of the
5G mmWave setup, WAVE/IEEE 802.11p setup, and perfor-
mance metrics are given in the following subsections.

1) 5G mmWave CHANNEL CHARACTERISTICS
The first part of mmWave modeling is channel characteristics
modeling. We have used the NYU statistical model as the
propagation path loss model in this study [26]. This propa-
gation model uses two separate equations for path loss con-
sidering line-of-sight (LOS) and non-line-of-sight (NLOS)

scenarios [26]. The communication channel matrices (i.e.,
beamforming vectors) are pre-generated and updated peri-
odically (every 100 ms) to reduce computation burden dur-
ing simulation while considering large-scale and small-scale
fading. This model also assumes blockages, as it overlays the
statistical channel model with the blockage model in ns-3 and
chooses the appropriate propagation path loss model. This
propagation model has been calibrated for two frequencies:
28GHz and 73GHz.Mobile network operators currently own
the 28 GHz spectrum, so it is not a free spectrum that can be
used for vehicular communication [19].

Moreover, a higher frequency is desirable because it
achieves higher throughputs and data rates, which is the focus
of this study. The channel model also calculates multipath
interference by using an interference computation scheme.
Each multipath communication link is associated with beam-
forming vectors, and these vectors are used to calculate the
interference. The beamforming vectors consist of several
parameters, such as the departure angle and arrival angle. The
error model in the mmWave module follows the LTE LENA
error model [33].

2) 5G mmWave PHY AND MAC LAYER
Here, we describe the PHY and MAC layer properties of
the mmWave module used in our simulation. The mmWave
module uses a time division duplexing (TDD) frame and
subframe structure following the LTE standards. However,
TDD allows the module to allocate the control and data
channels within the subframe in a flexible way. It also uses
the hybrid automatic repeat request (HARQ) based retrans-
mission, which helps to do fast retransmission of data packets
and increases the probability of successful decoding at the
data receiving end. The HARQ model is combined with
channel beamforming to ensure that all transmitted packets
are received. In the MAC layer, time division multiple access
(TDMA) is used as the default scheme because of analog
beamforming. Analog beamforming refers to the transmitter
antenna arrays aligning with the receiver antenna arrays to
maximize the directional gain. Analog beamforming is one
type of directional transmission. The adaptive modulation
and coding (AMC) mechanism is used in our simulations,
which uses the channel quality indicators (CQI) to update the
modulation and coding. The MAC scheduler is based on a
variable transmission time interval (TTI). This study uses the
round-robin scheduler, which uses the orthogonal frequency
division multiplexing (OFDM) and assigns OFDM symbols
to flows in a round-robin order [26].

3) THE 5G mmWave INTERNET STACK (TCP/IP)
The remaining layers, including the internet stack (i.e.,
TCP/IP protocol suite), follow the LTE LENA module [26].
The ‘‘MmWaveHelper’’ object in ns-3 is used to model the
5G mmWave stack in ns-3 simulation (e.g., channel, PHY,
MAC). A UE (i.e., CV) is attached to the closest eNB at the
start of the simulation. As we are interested in an end-to-end
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transmission scenario, a packet gateway (PGW) node con-
nected to the backhaul LTE core network is also created. The
positions of the eNB are fixed, and the UE mobility model
is derived from the trace file generated through SUMO using
the ‘‘Ns2mobilityhelper’’ object. We have used UDP unicast
transmission in this study since we want to achieve higher
throughput at the cost of lower reliability.

B. WAVE/IEEE 802.11P SETUP
To model WAVE/IEEE 802.11p communication in ns-3,
we have used the WAVE module developed following the
IEEE 802.11p, IEEE 1609, and SAE J2735 standards.
We have used the WAVE/IEEE 802.11p module provided in
ns-3 [37]. The WAVE/IEEE 802.11p module in ns-3 focuses
on the multi-channel coordination layer and MAC layer. The
PHY layer is similar to the IEEE 802.11 PHY layer. The
WAVE module in ns-3 allows simulation of the vehicular ad-
hoc network (VANET) scenarios and network performance
assessment for different 802.11p MAC/PHY characteristics,
propagation lossmodels, and data routingmethods in realistic
roadway scenarios. ns-3 includes a VANET example that uses
802.11p communication [38]. In [38], the example simulation
runs for ten simulated seconds with 40 nodes (i.e., 40 CVs).
All nodes transmit 200-byte basic safety messages ten times
per second at 6 Mbps with continuous access to a 10 MHz
Control Channel (CH) for all data traffic. Since the example
scenario is similar to our scenario with an addition of a base
station or a roadside unit (RSU), we have used the WAVE
module in ns-3 to simulate the VANET scenario for our study.

The propagation loss depends on two significant factors:
the distance between the communicating nodes and mul-
tipath fading. We use the Friis propagation loss model to
account for path loss due to distance and the Nakagami-
m fast fading loss model to account for the path loss due
to multipath fading [39]. For simulation, we use 20 dBm
(equivalent to 0.1 Watts) transmission power. The choice of
routing protocol is important for scenarios selected in this
study since the routing protocol directly affects the network’s
quality of service. In terms of routing protocol, we have used
the ad-hoc on-demand distance vector (AODV) protocol,
which is one of the most widely used routing protocols for
ad-hoc mobility-related scenarios [37], [40]–[42]. A recent
study has shown that the AODV routing protocol provides
a higher packet delivery ratio, throughput and normalized
routing load than other routing protocols for different IEEE
802.11p VANET scenarios in terms of vehicular densities and
speeds [43]. Similar to the 5G mmWave scenario, we have
used a waypoint-following mobility model in this case. The
same trace files as the mmWave cases are used for node
mobility. The RSU node is treated as a stationary node with a
fixed position. The UDP unicast transmission mode is used
to send the data packets since it offers higher maximum
throughput than the UDP broadcast mode. We have used the
flowmonitor in ns-3, whichmonitors the packet flow between
the communicating nodes [44]. All the relevant parameters

TABLE 2. 5G mmWave PDCP layer statistics from simulation.

related to simulating WAVE/IEEE 802.11p in ns-3 are pre-
sented in Table 1.

V. PERFORMANCE EVALUATION METRICS
The details of performance evaluation metrics for both 5G
mmWave and WAVE/IEEE 802.11p are discussed in this
section.

A. METRICS FOR 5G mmWave
In ns-3, the 5G mmWave module is configured to output
the aggregate statistics of the PDCP and RLC layer for all
UEs (CVs) and the eNodeB (eNB). The aggregate output files
contain the statistics related to all data packets transmitted
from and received by UEs and eNBs during the simulation
using 5G mmWave communication. Since PDCP and RLC
files contain similar information, we only consider the PDCP
output files. Table 2 contains a snapshot of the data available
in the PDCP output file. Here, the initial three columns rep-
resent the type of packet (transmitted or received), simulation
time and ID of the cell tower or eNB, respectively. We only
have one eNB in simulation, so all packets originate from
cell 1. The fourth column represents RNTI (radio network
temporary identifier). RNTI is assigned based on the ID
assignment method in the 5G NR standard, and it is the ID
of the individual CVs or UEs in simulation. The fifth and
sixth column represents the packet size of the transmitted or
received packet and the delay information, respectively. Only
Rx packets contain delay information. For Tx packets, there
is no delay information. The evaluation metrics used in this
study are average delay, throughput, packet loss, and SINR,
as discussed in the following. SINR is a direct output from
5G mmWave simulation in the RX packet trace.

1) Average delay: For all Rx packets in Table 2, there is
a value on the delay column. Therefore, we filter data
from the table using the ‘TX/RX’ column name for Rx
packets and take an average of the ‘Delay’ column to
calculate the average delay for all CVs. Let us assume
that the total number of Rx packets is n and the delay
for the ith packet is Di. The delay is calculated using
(1).

Delay =

∑n
i=1Di
n

(1)

2) Throughput: Throughput is also calculated using data
about simulation time and packet size, and a snap-
shot of the data is shown in the second column
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FIGURE 3. 5G mmWave performance for use case 1 and comparison with WAVE/IEEE 802.11p. (+ = sample mean):
(a) throughput; (b) packet loss; (c) delay related to 5G; and (d) delay related to WAVE/IEEE 802.11p.

(Sim. Time (sec)) and fifth column (Packet size) of
Table 2. The base station or eNB continuously trans-
mits data to the different UEs (CVs), so we consider
throughput as the rate of successful data transmission
from the eNB to the CVs. Let us assume that the total
number of Tx packets ism, the total number of Rx pack-
ets is n, the simulation timestamp of transmitting the ith

Tx packet is Sti, the simulation timestamp of receiving
the ith Rx packet is Sri, and the packet size of the ith Rx
packet is Pi. Therefore, the average throughput can be
calculated using (2). The average throughput will be
less than or equal to the transmission data rate of the
eNB, which is a parameter in simulation.

Throughput =

∑n
i=1 8Pi

Srn − St1
(2)

3) Packet Loss: Packet loss means the percentage of
packets sent by the eNB that were not received by the
intended UEs or CVs. Let us assume that the number
of Tx packets is m, and the number of Rx packets is n.
Therefore, packet loss is calculated using (3).

PacketLoss =
m− n
m

(3)

4) SINR: SINR can be calculated directly from one of
the output files generated by the ns-3 5G mmWave
simulation, which is the Rx packet trace file. In the Rx
packet trace, SINR is the ratio of the incoming signal’s
power and the sum of the interference signal power
from other objects and the noise power.

B. METRICS FOR BASELINE WIRELESS TECHNOLOGY
(WAVE/IEEE 802.11P)
For WAVE/IEEE 802.11p scenarios (with which the 5G
mmWave was compared), we have used the flow monitor
in ns-3, which monitors the packet flow between the com-
municating nodes. Flow monitor provides specific output
values for each flow in the simulation. Here, a flow is defined
as a stream of data between two unique nodes. The output
measures provided by the flow monitor, which we have used
in our calculation, are given below:

• timeFirstTxPacket: when the first packet in a flow was
transmitted

• timeLastTxPacket: when the last packet in a flow was
transmitted

• timeFirstRxPacket: when the first packet in a flow was
received by an end node
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FIGURE 4. 5G mmWave performance for use case 2. (+ = sample mean): (a) throughput; (b) delay; and (c) packet
loss.

• timeLastRxPacket: when the last packet in a flow was
received

• delaySum: sum of all end-to-end delays for all received
packets of a flow

• txBytes: total number of transmitted bytes for a flow
• txPackets: total number of transmitted packets for a flow
• rxBytes: total number of received bytes for a flow
• rxPackets: total number of received packets for a flow

Based on these output values for each flow, the perfor-
mance evaluation metrics are calculated using the following
equations, like the 5G mmWave scenarios.

1) Average delay: The average delay for each flow can
be calculated using delaySum and rxPackets as given
here.

Delay =
delaySum
rxPackets

(4)

2) Throughput: Throughput for each flow can be calcu-
lated using rxBytes, timeFirstTxPacket, and timeLas-
tRxPacket, as given below. We convert the total bytes
received to bits and then measure the simulation time
window by considering the timestamps for the first Tx
packet and the last Rx packet.

Throughput=
8rxBytes

timeLastRxPacket − timeFirstTxPacket
(5)

3) Packet Loss: Packet loss for each flow can be calcu-
lated using txPackets and rxPackets, as given below.

PacketLoss =
txPackets− rxPackets

txPackets
(6)

VI. EXPERIMENTAL RESULTS
In this section, we discuss the findings based on the per-
formance evaluation of the 5G mmWave and WAVE/IEEE
802.11p for three different use cases in a simulation environ-
ment.

A. USE CASE 1
In use case 1, the number of CVs is 20, the packet size
is 1024 bytes, and the transmission (Tx) bit rate (i.e., data
rate) is 250 Kbps. From Figure 3, we observe that the
5G mmWave performance is not affected by the maximum
CV speed for the 20 CVs. The 5G mmWave eNB is able
to provide average throughput of 200, 199 and 201 Kbps
(see Figure 3(a)), average packet loss of 21.8%, 22.3% and
21.5% (see Figure 3(b)), an average delay of 6.5, 3.8 and
3.1 ms (see Figure 3(c)) for 35, 45 and 55 mph maximum
speed of CVs, respectively. Although the delay is low, the
packet loss is significant, resulting in low throughput. The
WAVE/IEEE 802.11p suffers from significant delay and
packet loss due to the throughput requirements from multiple
CVs (see Figures 3(d) and 3(b)); this is due to the fact that
WAVE/IEEE 802.11p has amaximum limit on the throughput
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FIGURE 5. 5G mmWave SINR distribution variation with CV penetration
level and V2I application data rate: (a) CV = 20, max speed = 45 mph,
data rate = 250 Kbps; (b) CV = 40, max speed = 45 mph, data rate =

250 Kbps; and (c) CV = 20, max speed = 45 mph, data rate = 10 Mbps.

for UDP unicast transmission. For WAVE/IEEE 802.11p, the
RSU can provide average throughput of 18, 46 and 14 Kbps
(Figure 3(a)), average packet loss of 93.1%, 80.9% and 94.9%
(see Figure 3(b)) and average delay of 2.8, 2.5 and 3.6 s (see
Figure 3(d)) for 35, 45 and 55mph speed of CVs, respectively.
From these results, it can be concluded that even for low data
rates, the 5G mmWave is superior to WAVE/IEEE 802.11p
in terms of packet loss, throughput, and delay. Moreover, the
impact of CV speed on the 5G mmWave is negligible for low
penetration levels of CVs.

B. USE CASE 2
In use case 2, we investigate the combined effect of CV
penetration level and CV mobility on communication per-
formance. Here, we use two maximum speeds (35 mph
and 55 mph) for CVs and two CV penetration levels (20
and 40 CVs). The packet size is 1024 bytes, and the Tx bit rate
is 250 Kbps. From Figure 4, it can be observed that the CV
penetration level has noticeable impacts on the performance
of the 5G mmWave, regardless of the CV maximum speed.
The increase in CV penetration level decreases the throughput
and increases the delay and packet loss for both speeds. At
35 mph maximum speed, the 5G mmWave eNB can provide
average throughput of 200 Kbps and 163 Kbps (as shown
in Figure 4(a)), an average delay of 11.5 ms and 29.8 ms
(see Figure 4(b)), and an average packet loss of 21.9% and
36.4% (see Figure 4(c)) for 20 and 40 CVs, respectively. At
55 mph maximum speed, the 5G mmWave eNB can provide
average throughput of 201 and 141 Kbps (see Figure 4(a)),
an average delay of 8.1 and 45.8 ms (see Figure 4(b)), and
an average packet loss of 21.5% and 44.7% (see Figure 4(c))
for 20 and 40 CVs, respectively. Here, we can observe that
doubling the number of CVs reduces the throughput by a
factor ranging between 1.2 and 1.4, increases the average
delay by factors ranging between 2.6 and 5.7, and increases
packet loss by a factor ranging between 1.7 and 2.1. The
increase in CVs increases the throughput requirements due to
more applications downloading data using the 5G mmWave
eNB. Moreover, more CVs in an urban area mean a higher
probability of NLOS conditions [45], where any particular
CV might be impeding the LOS of another CV. A scenario
with a higher number of CVs also creates more multipath
interference, which results in a higher loss of packets and end-
to-end delays.

From the results in use case 1 (Figure 3), we have observed
that the performance for 20 CVs remains unchanged for
different speeds (35 mph, 45 mph, 55 mph). However, from
Figure 4, we can observe that, for the 40 CV scenario, the
5GmmWave eNB performance degrades when the maximum
speed is increased from 35 mph to 55 mph. The CVs’ higher
maximum speed also influences the 5G mmWave commu-
nication at higher CV penetration. For 20 CV scenarios,
increasing the speed from 35mph to 55mph has no impact on
the performance. However, for 40 CV scenarios, increasing
the speed from 35 to 55mph decreases the average throughput
by a factor of 1.2 and increases the delay and packet loss
by factors of 1.5 and 1.2, respectively. This is an interesting
finding from use case 2, as it shows that the challenge factors
are not independent. Instead, they can influence each other in
affecting communication performance.

We have also measured the quality of the 5G mmWave
communication in terms of SINR. SINR is a wireless quality
indicator measured in decibels (dB). In a frequency distribu-
tion plot of SINR, a higher frequency at higher dB values rep-
resent better quality of wireless communication with higher
throughput. Figures 5(a) and 5(b) show that interference and
noise increase with the higher number of CVs. For CV= 20,
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FIGURE 6. 5G mmWave performance for use case 3 (data rate). (+ =

sample mean): (a) delay and (b) packet loss.

FIGURE 7. 5G mmWave performance for use case 3 (packet size) (+ =

sample mean), (a) delay, (b) packet loss.

the SINR is mostly between −20 dB and 0 dB, but for CV =
40, the SINR is mostly spread out between 0 dB and−35 dB.

C. USE CASE 3
In use case 3, we examine the effect of V2I application
specifications, specifically data rate and packet size, on the
network performance of the 5GmmWave. At first, we investi-
gated the effect of higher data rates on the performance of the
5G mmWave. Thus, we increase the data rate from 250 Kbps
to 10 Mbps for each CV, keeping the packet size fixed at
1024 bytes. In this case, we use 20 CVs at an average speed
of 45 mph. From Figure 6, we observe that a higher bit
rate has a noticeable impact on network performance. The
average throughput is higher because of the higher Tx bit rate.
We have found that for the 10 Mbps case, the average delay
is 59.9 ms compared to the 8.8 ms for the 250 Kbps case,
so the delay increases by a factor of 6.8 when the bit rate
increases by a factor of 40 (Figure 6(a)). The average packet
loss increases from 22.3% (for the 250 Kbps case) to 63.3%
(for the 10 Mbps case), which is an increase by a factor of 2.8
(Figure 6(b)).

We examine the effect of packet size on the network per-
formance of the 5G mmWave by decreasing the packet size
from 1024 bytes to 256 bytes for each CV, keeping the data
rate fixed at 250 Kbps. For this case, we use 20 CVs at an
average speed of 45 mph. From Figure 7, we observe that a
change in packet size has no significant impact on the delay
(Figure 7(a)) and packet loss (Figure 7(b)). The average delay
is 9.8 ms compared to the 8.8 ms for the 1024 bytes case, and
the average packet loss is 21% compared to 22.3% for the
1024 bytes case.

As shown in Figure 5(c), the SINR distribution is improved
compared to Figures 5(a) and 5(b) due to the higher Tx bit
rate and higher throughput. Throughput is logarithmically
proportional to SINR, as defined by the Shannon-Hartley
theorem [46].

VII. CONCLUSION
Based on the results presented in Section VI, the CV penetra-
tion level, dynamic mobility, and application data rate have
noticeable impacts on the performance of the 5G mmWave.
Our analysis has revealed that doubling the CV penetration
level reduces the throughput by a factor ranging between
1.2 and 1.4, increases the average delay by factors ranging
between 2.6 and 5.7, and increases packet loss by a factor
ranging between 1.7 and 2.1. Moreover, for a higher CV
penetration level, CV speed has an impact on network per-
formance. However, this impact is not present for the lower
CV penetration level. The CV application data rate also has
a significant impact on the performance. For an increase in
data rate by a factor of 40, the average delay increases by
a factor of 6.8, whereas the average packet loss increases
by a factor of 2.8. Changing the packet size does not have
any impact on the delay, packet loss, and throughput. Also,
we find higher noise and interference when the CV pene-
tration level increases and the data rate increases, leading to
network performance degradation. The potential solutions for
supporting CV applications may include deploying multiple
5G mmWave base stations or leveraging existing 5G base
stations.

VIII. RECOMMENDATIONS FOR FUTURE RESEARCH
Our recommendations for future research are divided into two
subsections: simulation and field evaluations.

A. SIMULATION-BASED RESEARCH
This study does not consider the effects of buildings and
blockages on the 5GmmWave communication. It only shows
the 5G mmWave’s performance in the line-of-sight or LOS
scenario. The 5G mmWave signals are susceptible to signal
blockage and non-line-of-sight or NLOS. Future research
should focus on simulating different types of scenarios con-
sidering buildings and blockages (e.g., urban roadway tun-
nels, rural areas) to investigate their effect on the performance
of the 5G mmWave.

In this study, we have simulated a limited number of CVs
on the road. Future studies should investigate a larger area
with a higher number of CVs. These future case studies can
identify the shortcomings in 5G mmWave communication
with a higher penetration of CVs in urban networks and could
point towards further improvements in the 5GmmWave tech-
nology. We have simulated a portion of a corridor (∼500m)
and the performance of one 5G mmWave base station for this
particular area. Future research should investigate multiple
5G mmWave base stations’ performance, different spacing
between the base stations, and intelligent handoff manage-
ment for CVs to perform horizontal handover between the
base stations. A heterogeneous networkwith the 5GmmWave
and other communication technology (e.g., 4G, LTE, DSRC,
and WiFi) provides a reliable communication system for
an extended travel area, such as intercity highways. CVs
will perform vertical handover between these communication
technologies based on their availability and coverage.
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B. FIELD EVALUATION
A part of the 5G rollout nationally includes mmWave base
station deployments, especially in urban areas with high
user density. Therefore, along with detailed sensitivity anal-
ysis through simulations, the 5G mmWave should also be
evaluated using field tests in urban areas containing many
users. The evaluation may include the validation of simula-
tion results and updating simulation parameters. A connected
vehicle testbed containing the 5G mmWave base stations will
be ideal for conducting further research and evaluating com-
munication performance. Finally, we should develop testbeds
having the 5G mmWave base stations to test different CV
(V2V and V2I) applications.
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