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Abstract: Cellular vehicle-to-everything (C-V2X) communication has recently gained attention in
industry and academia. Different implementation scenarios have been derived by the 3rd Generation
Partnership Project (3GPP) 5th Generation (5G) Vehicle-to-Everything (V2X) standard, Release 16.
Quality of service (QoS) is important to achieve reliable communication and parameters which have
to be considered are reliability, end-to-end latency, data rate, communication range, throughput and
vehicle density for an urban area. However, it would be desirable to design a dynamic selecting
system (with emphasis on channel coding parameters selection) so that all QoS parameters are
satisfied. Having this idea in mind, in this work we examine nine V2X implementation scenarios
using Long Term Evolution (LTE) turbo coding with a geometry−based efficient propagation model
for vehicle-to-vehicle communication (GEMV), where we consider the above QoS parameters for
SOVA, log-MAP and max-log-MAP decoding algorithms. Our study is suitable for 3GPP cooperative
sensing, for the eight scenarios considering medium and large signal-noise-ratio (SNR) values. The
proposed model is sustainable despite a doubled data rate, which results in a minimal bit error rate
(BER) performance loss up to 1.85 dB. In this case tripling the data rate results in a further 1 dB loss.
Moreover, a small loss up to 0.4 dB is seen for a vehicle speed increase from 60 km/h to 100 km/h.
Finally, increasing vehicle density has no effect on the implemented 3GPP scenario considering
end-to-end latency, irrespectively from the decoding algorithm.

Keywords: 5G; V2V; turbo codes; GEMV model; QoS parameters; implementation scenarios

1. Introduction and Related Work

Cellular vehicle-to-everything (C–V2X) communication represents the dominant tech-
nology for future cooperative automated driving and safety—related applications. The
requirements in terms of QoS performance vary according to specific user cases that
represent realistic 3GPP scenarios [1]. References [2,3] provide an overview on V2X stan-
dardization on the New Radio (NR) side−link design as part of 3GPP New Radio (NR)
Release 16, which improves network architecture, security, physical layer and protocol as-
pects considering the reliability and low latency requirements. In [4] the authors provide a
history of the 3GPP side−link technology together with an overview of NR V2X technology,
with emphasis on Mode 2 for out of coverage operation and autonomous resource selection.
Furthermore, [4] presents a system−level NR V2X standard−compliant simulator and it
also provides a comparison of sensing−based resource selection (Release 16) and random
selection (Release 17) for power saving purposes. Finally, [5] mentions that Release 16
cellular interface and NR side−link interface are designed to enable platooning, advanced
driving, extended sensors and remote driving.

In [6] the authors mention that 5G NR V2X introduces advanced functionalities of
5G NR air interface which support connected and automated driving use cases with
stringent requirements, while a survey on challenges and solutions for cellular−based
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V2X communications is presented in [7]. Furthermore, in [7] the authors mention that
cellular−based V2X is gaining attention and they point out challenges in existing LTE
infrastructure for supporting V2X communication (the physical layer structure represents
such a challenge). In [8] the authors point out the new V2X features in 3GPP Release 15
and Release 16. They also conclude that future V2X and automotive radar systems can
reuse common equipment, such as millimeter−wave antenna arrays. In [9] the authors
summarize the most important aspects of 3GPP NR−V2X, focusing on Release 16 and the
main aspects of future Release 17. Finally, the authors mention that the two main frequency
bands that have been defined in Release 16 are 5.9 GHz and 2.5 GHz.

In [10] the authors discuss and evaluate the new features introduced in NR−V2X by
comparative analysis with C–V2X. To compare the performance, an NR−V2X simulator
(using ns−3 software) for sub−6 GHz band is also investigated. In [11] the authors
investigate the evolution of vehicular communication systems towards 5G and how the
applications and services follow that evolution. Specifically, the authors focus on the
cellular−based solution and the way it is evolving from Release 14 (initial C–V2X system)
towards Release 16 (a fully−operational 5G system).

In [12] an adaptive autonomous V2X model is proposed, which is based on a new
optimization method to enhance the connectivity of vehicular networks. This model opti-
mizes the inter−vehicle position to communicate with the autonomous vehicle or to relay
information to everything. Based on the system QoS being achieved, a decision is taken
whether the transmitting autonomous vehicle communicates directly to the destination
or through cooperative communication. In [13] the authors identify relevant future 5G
3GPP enhancements, specifically for releases beyond Release 15, and they outline how
these releases will support highly automated driving in cross−border corridors. For this
study a set of scenarios is investigated together with the communication requirements
and the most relevant 5G features are proposed. Moreover, the authors in [14] propose an
LTE/NR coexistence technique in both downlink and uplink in order for the additional
low−frequency spectrum to be deployed with LTE in near future.

In [15] the authors present a QoS aware decentralized resource allocation for V2X
communication based on a deep reinforcement learning (DRL) framework. The authors
propose a scheme which incorporates the QoS parameter that reflects the latency required
in both user equipment and the base station and the aim is to maximize the throughput of
all vehicle-to-infrastructure (V2I) links, while meeting the latency constraints of vehicle-to-
vehicle (V2V) links. Reference [16] presents the novel Multi Level QoS (MLQ) feature, a
candidate enhancement for 3GPP Release 16 specifications. MLQ feature aims at improving
service availability and continuity, specifically targeting safety critical V2X services. In [17]
the authors mention that in V2V communication, link reliability has been regarded as an
important QoS performance metric and they analyze link reliability of the centralized mode
(Mode 3) for LTE−based V2V from the physical and medium access control (MAC) layers
perspectives. The authors also propose a resource size control (RSC) method for improving
link reliability.

The enhancements in Release 14 of LTE−V2X support advanced automated driving
services and adapt it to the high mobility environment of vehicular networks guaranteeing
backward compatibility [18,19]. The 5G−V2X NR modifications designed to enhance
side−link PC5 interface will include low density parity check (LDPC) and polar codes
designed to offer higher robustness without increasing encoding and decoding complexity.
The drawback of this channel coding technique is the channel overloading by hybrid
automatic repeat request (ARQ) retransmission using incremental redundancy, where
the network can retransmit erroneously received data and the device combines the soft
information from multiple transmission attempts [14]. However, the coding gain from
turbo codes lead to longer transmission range and a better V2V transmission efficiency
especially for security−related autonomous driving applications.

However, none of the above works includes channel coding optimizations at physical
layer so that the required QoS levels are met. Specifically, some papers focus on RSC
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methods [17], whereas other papers focus on radio resource management [15] and the last
subcategory of papers optimize the QoS papers triggered by dynamic radio conditions [16].
The idea of focusing on physical layer channel coding process and particularly using turbo
coding in 5G V2X systems has been initially discussed in [20–23] without, however, the
channel coding parameters being optimized for realistic QoS indicators. Turbo decoding
adds significant complexity to the system and the most popular algorithms to be used are
log maximum a−posteriori (log-MAP), max-log-MAP and soft output Viterbi algorithm
(SOVA). Turbo codes compensate complexity with BER performance and for large frame
lengths complexity and latency are remarkable [24].

Considering 3GPP 5G V2X Release 16 implementation scenarios, the motivation of
this work is to investigate LTE turbo coding performance for V2V transmission and small
frame lengths. Particularly, we examine which of these scenarios can be implemented
considering different QoS parameters. For this purpose, we simulate nine V2V simulation
scenarios with LTE turbo coding at the physical layer and a geometry−based stochastic
mobile channel (GEMV) appropriate for realistic urban scenarios. An initial approach has
been investigated in [20], where only a small frame length of 128 bits is examined without
the message size to be investigated in the simulation results. Additionally, not many vehicle
density values are considered. In the present work we establish the nine V2V simulation
scenarios in a way that they give a clear picture of QoS issues considering different vehicle
speeds, density and data rates.

The general idea, according to [21], is to use the specific simulation results in a future
system with real—time coding parameters dynamic prediction, which is based on the
conditions of the external environment. In this case the specific QoS parameters of the
specified scenarios have to be satisfied. Therefore, the main contributions of this paper are
summarized as follows:

• Specific 3GPP 5G V2X scenarios of Release 16 are simulated applying the LTE turbo
coding scheme, considering also different vehicle densities, vehicle speeds and frame
sizes.

• For the implemented 3GPP V2X scenarios an optimization analysis was conducted for
specific SNR values based on the channel decoding algorithm (log-MAP, max-log-MAP
and SOVA). The aim is specific QoS specifications to be satisfied such as reliability,
end-to-end latency and throughput.

• Finally, the simulation results of this paper can be used as reference for the training of
a future dynamic physical layer channel coding selection scheme (which emphasizes
on selecting the appropriate turbo coding parameters). This scheme will do the
selections on a multi−level QoS parameter indicator depending on the observed traffic
conditions using a machine learning (ML) procedure.

2. 3GPP 5G V2X QoS Scenarios and Proposed Dynamic System Model

The performance requirements for 3GPP 6 5G V2X scenarios are shown at Table 1 and
are reproduced from [25–28]. It is useful to first define a few communication range terms.
In reference [28] the communication range is considered to be “short” for distances smaller
than 200 m, “medium” for distances between 200 m and 500 m and “long” for distances
larger than 500 m.

A brief description of Table 1 scenarios follows, according to [26,28]. It is well known
that reliability is affected by the required latency. Thus, the lower transmission latency
requirement, the higher the required reliability value [28]. In scenario 1 (V2V/V2I mode)
cooperative awareness is used, which represents warnings and environmental awareness,
like emergency vehicle warnings and emergency electronic brake lights. It requires data
rates between 5 kbps to 96 kbps and between 90 to 95% reliability. For scenario 2 (V2V/V2I
mode) cooperative sensing is used and it requires data rates between 5 kbps to 25 Mbps
and reliabilities greater than 95%. An example would be an exchange of sensor data in a
crash mitigation scenario, where 25 Mbps of data are transmitted with very high reliability
within 3 ms [28].
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Table 1. 3GPP 5G V2X scenarios.

Scenario
Number Description Reliability

(%)
End-to-End

Latency
Data Rate per
Vehicle (kbps)

Communication
Range

1 Cooperative awareness 90–95 100 msto 1 s 5–96 Short to medium

2 Cooperative sensing >95 3 ms to 1 s 5–25,000 Short

3 Cooperative maneuver >99 <3 to 100 ms 10–5000 Short to medium

4 Vulnerable road user 95 100 ms to 1 s 5–10 Short

5 Traffic efficiency <90 >1 s 10–2000 Long

6 Tele-operated driving >99 5–20 ms >25,000 Long

Scenario 3 (V2V/V2I mode) includes cooperative maneuvers, with data rates between
10 kbps and 5 Mbps and high reliability (>99%). Here, the goal is the coordination of the
trajectories between vehicles and dense platooning represents an exemplary case. Hence,
dense platooning has a latency requirement of 3 ms, reliability higher than 99% and a data
rate higher than 25 Mbps if sensor sharing is used. Scenario 4 (vehicle-to-pedestrian or
V2P mode) includes vulnerable road user cases (it represents notifications of pedestrians
and cyclists). Here, we have data rates between 5 kbps to 10 kbps and 95% reliability.
Scenario 4 cases are similar to scenario 1 in terms of latency and reliability requirements.
The difference is that the receiver device is user equipment and the required data is low,
which means that the corresponding data rate is also low [28].

For scenario 5 (vehicle-to-network or V2N/V2I mode), traffic efficiency is used and
latency and reliability requirements are loosened, while data rate values are between
10 kbps and 2 Mbps. At uplink, every vehicle updates the traffic management server with
location and road information (more efficient route selections). At downlink, the digital
maps are updated. Finally, at scenario 6 (V2N mode) tele−operated driving is used and it
requires data rates larger than 25 Mbps and high reliability. Therefore, a minimum 25 Mbps
uplink data rate is required for the use of from two or more cameras and other sensor
vehicle information. A reliability value higher than 99% (to avoid possible malfunctions)
and a latency value of less than 20 ms (for vehicle control) are required [28].

We assume the system simulation model presented in [20]. There are several operating
scenarios in spectrum usage for LTE V2X, which have been used in published literature.
We simulate a system that consists of two moving vehicles as platoons of vehicles with
small inter-vehicle distances (about 20 m) in an urban area. The vehicles interchange small
cooperative awareness messages (CAMs) with critical information for safety applications
(i.e., location, relative speed [29]) featuring as many as possible QoS requirements for the
most common user defined 3GPP cases such as V2V, V2P, V2I, V2N communications [2].
The transmitting data messages are combined with its side−link control information
(SCI), transmitted within the same subframe and conveying crucial information, which
is appropriate for the decoding at the receiver side. At LTE−V2X Release 14, one CAM
per time transmission interval (TTI) value of 1 ms is transmitted. The simulations are
conducted in different channel and environmental conditions for a fairly large range of
SNR values (0–10 dB) that incorporate high wireless interference/radio frequency (RF)
jamming scenarios. In these scenarios the calculation of signal to interference and noise
ratio (SINR) integrates the jamming/noise power into the denominator.

C–V2X with the use of turbo codes is designed to facilitate decoding capability even
at lower SNR values whereas for other wireless standards dedicated short range commu-
nication (DSRC) with convolutional codes requires higher SNR for successful decoding.
Therefore, turbo codes represent a strong interference−tolerant channel coding scheme [22].
At our simulation scenarios of Table 2, we evaluate C–V2X direct communications towards
5G NR which also support Release 14 and Release 15 for security reasons [18,19]. Specifi-
cally, the transmitter−receiver pair uses the 5G NR SL V2V unicast link and the transmitter
vehicle shares information to the receiver for efficient maneuvers for cooperative driving.
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In addition, LTE−V2X is designed to enable the cooperative awareness service with the
transmission of periodic messages by each vehicle to a road side unit (RSU) to inform
about its status and movements [18,19]. Finally, at LTE−V2X the wireless transmission
is combined with resource allocation, which is conducted by the RSU and is normally
associated with a modulation and coding scheme (MCS) mechanism that selects parameters
such as frame length, decoding algorithm, number of decoding iterations, etc.

Table 2. Simulation scenarios with different parameters and constant vehicle density.

Scenario
Number

Short Frame
Length kf( bits)

Data Rate per
Vehicle Rb (Mbps)

Vehicle
Speed (km/h)

Doppler
Frequency fd (Hz)

Normalized Fade
Rate fD×TS

Vehicle
Density VD

1 256 6 60 327.77 1.82 × 10−5 45

2 256 12 60 327.77 9.104 × 10−6 45

3 256 6 100 546.29 3.03 × 10−5 45

4 256 12 100 546.29 1.517 × 10−5 45

5 512 6 60 327.77 1.82 × 10−5 45

6 512 12 60 327.77 9.104 × 10−6 45

7 512 6 100 546.29 3.03 × 10−5 45

8 512 12 100 546.29 1.517 × 10−5 45

9 512 18 60 327.77 6.06 × 10−6 45

The proposed dynamic changing transmitter−receiver system, which uses 5G NR
direct communication and is combined with an LTE network, can be seen at Figure 1. It
also uses turbo channel coding scheme at physical layer. Based on Global Positioning
System (GPS) and traffic−related information QoS performance indicators such as vehicle
speed, data rate per vehicle, frame length and vehicle density (e.g., the specific value
parameters from one of the 9 3GPP scenarios presented in Table 2) the MCS mechanism
will dynamically select the appropriate channel coding parameters. Subsequently, all
the QoS parameters results such as throughput and end-to-end latency from the direct
communication between transmitter−receiver will be used for a recursive feedback loop in
a real−time QoS−based ML prediction model. This predictive model will also be installed
in a real—time mobile edge computing (MEC) development in an urban scenario [1]. Thus,
in this case, MCS will select dynamically not only the modulation specifications but also
the channel coding conditions.

Let’s give more information on the simulated transmission of the transmitter−receiver
pair, where the transmission power is 100 mW and results in a transmission range of less
than 500 m. Furthermore, in our simulation model we transmit a total of 1,000,000 bits,
which are divided into appropriate data frames. Subsequently, they are turbo encoded
and send every TTI, to the mobile channel similarly to [20–22]. C–V2X in the direct mode
operates in what is known as the intelligent transport systems (ITS) frequency band at
5.9 GHz. Finally, C programming language has been used to build the simulation model.

For the simulated wireless channel model we do not use a simplistic deterministic
path−loss model. On the contrary, we use a geometry−based stochastic channel model,
which also considers environmental issues such as buildings and vehicles (they are denoted
as scatters using the GEMV model) [30]. The geometric description of the environment
is used to derive the channel parameters used by the real model and not by distributions.
GEMV model calculates deterministically the large−scale signal variations with additional
stochastic signal variations due to scattering. A carrier frequency fc = 5.9 GHz is also
considered, similarly to [9].
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Figure 1. Proposed dynamic selection channel coding system model.

At Table 2 9 simulation scenarios can be observed. The goal is to examine 5G V2X
QoS issues and we consider four different parameters: short frame length, data rate per
vehicle, vehicle speed (with the corresponding Doppler frequency and normalized fade
rate) and vehicle density. The choice of most of these parameters is based on the 6 scenarios
of Table 1. The two Table 2 frame lengths have been chosen similarly to [21,22], while the
data rates are similar to those in [20]. The difference with [20] is that in this work the focus
is on larger short frame lengths of 256 and 512 bits, while in [20] mainly a short frame
length of 128 bits is considered. Additionally, more vehicle density values are considered to
examine their effect on QoS issues and in this work throughput QoS parameter is examined
in more detail compared to [20]. Finally, it must be mentioned that scenario number 9 of
Table 2 is considered only at Section 3.1 QoS analysis, which follows.

3. QoS Analysis

Table 1 shows that 4 QoS parameters must be investigated for possible 5G V2X imple-
mentation: data rate, reliability, end-to-end latency and communication range, similarly
to [19]. Additionally, our 5G V2X QoS analysis considers two extra parameters, vehicle
density and throughput, similarly to [31].

3.1. Data Rate per Vehicle and Mobile Terminal Speed QoS Parameters

The BER performance of the simulated system can be seen at Figure 2 for scenarios 1,
2, 3 and 4 of Table 2 considering SOVA, log-MAP and max-log-MAP algorithms. Here, we
investigate the effect of data rate per vehicle and mobile terminal speed. The short frame
length is 256 bits and the number of turbo decoding iterations is considered to be 3, because
in [22] it is shown that is adequate to achieve the lowest BER.

For an increase of data rate from 6 to 12 Mbps (comparison of scenarios 1 and 2 for
terminal speed of 60 km/h), a loss of 1.8 dB at a BER of 10−3 is seen for SOVA. At the same
BER, a gain of 0.2 dB is observed using log-MAP or max-log-MAP compared to SOVA
for 6 Mbps. For an increased data rate of 12 Mbps this gain remains the same. Similarly,
for data rate increase from 6 to 12 Mbps (comparison of scenarios 3 and 4 for terminal
speed of 100 km/h), a loss of 1.6 dB at a BER of 10−3 is seen for SOVA. At the same BER,
a gain of 0.45 dB is observed using log-MAP or max-log-MAP compared to SOVA for
6 Mbps (scenario 3). For an increased data rate of 12 Mbps (scenario 4) this gain decreases
to 0.16 dB.
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Figure 2. BER vs. SNR for GEMV channel, 4 different Table 2 scenarios, different decoding algorithms,
3 iterations, frame length of 256 bits.

For vehicle speed increase from 60 to 100 km/h (comparison of scenarios 1 and 3 for
data rate of 6 Mbps), a loss of 0.4 dB at a BER of 10−3 is seen for SOVA. Similarly, for speed
increase from 60 to 100 km/h (comparison of scenarios 2 and 4 for data rate of 12 Mbps), a
loss of 0.2 dB at a BER of 10−3 is seen for SOVA.

We follow the same approach at Figure 3, but here the frame length increases to
512 bits (scenarios 5, 6, 7, 8 and 9 of Table 2). As expected, the BER performance for the
different SNR values is better, compared to Figure 2. For a data rate increase from 6 to
12 Mbps (comparison of scenarios 5 and 6 for terminal speed of 60 km/h), a loss of 1.85 dB
at a BER of 10−3 is seen for SOVA. At the same BER and for the same decoding algorithm,
for a data rate increase from 12 to 18 Mbps (comparison of scenarios 6 and 9 for terminal
speed of 60 km/h), a loss of 1 dB is observed.

Similarly, for data rate increase from 6 to 12 Mbps (comparison of scenarios 7 and 8
for terminal speed of 100 km/h), a loss of 1.6 dB at a BER of 10−3 is seen for SOVA. For
vehicle speed increase from 60 to 100 km/h (comparison of scenarios 5 and 7 for data rate
of 6 Mbps), a loss of 0.4 dB at a BER of 10−3 is seen for SOVA. Using the same approach for
terminal speed increase from 60 to 100 km/h (comparison of scenarios 6 and 8 for data rate
of 12 Mbps), a loss of 0.15 dB at a BER of 10−3 is seen for SOVA.
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Figure 3. BER vs. SNR for GEMV channel, 5 different Table 2 scenarios, different decoding algorithms,
3 iterations, frame length of 512 bits.

3.2. Link Reliability QoS Parameter

Generally, link reliability QoS parameter is affected by BER performance and the
corresponding SNR value (the higher SNR value, the better reliability value) [20]. At
Figures 4 and 5 two histograms of link reliability (%) vs. Table 1 scenario and different
SNR values are shown. The values are calculated using BER performance values from
Figures 2 and 3 and the link reliability formula from [20]. We show the results only for
SOVA algorithm since for log-MAP and max-log-MAP we obtain similar results.

For SNR values between 0 and 4 dB (small values), Figure 4 shows the calculated
reliability values for the different scenarios, while at Figure 4 the SNR values are between 5
and 10 dB (larger values). It is obvious that as the SNR value increases, the reliability also
increases. Particularly, at Figure 4 for SNR = 4 dB we observe that for scenarios 5 and 7
the reliability increases instantly to 100%. This is because in these two scenarios we have a
large frame length of 512 bits and a small data rate of 6 Mbps, while terminal speed seems
to have a small effect on BER and the resulting reliability. Moreover, at Figure 5 for SNR
values higher than 7 dB the reliability reaches its highest value (100%) for all 8 scenarios.
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Figure 4. Link Reliability (%) for the different Table 2 scenarios, considering BER for SNR values
between 0 and 4 dB, SOVA decoding algorithm and GEMV channel.

Figure 5. Link Reliability (%) for the different Table 2 scenarios, considering BER for SNR values
between 5 and 10 dB, SOVA decoding algorithm and GEMV channel.
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At the same Figure for SNR = 5 dB and scenarios 1, 3, 5, 7 (6 Mbps data rate) the
reliability is 100%, while at the other scenarios (12 Mbps) we observe that the reliability
has smaller values. Furthermore, at Figure 5 for SNR = 6 dB and scenarios 1, 3, 5, 6, 7, 8
(6 Mbps data rate for both frame lengths and 12 Mbps only for 512 bits) the reliability is
100%, while at scenarios 2, 4 (12 Mbps and frame length of 256 bits) we observe that the
reliability has smaller values. Thus, we conclude that data rate and frame length play an
important role on the link reliability value mainly for medium SNR values (between 4 and
6 dB). On the other hand, mobile terminal speed’s effect on reliability is negligible.

Table 3 illustrates the recommended Table 1 scenarios for implementation scenarios 1
to 8 examined at Table 2 (rows of Table 5). Moreover, the recommended values are based on
the accepted values mentioned for each scenario at Table 1, on SNR values from 0 to 10 dB
(columns of Table 3) and on the calculated link reliability values for all three decoding
algorithms (the reliability values for SOVA are shown at Figures 4 and 5). Table 3 shows
that for SNR values between 0 and 3 dB only scenario 5 from Table 1 can be established.
Subsequently, we examine Table 1 scenarios that can be implemented for SNR values
between 4 and 6 dB. Here, for these SNR values the choice of the suitable Table 1 scenario
depends on data rate and on the decoding algorithm (SOVA is recommended). For high
SNR values between 7 and 10 dB, scenarios 2, 3, 6 from Table 1 are recommended.

Table 3. Recommended Table 1 scenario for every Table 2 scenario considering different SNR and
link reliability values.

Table 2
Scenario 0 dB 1 dB 2 dB 3 dB 4 dB 5 dB 6 dB 7 dB 8 dB 9 dB 10 dB

1 5 5 5 5 5 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6

2 5 5 5 5 5 5
1 (only log-MAP

and SOVA),
5 (only SOVA)

2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6

3 5 5 5 5 5 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6

4 5 5 5 5 5 5 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6

5 5 5 5 5 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6

6 5 5 5 5 5 2 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6

7 5 5 5 5 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6

8 5 5 5 5 5
1 (only log-MAP

and SOVA),
5 (only SOVA)

2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6 2, 3, 6

3.3. Traffic (Vehicle) Density Evaluation

An important parameter that can affect the performance of the proposed simulation
model is traffic (vehicle) density. A range between 45 and 105 vehicles are normally dis-
tributed in order to simulate a moderate density and a high−density scenario, respectively.
The goal is to test the robustness of real traffic considering the simulated 3GPP scenarios. In
Figure 6, we compare the BER QoS performance for the considered traffic density scenarios.
The most important observation is that BER performance worsens for low SNR values
and low traffic congestion. Furthermore, we also note that the SNR value incorporates the
interference from other vehicles as noise, which means that we actually have SINR values.
This justifies the above remark.
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Figure 6. BER vs. SNR for GEMV channel, 6 different vehicle density values, 12 Mbps data rate,
60 km/h vehicle speed, different decoding algorithms, 3 iterations, frame length of 512 bits.

We consider only SOVA decoding algorithm, because for this algorithm we observe
the best end-to-end delay results with the simulated scenario 6 of Table 2 (a frame length
of 512 bits, a data rate of 12 Mbps and a vehicle speed of 60 km/h) because the vehicle
speed increase does not significantly affect the throughput performance, as shown at the
following Section 3.4. We take two important metrics (BER and throughput) to measure
whether the QoS is affected by the realistic traffic conditions on the road. These simulation
results are presented in Figures 7 and 8.

The main observations from Figures 7 and 8 are that at low SNR values (1–5 dB)
the BER values are so low that the addition of additional wireless interference due to
traffic congestion does not affect either the reliability in the receiver (the BER values) or
the throughput values. However, in the medium SNR values (between 5 and 7 dB), the
influence of traffic density is most evident in BER and throughput performance. Specifically,
in 6 dB SNR value an increase in the BER values at about 10−2 dB is presented. In terms
of throughput, also, an exponential decrease is presented in throughput values (from
11.5 Mbps to 7.3 Mbps) for the corresponding 85 to 105 traffic density values and a SNR
value of 7 dB. These SNR values can be considered as threshold values, in which the
desirable data rate exceeds the maximum channel capacity between transmitter and receiver.
Of course, solutions for such problems have been proposed in the literature, in which the
transmitter adapts accordingly the transmitting power in order to incorporate the wireless
interference in the area [32]. However, these solutions are beyond the scope of this paper.
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Figure 7. BER vs. Vehicle density for GEMV channel, 6 different SNR values, 12 Mbps data rate,
60 km/h mobile terminal speed, SOVA algorithm, 3 iterations, frame length of 512 bits.

Figure 8. Throughput vs. Vehicle density for GEMV channel, 3 different SNR values, 12 Mbps data
rate, 60 km/h mobile terminal speed, SOVA algorithm, 3 iterations, frame length of 512 bits.
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Finally, for large SNR values (8–10 dB), the desirable data rate can be supported by the
channel capacity corresponding to these SNR values. In conclusion, the obtained results
show that the required system QoS affects the number of the nodes that are located within
the communication range of the pair transmitter−receiver and also the exact location of
these additional nodes. Decreasing the number of interfering nodes that are located within
the communication range of the transmitter−receiver pair, packet loss is also decreased
due to channel conditions.

3.4. Throughput QoS Parameter

In this section we investigate the effect of the throughput QoS parameter for the
implemented 3GPP scenarios of Table 2 for different SNR values. At Figure 9 the short
frame length of 256 bits with a speed value 60 km/h is investigated (scenarios 1, 2). We
observe that the lower data rate value (6 Mbps), the maximum capacity of the channel, a
low SNR is required (over 4 dB) to achieve a throughput value over 2 Mbps for almost all
decoding algorithms. On the other hand, the same performance can be achieved with a
SNR value at about 6 dB using a higher data rate value per vehicle (12 Mbps) for almost all
decoding algorithms, too.

Figure 9. Throughput vs. SNR for scenarios 1 and 2 of Table 2, considering different decoding
algorithms, 3 iterations, frame length of 256 bits.

In Figure 10 the frame length of 256 bits with a speed value 100 km/h is investigated
(scenarios 3, 4). We observe that with lower data rate values (scenario 3 with 6 Mbps
data rate) a threshold SNR value of 4 dB is required to achieve a throughput value over
2 Mbps. On the other hand, the same performance can be achieved with a slightly smaller
SNR value using a higher data rate value per vehicle (scenario 4 with 12 Mbps data rate),
using SOVA algorithm. Using max-log-MAP, a very high SNR value is required in order to
succeed the same throughput value at about 2 Mbps. Therefore, using max-log-MAP we
can achieve a higher data rate closer to the channel capacity but with higher requirements
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in SNR. Finally, using SOVA we can improve the performance in throughput parameter at
high SNR values.

Figure 10. Throughput vs. SNR for scenarios 3 and 4 of Table 2, considering different decoding
algorithms, 3 iterations, frame length of 256 bits.

At Figure 11, we investigate simulation results with a frame length of 512 bits and a
vehicle speed of 60 km/h (scenarios 5 and 6). Considering scenario 5, log-MAP and SOVA
algorithms need a low SNR value (above 3dB) for a throughput performance at about
2 Mbps, while max-log-MAP algorithm reaches the same levels of throughput efficiency
with a higher SNR value (at about 5 dB). Subsequently, for scenario 6, log-MAP and max-
log-MAP need a low SNR value (above 5 dB) for a throughput performance at about
2 Mbps, while SOVA reaches the same levels of throughput efficiency with a higher SNR
value (at about 6 dB). Therefore, increasing the required data rate, we observe a significant
performance reduction for SOVA.
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Figure 11. Throughput vs. SNR for scenarios 5 and 6 of Table 2, considering different decoding
algorithms, 3 iterations, frame length of 512 bits.

Finally, at Figure 12 simulation results with a frame length of 512 bits and a mobile
terminal speed of 100 km/h are investigated (scenarios 7, 8). For scenario 7, we note that
using SOVA we observe a non—zero throughput value with a lower SNR value at about
3 dB compared to the other two algorithms. On the other hand, considering scenario 8,
only log-MAP can achieve the maximum channel capacity (12 Mbps) with the minimum
SNR requirement (about 5 dB).

Summarizing, it is obvious that by increasing the data rate without increasing the
transmitting power, the communication range will be smaller. This is reasonable because
near neighbors’ vehicles get lower throughput values for short reaction time compared to
more distant neighbors in cooperative communication. Therefore, the optimal location of
the relay nodes that will replay the message sent by the transmitter must be investigated.
Concluding, non−easily identifiable factors such as exact speed and location of vehicles,
transmitting power, data rate, affect the selection of the optimal decoding algorithm in a
dynamic adaptive scheme. Finally, packet losses due to the Doppler effect from increasing
vehicle speed (from 60 km/h to 100 km/h) are not significantly reflected in performance
due to the limitation of the channel capacity by the available data rate.
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Figure 12. Throughput vs. SNR for scenarios 7 and 8 of Table 2, considering different decoding
algorithms, 3 iterations, frame length of 512 bits.

3.5. End-to-End Latency QoS Parameter

A close look at Table 1 in terms of end-to-end latency shows that a critical value which
distinguishes scenarios 1 and 4 from scenario 3, is 100 ms. On the other hand, the scenario
that tolerates higher latency values is scenario 5. Moreover, the scenarios that tolerate small
latency values are 3 and 6. The calculation of end-to-end latency is performed using the
equations that have been derived in [20]. These equations are as follows:

td1 =
[
(2 × TTI) +

(
k f /Rb × N

)]
× VD (1)

td2 =
[
(2 × TTI) +

(
k f /Rb × N × 1.8

)]
× VD (2)

td3 =
[
(2 × TTI) +

(
k f /Rb × N × 2.8

)]
× VD (3)

At Table 4 it is important to note that for the calculation of end-to-end latency for
the first 8 scenarios of Table 2 we consider the worst case where all vehicles are involved.
This is described from VD parameter. The notation td1 represents latency using SOVA,
td2 represents latency using max-log-MAP and notation td3 represents latency using log-
MAP. Furthermore, the number of turbo decoding iterations is N = 3, the short frame
size is k f , the data rate is Rb and the TTI value is 1 ms (according to LTE turbo coding
specifications) [20].
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Table 4. Worst case end-to-end latency (ms) and corresponding Table 1 implementation scenario for
each algorithm and scenario of Table 2.

Table 2 Scenario td1 (SOVA) td2 (log-MAP) td3 (max-log-MAP) Table 1 Scenario

1 95.76 100.368 106.128 3 (SOVA), 1 and 4 (log-MAP,
max-log-MAP), 2 (all algorithms)

2 92.88 95.184 98.064 2, 3 (all algorithms)

3 95.76 100.368 106.128 3 (SOVA), 1 and 4 (log-MAP,
max-log-MAP), 2 (all algorithms)

4 92.88 95.184 98.064 2, 3 (all algorithms)

5 101.52 110.736 122.256 1, 2, 4 (all algorithms)

6 95.76 100.368 106.128 3 (SOVA), 1 and 4 (log-MAP,
max-log-MAP), 2 (all algorithms)

7 101.52 110.736 122.256 1, 2, 4 (all algorithms)

8 95.76 100.368 106.128 3 (SOVA), 1 and 4 (log-MAP,
max-log-MAP), 2 (all algorithms)

At Table 4 the calculated end-to-end latency values are shown using equations 1, 2
and 3. We consider the three decoding algorithms and the first 8 scenarios of Table 2.
The first observation is that irrespectively of the different parameters for the scenarios of
Table 2 (short frame length, data rate, decoding algorithm, vehicle speed), scenario 2 can be
implemented in all cases. This observation is similar in [20], where mainly a short frame
length of 128 bits is considered.

Additionally, our analysis shows that for scenarios 1, 3, 6 and 8 of Table 2, the imple-
mented scenarios of Table 1 depend on the turbo decoding algorithm. At Table 5 our aim is
to investigate the effect of vehicle density on the choice of Table 1 scenarios considering the
calculated latency values. Here, we have constant values for frame length (512 bits), data
rate (12 Mbps) and mobile speed (60 km/h). We notice that increasing vehicle density has
no effect on the implemented Table 1 scenario considering end-to-end latency (scenarios 1,
2 and 4 can be implemented) irrespectively from the decoding algorithm.

Table 5. Worst case end-to-end latency (ms) and corresponding Table 1 implementation scenario for
each algorithm for different vehicle density values, frame length 512 bits, 12 Mbps data rate, 60 km/h
speed.

Vehicle Density td1 (SOVA) td2 (log-MAP) td3 (max-log-MAP) Table 1 Scenario

VD = 55 117.04 122.672 129.712 1, 2, 4 (all algorithms)

VD = 65 138.32 144.976 153.296 1, 2, 4 (all algorithms)

VD = 75 159.6 167.28 176.88 1, 2, 4 (all algorithms)

VD = 85 180.88 189.584 200.464 1, 2, 4 (all algorithms)

VD = 95 202.16 211.888 224.048 1, 2, 4 (all algorithms)

VD = 105 223.44 234.192 247.632 1, 2, 4 (all algorithms)

3.6. Communication Range QoS Parameter

Considering the communication range QoS parameter, as explained in Section 2, we
use 100 mW transmission power (which corresponds to less than 500 m transmission range).
According to Table 1, it is obvious that mainly scenarios 1, 3 (communication range short to
medium) can be implemented and probably scenarios 2, 4 (communication range short).
We must note here that all Table 1 scenarios correspond to urban cases. In addition, the
geometry-based channel model used, considers the fast−fading effects from reflections of
mobile scatterers. As future work, we intend to extend our proposed scenarios in highways
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with very high vehicle speeds (about 250 km/h), where the effect is bigger due to Doppler
shift. On the other hand, in this type of scenario a less complicated statistical channel can
be used which will be based on a log-distance model for capturing the large scale fading of
the transmitted signal.

3.7. Comparison of the Proposed Approach with Published Literature

At Table 6 we compare the proposed approach presented in this paper with recent
published literature (since 2019), using 3GPP 5G V2X scenarios. These articles fall into
different categories. Most of these papers present specific 3GPP scenarios using the latest
Release-16 of the LTE based services aiming at highly reliable and real-time communications
for automotive safety use cases. Physical layer structure, resource allocations [15], security,
RSC methods [17] and QoS optimization triggered by dynamic radio conditions [16] are the
main challenges for LTE V2X communications. However, none of these papers considers
channel coding parameters (e.g., different decoding algorithms, number of iterations) in
the optimization process for the realistic QoS indicators to be satisfied. The idea of focusing
on physical layer channel coding process and particularly using turbo coding in 5G V2X
systems has been initially discussed in [20–23] without, however, the channel coding
parameters being optimized for realistic QoS indicators. An initial approach has been
investigated in [20,21], where only a small frame length of 128 bits is examined without the
message size to be investigated in the simulation results and not enough vehicle density
values are considered. In [21] different message frame lengths of 256 and 512 bits are
also investigated. In [23], the authors add more realistic QoS parameters in the simulated
scenarios such as different vehicle speeds (60 km/h and 100 km/h) and data rates for the
V2V communication. Only the authors in [23] use turbo coding for V2V doubly−dispersive
channels using IEEE 802.11p wireless standard with a QoS optimization procedure. From
the above comparison presented in Table 6, only our proposed approach investigates LTE
turbo coding performance for all the most common real traffic conditions such as (different
message sizes, vehicle speeds, data rates and traffic densities). The aim is the specific QoS
performance requirements for basic 3GPP 5G V2X scenarios to be met.

Table 6. Comparison of our proposed approach with published literature.

Related
References

3GPP 5G V2X
Release

QoS
Optimization/Parameters

Taken into Account

Channel Coding
Consideration

[15] 16 Vehicle speed, density

[16] 16 Vehicle density

[20] 16 X

[21] 16 Message size X

[22] 16 Message size, vehicle speed,
data rate X

[23] X

Proposed
approach 16 Message size, vehicle speed,

data rate, vehicle density X

4. Conclusions

The C–V2X approach corresponds to collaboration of existing cellular technology (e.g.,
LTE) with V2X communication. 3GPP 5G V2X Release 16 has specified six application sce-
narios considering the following four parameters: end-to-end latency, data rate, reliability
and communication range. Additionally, according to published literature, throughput
and vehicle density represent critical QoS issues. In this work we investigate all six of the
above parameters and apply the LTE turbo coding scheme to these 5G V2X scenarios. Our
approach considers nine realistic simulation scenarios with two short frame length values
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(256 and 512 bits), two mobile terminal speeds (60 and 100 km/h) and three data rates (6,
12 and 18 Mbps). We examine 6 QoS parameters in this work, starting from data rate per
vehicle and mobile terminal speed QoS parameter, where we found that doubling the data
rate results in up to 1.85 dB performance losses (in [20] for a short frame length of 128 bits
the corresponding loss is 2 dB). Tripling the data rate results in a 1 dB loss, which means
that when we increase the data rate, we observe that the performance losses decrease. For
link reliability QoS parameter, data rate and frame length are important mainly for medium
SNR values. On the other hand, mobile terminal speed’s effect on reliability is negligible.
For small SNR values only scenario 5 from Table 1 can be established. For medium SNR
values the choice of the suitable Table 1 scenario depends on data rate and on the decoding
algorithm. For high SNR values, scenarios 2, 3, 6 from Table 1 are recommended. The
influence of traffic density in QoS performance is evident only in the medium SNR values
for the corresponding traffic density values between 85 and 105. Considering throughput
QoS parameter, for a frame length of 512 bits and simulated scenarios 5, 6 of Table 2 (speed
value of 60 km/h), the minimum SNR value of 3 dB can be satisfied to achieve non—zero
throughput values. For end-to-end latency QoS parameter and scenarios 1, 3, 6 and 8 of
Table 2, the scenarios of Table 1 depend on turbo decoding algorithm while for communi-
cation range QoS parameter, mainly Table 1 scenarios 1, 3 (communication range short to
medium) can be implemented and probably scenarios 2, 4 (communication range short).
The V2V communication model (with turbo coding and GEMV mobile channel) proposed
in this work can be established because it satisfies the QoS limitations (considering all six of
the above QoS parameters). The cooperative sensing 3GPP implementation scenario meets
these QoS limitations for medium and large SNR values. Finally, the above analysis justifies
the need for a dynamic physical layer channel coding selection scheme (which emphasizes
on turbo coding). As a future work, we intend to implement a fully dynamic scheme that
will do the selections on a multi—level QoS parameter indicator depending on the observed
traffic conditions (considering simulation results) with the use of a ML procedure.
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