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Abstract: The objective is to investigate effect of slot probability and its effectiveness in vehicular communication. 

The work carries out MATLAB simulation covering three different levels of slot probability; low, medium, and high. 

The goal behind such simulation is to uncover the process that leads to high reduction in throughput. The normal 

explanation for the reduction is high levels of collisions and re-transmission of data through new attempts. However, 

this work shows that such process can be characterized and controlled as the work shows through sinusoidal regression, 

the oscillatory behavior caused by collisions, attempts, retransmission, as a function of slot probability. The simulation 

results, which covers 20 vehicles at various slot probability levels, shows that there is a change in the data traffic-

throughput shape function. This is due to the effect of slot probability and reflects on the level of obtained oscillations.  

The work also discovered an oscillation pattern that infiltrate and affect communication channels at different levels as 

a function of collisions and data delivery attempts, which is related to slot probability and data traffic. Such oscillatory 

pattern should be investigated further and the conditions for such pattern should be eliminated, in order to achieve 

better utilization of communication channel and higher throughput, with lower attempts and less collisions. This is 

also related to both slot probability and number of available slots. The obtained results in this work showed that at the 

upper part of the mid slot probability range and all the way to through the high slot probability part, a noticeable 

oscillatory behaviour is observed, with almost constant values of average data traffic and throughput values. These 

effects are accompanied by large acceleration and accumulation of collisions. Thus such new approach, and in 

conjunction with NP-CSMA, can be used at both the design stage of communication channels and vehicular networks, 

and during operations. This will enable adaptive slot allocation and dynamic transmission of messages, which will 

result in collisions reduction and better channel utilization. 

Keywords: NP-CSMA, Connected vehicles, Network connectivity, Collisions, Throughput, Oscillations, Slot 

probability. 

 

 

1. Introduction 

The randomness issue is a critical issue for 

consideration as it is a key factor in collisions. When 

vehicular nodes transmit data such as basic safety 

messages (BSMs), there is a probability for collision, 

which is related to the number of transmitting nodes 

or stations and slot probability. After a collision, it is 

required that the contributing parts backoff for a 

different number of slots, to avoid collision on their 

next attempt. Controlling collisions and associated 

randomness with correlated attempts, is essential to 

avoid saturation and multiplicative collisions and re-

transmissions, and the overall process converges, 

which will increase throughput and communication 

channel efficiency [1-10].  

Researchers discussed communication and 

authentication protocols concerned with vehicular 

communication using single and multi-hop 

approaches with limited number of vehicles due to 

communication channel characteristics and 

bandwidth, where machine learning was used to 

improve communication [1]. This approach is 

supported by other studies that looked at 

communication patterns within a vehicular network, 

in order to improve communication efficiency [2]. 

These studies are supported by other research work 
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looking at interaction between the multiple connected 

entities consists of information exchange through the 

adoption of suitable communication protocols, which 

should enable efficient data exchange within a 

vehicular structure [3]. Such works also 

complimented by more studies regarding increasing 

efficiency through path prediction, which should 

enable less data traffic congestion and better channel 

utilization [4]. Other works concentrated on the effect 

of using heterogonous networks on communication 

effectiveness and ability to improve data throughput 

using different networks [5].  

Channel modelling and characterization is a core 

approach in vehicular communication, which takes 

into account the structure and communication 

protocols at the physical layer level using media 

access control. Researchers discussed modelling of 

vehicular channels, as prime parameters that need to 

be optimally defined [6], as wireless signals 

propagate from the transmitter to the receiver through 

different routes, each with different time-varying 

propagation delays, amplitude attenuations, and 

phase change. Such multipath variables may act 

constructively or destructively at receiving end. Such 

wave treatment approach is of considerable 

importance, with the destructive effect at the 

receiving end can be due to collisions and phase 

cancelation. Such modelling and analysis in terms of 

collisions and waves is not discussed by anyone yet. 

Other studies with relevance in terms of 

communication efficiency and vehicular modelling 

with secure channels and implementation of 

Dedicated Short Range Communication (DSRC), and 

with 5G proposals also did not model collisions as 

destructive propagating waves as proposed in this 

work [7-10]. 

Carrier sense multiple access (CSMA) is a much 

research and applied media access control (MAC) 

protocols, as it allows multiple users to share a 

common communication medium [11-20]. 

Research work concerning vehicle to everything 

(V2X) communication technology with emphasis on 

high reliability for safety message exchange in real 

time within a vehicular communication network, is 

heavily researched [11]. Such studies concentrated on 

physical layer representation and communication 

standards, such as IEEE 802.11p MAC and its 

protocol performance as a function of packet delivery 

efficiency, packet arrival rate, and packet size, using 

simulation and analysis. Such simulations looked at 

both exponential and deterministic arrival times, with 

particular attention to hidden terminal problem, 

which can cause collisions, and performance 

degradation as a function of such issue. However, 

none of the works looked at wave modelling and 

resulting oscillations due to collisions as this work 

discusses. Other studies considered cross-layer 

concept with location based simulation and analysis 

to avoid interference and collisions [12]. Further 

studies considered MAC, with attention to network 

density, with many nodes contenting for access to the 

communication medium. Thus, proper MAC requires 

to have capacity for V2V exchanges. Such works 

considered modifications to the existing 802.11p 

MAC protocol, using intelligent reinforcement 

learning, focused on collision levels reduction and 

channel bandwidth preservation. The works is carried 

out using simulation in order to optimize vehicular 

networks performance [13]. Such studies are 

supported by contention window optimization 

through simulation, which will enhance performance 

as a function of vehicular density, and carried out 

through modifications to carrier sensing multiple 

access with collision avoidance protocol [14].  

Further work by researchers looked at collisions, 

at the physical layer level with contention avoidance, 

and used mobility-triggered message generation 

patterns, and modelled the arrival process at the 

receiving end using discrete markovian arrival 

process [17]. However, no studies modelled the 

communication pattern using wave-like approach as 

proposed in this work. 

When using non-persistent carrier-sense multiple 

access (NP-CSMA) protocol, each node will sense 

the channel status before transmitting. If the node 

finds the communication channel state is idle, the 

data is sent immediately; otherwise, the data is 

delayed for an amount of time before sensing the 

channel again. There is always a possibility of 

collision, when two or more data frames or packets 

are simultaneously sent. Thus resolving contention 

among nodes is a critical process using MAC 

protocol, with exponential backoff algorithm being 

used conventionally to resolve collisions, even 

though it is stability is in question when it comes to 

infinite number of nodes [21-26].  

Non-persistent CSMA is used by researchers in a 

discrete manner with multi-channel mechanism and 

binary tree with conflict resolution approach [21]. 

This method proved through modelling and analysis 

that fairer resource allocation is achieved with better 

communication channel efficiency. Other works used 

multichannel non-persistent CSMA MAC schemes 

with reinforcement learning and state-action-reward-

state-action (SARSA) learning. This covered radio 

based communicating networks, in order to optimize 

channel access and reduce collisions [22]. Others 

discussed a three-clock non-persistent CSMA, which 

is based on variable collision length, aimed at 

improving system throughput [23]. The system used 
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throughput, collision rate as main parameters for such 

an adaptive approach. Others combined passion 

based packet size and Semi-Markov processes in a 

slotted NP-CSMA in order to achieve better channel 

utilization [24]. Such work is complimented by 

research using NP-CSMA and time division multiple 

access (TDMA) [25], with supportive work on 

predicting and estimating upper bounds using NP-

CSMA to control collisions at high network density 

[26]. 

All previous mentioned studies did not model 

communication interaction using wave like functions 

and effect of contention with NP-CSMA at affecting 

shape function and causing oscillations as this work 

proposes. 

In the carrier-sense multiple access (CSMA) 

version of the medium access control (MAC) 

protocol, a node verifies that no other traffic is 

present before broadcasting on a shared transmission 

media. According to CSMA, a transmitter first uses a 

carrier-sense technique to see if another transmission 

is already underway. Before attempting to broadcast, 

it determines whether a carrier signal from another 

node is present. In the event that a carrier is found, 

the node waits for the previous transmission to end 

before beginning a new one. With CSMA, many 

nodes can send and receive data over the same 

medium sequentially. 

Several CSMA variations use different 

techniques to decide when to start transmitting onto 

the shared medium. The aggressiveness or 

persistence of these algorithms in starting 

transmission is a key distinction. A more aggressive 

algorithm might begin sending more quickly and 

utilize more of the bandwidth that is available on the 

media. This typically entails a greater risk of 

transmitter collisions [27-29]. 

Non-aggressive transmission algorithm is non-

persistent CSMA. While getting ready to send data, 

the transmitting node checks to see if the transmission 

medium is free or occupied. If not moving, it 

immediately communicates. If the channel is busy, it 

jumps right to the last random waiting step of the 1-

persistent CSMA before resuming the complete logic 

cycle. The name comes from avoiding repeatedly 

monitoring the busy channel while attempting to 

transmit a message. In comparison to 1-persistent, 

this approach causes a longer initial delay but reduces 

the risk of collision and boosts medium throughput 

overall [30-31]. 

Throughput maximization using reinforcement 

learning and NP-CSMA is carried out by researchers 

to support non-aggressive transmission, which would 

result in a better channel utilization and lower 

collisions [27]. Such work is further developed to 

include reselection of lock heads to enable 

minimization of aggressive transmission [28]. Also, 

complementing methods such as multi-priority is 

used to support NP-CSMA non-aggressive approach 

[29], with routing algorithms modified to allow for 

load aware routing, which adapts to NP-CSMA 

technique [30]. However, no study simulated and 

modelled NP-CSMA and communication channel 

throughput using wave-like function related to slot 

probability as proposed in this work. 

Studies showed that if the arrival rate of a system 

is markedly small, the exponential backoff would be 

sufficiently stable, with throughput not affected by 

the issue of nodes with throughput stability a function 

of exponential backoff [32-34]. 

Vehicular ad-hoc networks (VANETs) operate 

primarily on broadcast transmissions, with 

exchanged data is used by vehicles within a certain 

radius. There is always a possibility that transmitted 

signals might interfere with each other, when two or 

more vehicles (stations) attempt to transmit over a 

shared channel. This will lead to contention, 

specifically as the MAC specification of IEEE 802.11 

and IEEE 802.11p has no requirement for 

acknowledgements (ACKs) packets to be sent based 

on receiving broad cast message such as the basic 

safety message (BSM), thus eliminating ACKs storm 

[35-39].  

Exponential backoff scheduling is used with NP-

CSMA by many researchers [33]. Studies included 

analysis of the throughput and delay distribution, 

with focus on stable regions and bounded mean delay 

of Retransmission. More advanced studies proposed 

collaborative NP-CSMA in order to eliminate 

collision altogether, and avoid using TDMA [34]. 

Such studies might not be very fruitful, especially in 

emergency situations, whereby vehicles need to 

transmit and have priority. Recent studies proposed 

to use selected data packets to propagate the 

reservation of data resources and apply scheduled 

assignment technique [37]. The authors claim that 

this approach will provide better communication 

among neighbour vehicles in terms of resource 

reservation and will reduce data collisions. This is 

carried out using simulation. 

None of the mentioned approaches simulated and 

modelled communication channel behaviour and 

transmission slots in terms of oscillatory patterns as 

proposed in this work. 

Vehicle-to-Vehicle (V2V) Communication 

continues to develop, and supports, more efficient 

transportation with added safety, using wireless 

connection among vehicles. This technology depends 

on the specifications and functionality of MAC layers, 
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governed by the general IEEE802.11, and the specific 

IEEE802.11p protocols stack [40-42].  

V2V networks forms VANETs and as broadcast 

networks, they are more susceptible to contention, 

specifically as vehicular density increases, which 

increase the rate of collision.   

VANETs exchange data with other vehicles in an 

area of interest. The broadcasted data packets are not 

addressed to a particular MAC, in order for all 

vehicles within the interested area interact. Thus 

acknowledgements are not necessary and this makes 

communication without authentication is more 

appropriate for the vehicular environment. 

Exchanged signals will interfere with each other in 

many cases, as more than one station will attempt to 

send data. 

This work investigates through simulation the 

effectiveness of NP-CSMA for vehicular medium 

access control (MAC), which is affected by slot 

probability and re-transmissions of data due to 

collisions, and further complicated by vehicular 

movements. In this paper a detailed characterization 

and analysis of the efficiency of vehicular 

connectivity using NP-Persistent is investigated, with 

new approach through wave behaviour modelling of 

the effect of slot probability on channel 

communication, by observation of oscillatory 

behaviour.  

 

The contribution of this work is: 

 

1. Simulation of vehicular communication using 

NP-CSMA under different slot probability 

levels. 

2. Establishing effect of shape function changes 

for throughput-data traffic figures as it affected 

by probability level. 

3. Detailed mathematical modelling of 

throughput, data traffic, buffered frames as a 

function of slot probability. 

4. Modelling of effect of collisions on channel 

utilization through changes in throughput, 

buffered frames. 

5. Introducing the concept of Oscillatory pattern 

recognition, as a function of slot probability. 

This will enable adaptive and dynamic 

communication channel management. 

2. Methodology 

The effectiveness and efficiency of vehicle 

wireless communication is crucial to managing 

traffic flow and maintaining safety. Vehicles will 

engage with one other while driving and using 

decentralized Vehicle to Vehicle communication 

(V2V), which strains communication networks. 

This work investigates the limits of the NP-

CSMA random multiple access protocol, which could 

be used in vehicular networks. It is known that the 

dynamic performance when a slot is randomly 

selected is affected by complex balancing conditions. 

If the competing nodes transmits heavily, the 

probability of collision significantly increases, but if 

the transmission rate is low with low slot probability, 

and there are many available slots, this will leave 

most slots unused, and thus throughput and 

performance drops.  

Thus, it is essential that an optimum probability 

value(s) correlated to throughput is found with any 

affecting conditions investigated.  

The approach in this work operates on the 

principle of analysing the simulated results obtained 

for three ranges of slot probability: 

 

1. 0.001-0.009 

2. 0.01-0.09 

3. 0.1-0.9 

 

The simulated results will be analysed to enable 

characterization of the communication effectiveness 

under different slot probability, and establishing a 

pattern of communication channel behavior as a 

function of increasing vehicular interaction, resulting 

from increasing slot probabilities and affecting 

attempts and collisions. Table 1 shows the used 

acronyms and their definition. 

Table 1 present definition for all used variables in 

the simulation and mathematical modelling. 

3. Results and Discussion 

3.1 Low slot probability 

Figs. 1 to 5 present the simulation results for an 

incrementing number of vehicles (communicating 

nodes) as a function of increasing slot probability in 

the low range of 0.001 to 0.009. The Figures show a 

change in the shape function as the probability in the 

low range increases. This is due to more probability 

of data exchange using the communication channel, 

which affects both attempts and collisions. The 

interaction affects data traffic-throughput response 

curve and shape function. 
Fig. 6 shows the relationship P and Gavg, which 

can be described using polynomial, with 

approximation as shown in Eq. (1). 
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Table 1. Nomenclature 

Symbols/ 

Acronyms 

Meaning 

Vn Nodes Number: Number of 

vehicles that generate 

packets. 

P Slot probability: probability 

that a specific node or station 

has a data ready to be 

transmitted at a particular 

time slot. 

S Throughput of the NP-CSMA 

random access protocol. 

T Mean delay (in slots) for a 

successfully transmitted and 

acknowledged packet.  

G Normalized available traffic, 

with retransmissions 

included. 

Buftotal Total buffered number of 

frames. 

Rs Ratio of successfully 

delivered frames to number of 

attempts. 

Rc Ratio of number of collisions 

to number of attempts. 

Vn Nodes Number: Number of 

vehicles that generate 

packets. 

Gavg Average normalized available 

traffic, with retransmissions 

included. 

η, κ Optimizing parameters 

relating average data traffic to 

low slot probability. 

Savg Average throughput of the 

NP- Carrier Sensing Multiple 

Access protocol. 

λ, ε Optimizing parameters 

relating average throughput to 

low slot probability. 

α, β Optimizing parameters 

relating average throughput to 

average data traffic as a 

function of low slot 

probability. 

γ, θ Optimizing parameters 

relating average data traffic to 

total buffered number of 

frames as a function of low 

slot probability. 

ϕ, ψ Optimizing parameters 

relating average data traffic to 

mid slot probability. 

χ , ω Optimizing parameters 

relating average throughput to 

mid slot probability. 

ν, ϑ Optimizing parameters 

relating average throughput to 

average data traffic as a 

function of mid slot 

probability. 

σ, ξ Optimizing parameters 

relating average data traffic to 

total buffered number of 

frames as a function of mid 

slot probability. 

Φ, Θ, δ, Ω Optimizing parameters 

relating average data traffic, 

average throughput to high 

slot probability. 

Γ, ζ, Ψ, Κ Optimizing parameters 

relating average data traffic, 

average throughput to total 

buffered number of frames as 

a function of high slot 

probability. 

A, B, M, N Optimizing parameters 

relating ratio of successfully 

delivered frames to number of 

attempts, and ratio of number 

of collisions to number of 

attempts to low, mid, and high 

slot probability levels and 

associated average data 

traffic.  

 

 
Figure. 1 Relationship between throughput and data 

traffic for P=0.001 
 

 
Figure. 2 Relationship between throughput and data 

traffic for P=0.003 
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Figure. 3 Relationship between throughput and data 

traffic for P=0.005 

 

 
Figure. 4 Relationship between throughput and data 

traffic for P=0.007. 

 

 
Figure. 5 Relationship between throughput and data 

traffic for P=0.009 

 

 
Figure. 6 Relationship between slot probability and 

average traffic 

 
Figure. 7 Relationship between slot probability and 

throughput 

 

 
Figure. 8 Relationship between Gavg and Savg for low 

probability range 

 

𝐺𝑎𝑣𝑔 = 𝜂𝑙𝑜𝑔𝑒(𝑃) + 𝜅                       (1) 

 

Where;  𝜂 ≤ 0.6, 𝜅 ≥ 4 

 

Fig. 7 shows the relationship P and Savg, which 

can be described using polynomial expression, with 

approximation as shown in Eq. (2). 

 

𝑆𝑎𝑣𝑔 = 𝜆𝑙𝑜𝑔𝑒(𝑃) + 𝜀                        (2) 

 

Where;  𝜆 ≥ 0.1, 𝜀 ≥ 1 

 

Fig. 8 shows the relationship Gavg and Savg, which 

can be described using polynomial function, with 

approximation as shown in Eq. (3). 

 

𝑆𝑎𝑣𝑔 = 𝛼𝑙𝑜𝑔𝑒(𝐺𝑎𝑣𝑔) + 𝛽                  (3) 

 

Where; 𝛼 ≥ 0.1, 𝛽 ≤ 0.35 

 

Fig. 9 shows the relationship Gavg and Buftotal, 

which can be described using polynomial function, 

with approximation as shown in Eq. (4). 

 

𝐺𝑎𝑣𝑔 = 𝛾𝐵𝑢𝑓𝑡𝑜𝑡𝑎𝑙
𝜃                                       (4) 
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Figure. 9 Relationship between Gavg and Buftotal 

 

Where;  𝛾 ≥ 0.14, 𝜃 ≥ 0.28 

 

From Eqs. (1), and (4), Eq. (5) is obtained. 

 

𝐵𝑢𝑓𝑡𝑜𝑡𝑎𝑙 = |
𝜂𝑙𝑜𝑔𝑒(𝑃)+𝜅 

𝛾
|

𝜃−1

              (5) 

 

As realized in Figs. 10 to 13, there is no apparent 

oscillation in the plots. The response curves described 

by natural logarithmic equations, except for the 

relationship that describes buffered frames, it is 

power law equivalent.  This is the first parameter that 

affects connectivity effectiveness and contributes to 

lowering the throughput of the communication 

channel if not controlled effectively. The buffered 

frames function is affected by both data traffic and 

slot probability, thus, controlling slot probability, will 

control data traffic and subsequently, will affect 

buffered frames. This will also have an effect on the 

level of collisions and attempts. 

3.2 Mid slot probability 

Figs. 10 to 14 present the simulation results for 

an incrementing number of vehicles (transmitting 

nodes) as a function of increasing transmission 

probability in the medium range of 0.01 to 0.9. This 

second slot probability interval, shows continuous 

shape function change with increased data traffic as a 

result of higher slot probability.  

The change in shape function is also a result of 

increase in collisions and attempts to deliver data 

over the communication channel. This is clear, as 

there is no more start from low throughput values to 

high, then drops gradually to lower values. The 

interval ends with start from high values of 

throughput and gradually drops. This is due to 

buffering of large number of frames. 

Fig. 15 shows the relationship P and Gavg, which 

can be described using fourth order polynomial, with 

approximation as shown in Eq. (6). 

 

 

 
Figure. 10 Relationship between throughput and data 

traffic for P=0.01. 
 

 
Figure. 11 Relationship between throughput and data 

traffic for P=0.03 

 

 
Figure. 12 Relationship between throughput and data 

traffic for P=0.05 

 

 
Figure. 13 Relationship between throughput and data 

traffic for P=0.07 
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Figure. 14.  Relationship between throughput and data 

traffic for P=0.09 

 

 
Figure. 15 Relationship between slot probability and 

average data traffic 

 

 
Figure. 16 Relationship between slot probability and 

average throughput 

 

 
Figure. 17 Relationship between Gavg and Savg for mid slot 

probability 

 

 
Figure. 18 Relationship between P and Buftotal 

 

𝐺𝑎𝑣𝑔 = 𝜙𝑃𝜓                                   (6) 

 

Where;  𝜙 ≤ 1.6, 𝜓 ≥ 0.02 
 

Fig. 16 shows the relationship P and Savg, with 

approximation as shown in Eq. (7). 

 

𝑆𝑎𝑣𝑔 = 𝜒𝑃𝜔                                      (7) 

 

Where;  𝜒 ≤ 0.6, 𝜔 ≥ 0.1 

 
Fig. 17 shows the relationship Savg and Gavg, with 

approximation as shown in Eq. (8). 

 

𝑆𝑎𝑣𝑔 = 𝜈𝐺𝑎𝑣𝑔
𝜗                                 (8) 

 

Where;  𝜈 ≤ 0.08, 𝜗 ≥ 4.5 

 
Fig. 18 shows the relationship Buftotal and Gavg, 

with approximation as shown in Eq. (9). 

 

𝐺𝑎𝑣𝑔 = 𝜎𝐵𝑢𝑓𝑡𝑜𝑡𝑎𝑙
𝜉                        (9) 

 

Where;  𝜎 ≥ 1.2, 𝜉 ≥ 0.02 

 

From Eqs. (6), and (9), Eq. (10) is produced. 

 

𝐵𝑢𝑓𝑡𝑜𝑡𝑎𝑙 = (
𝜙𝑃𝜓

𝜎
)

𝜉−1

                            (10) 

 

It is noticeable in Figs. 23 to 26, the existence of 

small oscillatory pattern. The pattern is not affecting 

the overall results or approximation, thus it can be 

ignored at this stage. However, it is an indication, that 

instability in the communication channel system is 

occurring, and starting at the higher levels of this 

mid-range of slot probability (P=0.01-0.09). 

In addition, there is a change in the overall 

approximated function relating data traffic to slot 

probability, and to throughput, with power function  
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Figure. 19 Relationship between throughput and data 

traffic for P=0.1 

 

 
Figure. 20 Relationship between throughput and data 

traffic for P=0.3 

 

 
Figure. 21 Relationship between throughput and data 

traffic for P=0.5 

 

 
Figure. 22 Relationship between throughput and data 

traffic for P=0.7 

 

 
Figure. 23 Relationship between throughput and data 

traffic for P=0.9 

 

 
Figure. 24 Relationship between slot probability and 

average data traffic 

 

also relating both throughput and buffered frames to 

slot probability. The change in the overall function to 

power, is further supports the instability hypothesis. 

3.3 High slot probability 

Figs. 19 to 23 present the simulation results for 

an incrementing number of vehicles (communicating 

nodes) as a function of increasing transmission 

probability in the high range of 0.1 to 0.9. 

The shape function in Figures almost stays the 

same regardless of the slot probability within the 

range (P=0.1-0.9). This is indicative that a threshold 

level of buffering, and collisions is reached with 

equivalent shape functions across the slot probability 

range. This forms a foundation for oscillatory 

behaviour in a similar manner to resonance. 

Fig. 24 shows the relationship P and Gavg. The 

relationship displays an oscillatory condition, 

whereby with sinusoidal regression approximation as 

shown in Eq. (11). This behaviour is consistent with 

the unchanged shape function across the slot 

probability range. 

 

𝐺𝑎𝑣𝑔 = 𝛷 𝑠𝑖𝑛(𝛩𝑃 − 𝛿) + 𝛺               (11) 

 

Where;  𝛷 ≥ 0.01, 𝛩 ≥ 64, 𝛿 ≥ 1.5, 𝛺 ≥ 1.5 
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Figure. 25 Relationship between slot probability and 

average throughput 
 

 
Figure. 26 Relationship between Gavg and Savg for high 

slot probability 

 

 
Figure. 27 Relationship between Gavg and Buftotal for high 

slot probability 

 

Fig. 25 shows the relationship Savg and P. The 

relationship displays an oscillatory condition, 

whereby with sinusoidal regression approximation as 

shown in Eq. (12). 

 

𝑆𝑎𝑣𝑔 = 𝛷 𝑠𝑖𝑛(𝛩𝑃 − 𝛿) + 𝛺                (12) 

 

Where;  𝛷 ≤ 0.01, 𝛩 ≥ 64, 𝛿 ≥ 1, 𝛺 ≤ 0.5 
 

Fig. 26 shows the relationship Savg and Gavg. The 

relationship displays an oscillatory condition, 

whereby with sinusoidal regression approximation as 

shown in Eq. (13). 

 

Table 2. Relationship between slot probability and 

average data traffic 

P-

Low 

Gavg-

Low 

P-

Mid 

Gavg-

Mid 

P-

High 

Gavg-High 

(Oscillation) 

0.001 0.105 0.01 1.413 0.1 1.496 

0.002 0.222 0.02 1.447 0.2 1.493 

0.003 0.439 0.03 1.467 0.3 1.493 

0.004 0.754 0.04 1.475 0.4 1.495 

0.005 0.950 0.05 1.475 0.5 1.498 

0.006 1.053 0.06 1.481 0.6 1.496 

0.007 1.125 0.07 1.483 0.7 1.497 

0.008 1.202 0.08 1.486 0.8 1.504 

0.009 1.245 0.09 1.491 0.9 1.498 

 

𝑆𝑎𝑣𝑔 = 𝛷 𝑠𝑖𝑛(𝛩𝐺𝑎𝑣𝑔 − 𝛿) + 𝛺                  (13) 
 

Where;  𝛷 ≥ 0.009, 𝛩 ≥ 64, 𝛿 ≥ 0.3, 𝛺 ≤ 0.5 
 

Fig. 27 shows the relationship Buftotal and Gavg. 

The relationship displays an oscillatory condition, 

whereby with sinusoidal regression approximation as 

shown in Eq. (14). 

 

𝐺𝑎𝑣𝑔 = 𝛤 𝑠𝑖𝑛(𝜁𝐵𝑢𝑓𝑡𝑜𝑡𝑎𝑙 + 𝛹) + 𝛫         (14) 

 

Where;  𝛤 ≤ 0.005, 𝜁 ≥ 0.10, 𝛹 ≥ 0.8, 𝛫 ≤ 1.5 
 

From Eqs. (11), and (14), Eq. (15) is produced. 

 

     𝐵𝑢𝑓𝑡𝑜𝑡𝑎𝑙 = (𝑠𝑖𝑛−1 (
𝛷 𝑠𝑖𝑛(𝛩𝑃−𝛿)+𝛺−𝛫

𝛤
) − 𝛹) 𝜁−1    (15) 

 

The clear difference between high slot probability 

and both medium and low slot probability values is 

evident as no oscillations apparent over the low slot 

probability range, with small oscillatory pattern in the 

mid-range and now clear oscillatory pattern with 

fixed shape function in the high-range of slot 

probability. 

Tables 2 and 3 show comparison of Gavg and Savg 

values as a function of slot probability. From the 

Tables, it is shown that at mid and high probability 

values, and specifically at high probability values, the 

values of data traffic and throughput change in little 

tiny steps with small increments. This is consistent 

with the shape function change and oscillations, 

which start at the high end of the mid-range of slot 

probability and continues throughout the high range, 

resulting in oscillations. 

Table 4 shows a comparison between buffered 

frames for all ranges of slot probability. The Table 

clearly show the huge increase in buffered frames as 

high level slot probability range is reached. 
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Table 3. Relationship between slot probability and 

average throughput 

P-

Low 

Savg-

Low 

P-

Mid 

Savg-

Mid 

P-

High 

Savg-High 

(Oscillation) 

0.001 0.103 0.01 0.382 0.1 0.484 

0.002 0.211 0.02 0.425 0.2 0.486 

0.003 0.295 0.03 0.445 0.3 0.486 

0.004 0.323 0.04 0.458 0.4 0.484 

0.005 0.329 0.05 0.464 0.5 0.486 

0.006 0.343 0.06 0.470 0.6 0.487 

0.007 0.361 0.07 0.475 0.7 0.483 

0.008 0.366 0.08 0.486 0.8 0.482 

0.009 0.377 0.09 0.486 0.9 0.485 

 
Table 4. Relationship between slot probability and 

buffered frames 
P-

Low 

Buftotal-

Low 

P-

Mid 

Buftotal-

Mid 

P-

High 

Buftotal-

High  

0.001 1 0.01 1529 0.1 17745 

0.002 1 0.02 3535 0.2 36019 

0.003 205 0.03 5184 0.3 54162 

0.004 484 0.04 6929 0.4 71685 

0.005 727 0.05 8857 0.5 89776 

0.006 828 0.06 10603 0.6 108153 

0.007 1045 0.07 12294 0.7 125727 

0.008 1209 0.08 14257 0.8 144152 

0.009 1366 0.09 15933 0.9 161909 

 

 
Figure. 28 Relationship between Rs and P for low slot 

probability 

 

 
Figure. 29 Relationship between Rs and Gavg for low slot 

probability. 

 
Figure. 30 Relationship between Rc and P for low slot 

probability 

 

 
Figure. 31 Relationship between Rc and Gavg for low slot 

probability 

 

Figs. 28 and 29 show the relationship between Rs 

and P and Rs and Gavg. As the Figures show, as slot 

probability and data traffic increases, the ratio 

between successfully delivered frames and attempts, 

decreases. This is due to the increase in collisions and 

more generated data frames per slot. No oscillatory 

effect is present. 

Figs. 30 to 31 show effect of increasing both Gavg 

and P on the ratio of collisions to attempts. The 

Figures show an increase in Rc as a function of 

increasing Gavg and P. This is due to increase in slot 

probability resulting in an increase in collisions due 

to more data traffic. 

Figs. 32 and 33 show the relationship between Rs 

and P and Rs and Gavg for mid-range slot probability. 

As the Figures show, clear oscillation occurs as a 

function of increasing slot probability and data traffic. 

This occurs as slot probability and data traffic 

increases. This is presented in the sinusoidal 

regression in Eqs. (16) and (17). This oscillatory 

effect appeared as a minor pattern previously and is a 

function of buffering and re-transmission of frames 

as a result of collisions. 

 

𝑅𝑠(𝑚𝑖𝑑) = 𝛢 𝑠𝑖𝑛(𝛣𝑃 + 𝛭) + 𝛮        (16) 
 

Where; 𝛢 ≤ 0.015, 𝛣 ≥ 640, 𝛭 ≤ 1.7, 𝛮 ≥ 0.1 
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Figure. 32 Relationship between Rs and P for mid slot 

probability 

 

 
Figure. 33 Relationship between Rs and Gavg for mid slot 

probability 

 

 
Figure. 34 Relationship between Rs and P for mid slot 

probability 

 

𝑅𝑠(𝑚𝑖𝑑) = 𝛢 𝑠𝑖𝑛(𝛣𝐺𝑎𝑣𝑔 + 𝛭) + 𝛮           (17) 

 

Where; 𝛢 ≥ 0.008, 𝛣 ≤ 700, 𝛭 ≤ 2.5, 𝛮 ≥ 0.1 
 

Figs. 34 and 35 show the relationship between Rc 

and P and Rc and Gavg for mid slot probability. It is 

clear the oscillatory pattern in both plots, which is 

described by sinusoidal regression in Eqs. (18) and 

(19). Collisions and attempts are a main cause for tis 

oscillatory behaviour, even though for the mid-range 

slot probability, it only shows as a minor pattern 

when analysing general characteristics. 

 

 
Figure. 35 Relationship between Rc and Gavg for mid slot 

probability 

 

 
Figure. 36 Relationship between Rs and P for high slot 

probability 

 

𝑅𝑐(𝑚𝑖𝑑) = 𝛢 𝑠𝑖𝑛(𝛣𝑃 − 𝛭) + 𝛮             (18) 

 

Where; 𝛢 ≥ 0.13, 𝛣 ≤ 655, 𝛭 ≤ 2.5, 𝛮 ≥ 3.1 

 

𝑅𝑐(𝑚𝑖𝑑) = 𝛢 𝑠𝑖𝑛(𝛣𝐺𝑎𝑣𝑔 + 𝛭) + 𝛮           (19) 
 

Where; 𝛢 ≤ 0.0.07, 𝛣 ≤ 767, 𝛭 ≥ 1, 𝛮 ≥ 3.0 
 

Figs. 36 and 37 show the relationship between Rs 

and P and Rs and Gavg for high-range slot probability. 

As the Figures show, clear oscillation occurs as a 

function of increasing slot probability and data traffic.  

This is consistent with main characteristics presented 

in Figs. 24 to 27. This is related to the unchanging 

shape function across the high-range, that’s why it 

appeared through both the main characteristics and 

the ratios presented in Figs. 36 and 37. Also, as the 

shape function changes for the mid-range slot 

probability, the minor oscillations only appeared 

when the ratio plots are presented, as previously 

discussed. The sinusoidal regression is presented in 

Eqs. (20) and (21). 

 

𝑅𝑠(ℎ𝑖𝑔ℎ) = 𝛢 𝑠𝑖𝑛(𝛣𝑃 + 𝛭) + 𝛮              (20) 

 

Where; 𝛢 ≥ 0.006, 𝛣 ≥ 75, 𝛭 ≥ 1.2, 𝛮 ≤ 0.13 
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Figure. 37 Relationship between Rs and Gavg for high slot 

probability 

 

 
Figure. 38 Relationship between Rc and P for high slot 

probability 

 

 
Figure. 39 Relationship between Rc and Gavg for high slot 

probability 
 

𝑅𝑠(ℎ𝑖𝑔ℎ) = 𝛢 𝑠𝑖𝑛(𝛣𝐺𝑎𝑣𝑔 + 𝛭) + 𝛮          (21) 

 

Where; 𝛢 ≥ 0.006, 𝛣 ≥ 6900, 𝛭 ≤ 0.05, 𝛮 ≤ 0.13 

 

Figs. 38 and 39 show the relationship between Rc 

and P and Rc and Gavg for high slot probability. It is 

clear the oscillatory pattern in both plots, which is 

described by sinusoidal regression in Eqs. (22) and 

(23). 

 

𝑅𝑐(ℎ𝑖𝑔ℎ) = 𝛢 𝑠𝑖𝑛(𝛣𝑃 + 𝛭) + 𝛮                (22) 
 

Where; Α ≥ 0.55, 𝛣 ≥ 31, 𝛭 ≥ 3, 𝛮 ≥ 3 

𝑅𝑐(ℎ𝑖𝑔ℎ) = 𝛢 𝑠𝑖𝑛(𝛣𝐺𝑎𝑣𝑔 − 𝛭) + 𝛮           (23) 

 

Where; 𝛢 ≥ 0.06, 𝛣 ≤ 6830, 𝛭 ≤ 2, 𝛮 ≥ 3 
 

Figs. 38 and 39 show the relationship between Rc 

and P and Rc and Gavg for high slot probability. It is 

clear the oscillatory pattern in both plots, which is 

described by sinusoidal regression in Eqs. (22) and 

(23). 

It is clear that there is a matching pattern between 

slot probability and data traffic, which indicates that 

the two parameters are closely related and one affects 

the shape function of the other. 

The effectiveness of using NP-CSMA, could be 

controlled through network management of the 

oscillatory behavior and patterns in the 

communication channels with reduction in attempts 

and to avoid collision increase. Thus, there is a need 

not to reach a fixed shape function over any range of 

slot probability, and to avoid saturation. 

4. Conclusions 

The work investigated through simulation effect 

of slot probability on effective data transfer in inter-

vehicular communication. The work through 

MATLAB simulation and sinusoidal regression 

analysis, showed and evidence of oscillation, which 

is related mainly to high slot probability values and 

affected by attempts and collisions. The detailed 

simulations, with mathematical modelling resulted in 

the following: 

 

1.  A logarithmic relationship for Gavg and slot 

probability, and between Savg and Gavg, at low 

probability levels. This is an expected 

mathematical model. 

2. A power relationship between Gavg, and slot 

probability, and between Gavg and Savg at mid 

slot probability. This marks the beginning of 

a change in the communication shape 

function. 

3. An oscillatory sinusoidal behaviour is 

realized at high slot probability with 

sinusoidal relationship between Gavg and P.  

Such pattern change is accompanied by 

multiplicative collision levels. Thus 

throughput and data traffic are capped and 

the communication channel is overloaded. 

 

The paper showed that such oscillatory behaviour 

should be further analysed and could be controlled to 

increase throughput and data communication 

effectiveness, with better communication channel 

utilization. This can be achieved through 
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optimization of slot probability and number of 

available slots to avoid multiplicative attempts and 

collisions.  

The work also showed that a constant shape 

function is indicative of oscillatory behaviour, which 

should be further investigated.  

Overall, the simulation and analysis proved to be 

successful in pointing main problems with, with the 

new method supporting more effective use. 

Conflicts of interest  

The author declares no conflict of interest.  

Author contributions  

Mahmoud Iskandarani carried out methodology, 

software, validation, formal analysis, and writing 

both the original draft preparation, and review and 

editing. 

Acknowledgments 

The simulation software is based on an original 

version designed by An-Che Teng. 

References 

[1] M. Ahangar, Q. Z. Ahmed, F. A. Khan, and M. 

Hafeez, “A Survey of Autonomous Vehicles: 

Enabling Communication”, Sensors, Vol. 2021, 

pp. 1–33, 2021. 

[2] M. Ali, R. Baee, L. Simpson, X. Boyen, E. Foo, 

and J. Pieprzyk, “Authentication strategies in 

vehicular communications: a taxonomy and 

framework”, EURASIP Journal on Wireless 

Communications and Networks, Vol. 2021, No. 

129, pp. 1-50, 2021.  

[3] F. Arena and G. Pau, “An Overview of 

Vehicular Communications”, Future Internet, 

Vol. 11, No. 27, 2019. 

[4] A. Demba and D. Möller “Vehicle-to-Vehicle 

Communication Technology”, In: Proc. of 2018 

IEEE International Conference on 

Electro/Information Technology (EIT), pp. 459–

464, Rochester, MI, USA, 2018. 

[5] A. Khasawneh, M. A. Helou, A. Khatri, G. 

Aggarwa, O. Kaiwartya, M. Altalhi, W. A. Ulbe, 

and R. AlShboul, “Service-Centric 

Heterogeneous Vehicular Network Modeling for 

Connected Traffic Environments”, Sensors, Vol. 

22, No. 3, pp. 1-15, 2022. 

[6] L. Liang, S. Member, H. Peng, S. Member, G. 

Li, and X. Shen, “Vehicular Communications: A 

Physical Layer”, IEEE Transaction of Vehicular 

Technology, Vol. 66, No. 12, pp. 10647–10659, 

2017. 

[7] M. Shan, K. Narula, R. Wong, S. Worrall, M. 

Khan, P. Alexander, and E. Nebot, 

“Demonstrations of Cooperative Perception: 

Safety and Robustness in Connected and 

Automated Vehicle Operations”, arXiv, Vol. 

2011.08581v1, pp. 1-22, 2020. 

[8] M. N. Tahir, M. Katz, and U. Rashid, “Analysis 

of collaborative wireless vehicular technologies 

under realistic conditions”, The Journal of 

Engineering, Vol. 2022, pp. 201–209, 2022. 

[9] M. N. Tahir, P. Leviäkangas, and M. Katz, 

“Connected Vehicles: V2V and V2I Road 

Weather and Traffic”, Sensors, Vol. 22, No. 

1142, 2022. 

[10] K. Yogha, P. Studi, T. Informatika, and U. 

Trilogi, “A Study of V2V Communication on 

VANET: Characteristic, Challenges and 

Research Trends”, Vol. 4, No. 1, pp. 46–58, 

2021. 

[11] C. Wael, D. Kurniawan, N. Armi, A. Satyawan, 

A. Mitayani, and A. Subekti, “Analysis of IEEE 

802. 11p MAC Protocol for Safety Message 

Broadcast in V2V Communication”, In: Proc. 

of 2020 International Conference on Radar, 

Antenna, Microwave, Electronics, and 

Telecommunications, Virtual Conference, 

Indonesia, 2020.  

[12] A. Memedi and F. Dressler, “A Location-Aware 

Cross-Layer MAC Protocol for Vehicular 

Visible Light Communications”, In: Proc. of 

2021 17th International Conference on Mobility, 

Sensing and Networking (MSN), Exeter, United 

Kingdom, 2021. 

[13] A. Pressas, Z. Sheng, F. Ali, D. Tian, and M. 

Nekovee, “Contention-based Learning MAC 

Protocol for Broadcast Vehicle-to-Vehicle 

Communication”, In: Proc. of 2017 IEEE 

Vehicular Networking Conference (VNC), 

Torino, 2017.  

[14] G. Rossi and K. Leung, “Optimised CSMA / CA 

Protocol for Safety Messages in Vehicular Ad-

Hoc Networks”, In Proc. of 2017 IEEE 

Symposium on Computers and Communications 

(ISCC), Heraklion, Greece, 2017. 

[15] P. Wendland, G. Schaefer, and R. Thomä, “An 

Application-Oriented Evaluation of LTE-V’ s 

Mode 4 for V2V Communication”, In: Proc. of 

SAC '19: Proceedings of the 34th ACM/SIGAPP 

Symposium on Applied Computing, Limassol 

Cyprus, pp. 165–173, 2019. 

[16] H. Ameen, A. Mahamad, S. Saon, D. Nor, and 

K. Ghazi, “A review on vehicle to vehicle 

communication system applications”, Vol. 18, 

No. 1, pp. 188–198, 2020. 



Received:  March 30, 2023.     Revised: April 16, 2023.                                                                                                   639 

International Journal of Intelligent Engineering and Systems, Vol.16, No.3, 2023           DOI: 10.22266/ijies2023.0630.50 

 

[17] A. Baiocchi, I. Turcanu, and A. Vinel, “Age of 

Information in CSMA-Based Networks With 

Bursty Update Traffic”, IEEE Access, Vol. 10, 

pp. 44088–44105, 2022. 

[18] G. Tewolde and B. Smith “Small Scale Field 

Study of Vehicle-to-Vehicle (V2V) 

Communications for Safety Applications”, In: 

Proc. of 2019 IEEE 16th International 

Conference on Smart Cities: Improving Quality 

of Life Using ICT & IoT and AI (HONET-ICT), 

Charlotte, NC, USA, 2019. 

[19] V. Vibin, P. Sivraj, and V. Vanitha, 

“Implementation of In - Vehicle and V2V 

Communication with Basic Safety Message 

Format”, In: Proc. of 2018 International 

Conference on Inventive Research in Computing 

Applications (ICIRCA), Coimbatore, India, 2018. 

[20] M. E. Zorkany and A. Yasser, “Vehicle To 

Vehicle ‘V2V’ Communication: Scope, 

Importance, Challenges, Research Directions 

and Future”, The Open Transportation Journal, 

Vol. 14, pp. 86–98, 2020. 

[21] S. Zhou, H. Ding, Y. Zhao, and P. Li, “The 

Discrete Time Non-Persistent CSMA Protocol 

with Functions of Monitoring and Multichannel 

Mechanism Based on Binary Tree Conflict 

Resolution in WSN”, In: Proc. of the 

International Conference on Computer 

Information Systems and Industrial Applications, 

Bangkok, Thailand, 2015. 

[22] Y. Tang, D. Grace, T. Clarke, and J. Wei, 

“Multichannel Non-persistent CSMA MAC 

Schemes with Reinforcement Learning for 

Cognitive Radio Networks”, In: Proc. of 2011 

11th International Symposium on 

Communications & Information Technologies 

(ISCIT), Hangzhou, China, 2011. 

[23] Z. Han, H. Ding, K. Yue, L. Bao, and Z. Yang, 

“New type NP-CSMA of adaptive multi-priority 

control WSN protocol analysis”, International 

Journal of Reasoning based Intelligent Systems, 

Vol. 13, No. 1, pp. 24–31, 2021. 

[24] A. Saenmuang and S. Sitjongsataporn, “Slotted 

np-CSMA with Poisson-based Packet Size using 

Semi-Markov Process”, In: Proc. of 2018 

International Electrical Engineering Congress 

(iEECON), Krabi, Thailand, 2018. 

[25] H. Grace and P. Mitchell, “Throughput analysis 

of non-persistent carrier sense multiple access 

combined with time division multiple access and 

its implication for cognitive radio”, IET 

Communication, Vol. 4, No. 11, pp. 1356–1363, 

2010. 

[26] D. Koscielnik, M. Miskowicz, and J. 

Szyduczynski, “Upper bounds on Unsuccessful 

Transmission Rate in Persistent and Non-

Persistent CSMA Protocols”, In: Proc. of 2013 

22nd International Conference on Computer 

Communication and Networks (ICCCN), Nassau, 

Bahamas, 2013. 

[27] N. Kiran, R. Raj, and A. Khan, “Maximization 

of Throughput in Cognitive Radio using non-

persistent CSMA combined with Reinforcement 

Learning”, International Journal of Innovative 

Research in Electrical, Electronics, 

Instrumentation and Control Engineering, Vol. 

3, No. 5, pp. 75–79, 2015. 

[28] Y. Jeon, S. Kuk, and H. Kim, “Reducing 

Message Collisions in Sensing-Based Semi-

Persistent Scheduling (SPS) by Using 

Reselection Lookaheads in Cellular V2X”, 

Sensors, Vol. 18, No. 4388, pp. 1-23, 2018. 

[29] H. Zejun, D. Hongwei, B. Liyong, Y. Zhijun, 

and L. Qianlin, “Analysis of new multi-priority 

P-CSMA of non- persistent type random 

multiple access ad hoc network in MAC protocol 

analysis”, International Journal of 

Communication Networks and Distributed 

Systems, Vol. 25, No. 1, pp. 57–77, 2020. 

[30] N. Gaur, A. Chakraborty, and B. Manoj, “Load-

aware Routing for Non-Persistent Small-World 

Wireless Mesh Networks”, In: Proc. of 2014 

Twentieth National Conference on 

Communications (NCC), Kanpur, India, 2014. 

[31] A. Bachir, M. Heusse, and A. Duda, “Preamble 

MAC Protocols with Non-persistent Receivers 

in Wireless Sensor Networks”, In: Proc. of the 

7th International IFIP-TC6 Networking 

Conference, Singapore, 2008. 

[32] I. Ivanov, K. Andreev, S. Vetova, and R. 

Arnaudov, “Cryptographic algorithm for 

protection of communication in drones control”, 

International Journal of Reasoning-based 

Intelligent Systems, Vol. 13, No. 1, pp 32–38, 

2021. 

[33] P. Wong, D. Yin, and T. Lee, “Analysis of Non-

Persistent CSMA Protocols with Exponential 

Backoff Scheduling”, arXiv:1005.0178, pp. 1–

28, 2011. 

[34] J. Garcia and D. Cirimelli, “Making CSMA 

Collision-Free and Stable Using Collaborative 

Indexing”, Networked Systems, Vol. 13464, pp. 

167–183, 2022. 

[35] R. Wei, “Performance Analysis of Semi-

Persistent Scheduling Throughput in 5G NR-

V2X: A MAC Perspective”, arXiv:2208.10653, 

pp. 1-6, 2022. 

[36] D. M. Sacristán, S. Roger, D. G. Roger, J. 

Monserrat, P. Spapis, and C. Zhou, “Low-

Latency Infrastructure-Based Cellular V2V 



Received:  March 30, 2023.     Revised: April 16, 2023.                                                                                                   640 

International Journal of Intelligent Engineering and Systems, Vol.16, No.3, 2023           DOI: 10.22266/ijies2023.0630.50 

 

Communications for Multi-Operator 

Environments with Regional Split”, IEEE 

Transactions on Intelligent Transportation 

Systems, Vo. 22, No. 2, pp. 1052-1067, 2020. 

[37] J. He, Z. Tang, Z. Fan, and J. Zhang, “Enhanced 

Collision Avoidance for Distributed LTE 

Vehicle to Vehicle Broadcast Communications”, 

IEEE Communications Letters, Vol. 22, No. 2, 

pp. 630–633. 

[38] S. Gopalakrishnan and A. Annie, “Detection 

Mechanism on Vehicular Adhoc Networks 

(VANETs) A Comprehensive Survey”, 

International Journal of Computer Science and 

Network Security, Vol. 21, No. 6, pp. 294–303, 

2021. 

[39] K. Ansari, “Joint use of DSRC and C-V2X for 

V2X communications in the 5.9 GHz ITS band”, 

IET Intelligent Transport Systems, Vol. 15, pp. 

213–224, 2020. 

[40] H. Yang, S. Member, and K. Zhang, “Joint 

Frame Design and Resource Allocation for 

Ultra-Reliable and Low-Latency Vehicular 

Networks”, IEEE Transactions on Wireless 

Communications, Vol. 19, No. 5, pp. 3607-3622. 

[41] Y. Liao, K. Bian, L. Song, and Z. Han, “MAC 

Protocol Design and Analysis for Full-duplex”, 

IEEE Communications Letters, Vol. 19, No. 7, 

pp. 1185–1188, 2015. 

[42] L. Hota, B. Nayak, A. Kumar, G. Ali, P. Han, 

and J. Chong, “An Analysis on Contemporary 

MAC Layer Protocols in Vehicular Networks: 

State-of-the-Art and Future Directions”, Future 

Internet, Vol. 13, No. 284, pp. 1–45, 2021. 

 


