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Abstract—Platooning is a future approach to autonomous

driving in which vehicle-to-vehicle and vehicle-to-infrastruc-

ture communications play an important role. Tests performed

in the past showed that a significant reduction in fuel con-

sumption is possible when cars are traveling in a dense pla-

toon formation. To increase the level of their awareness of

the surrounding objects and to maintain a very short distance

to the preceding vehicle, highly reliable on-board sensors are

required. This paper discusses the impact of sensor inaccu-

racy on the performance and behavior of and autonomous

vehicle platoon that makes use of wireless communications

supported by context information from various databases and

maps.

Keywords—context information database, sensor accuracy, V2X

and 5G.

1. V2X Communications for

Autonomous Driving

The fifth generation (5G) wireless system is planned to pro-

vide, in the future, ultra-reliable low-latency communica-

tions (URLLC) that are necessary to enable various safety-

related or life-saving services [1]. One of the numerous

ideas behind URLLC, is to use it for the provision of highly

reliable services, such as vehicle-to-vehicle (V2V) commu-

nications, that may be relied upon in the management of

autonomous and driverless platoons formed by vehicles on

high-speed roads. Autonomous driving is perceived to be

one of the enablers for a coordinated movement of a group

driverless vehicles, led by a platoon leader (platooning).

In such a scenario, a group of vehicles exchange various

control messages, enabling their autonomous movement at

short inter-vehicle distances, without any human supervi-

sion. Increased interest in platooning is sparked primarily

by the expected revenues, e.g. fuel savings of 7 to 15%

for a platoon comprising multiple trucks [2]. Fuel savings

result also in a substantial reduction of CO2 emissions –

according to the findings of the Energy project by ITS [3],

if truck platooning was used in approximately 40% of all

freight traffic operations, a 2.1% reduction in CO2 emis-

sions along highways could be achieved with the gap be-

tween trucks of 10 m, and the reduction would equal 4.8%

if the gap could be decreased even further to 4 m.

Autonomous driving, aiming to improve road safety, may

be achieved only with the support of both onboard sensors

and inter-vehicular communications. However, to ensure

that the automated controller responds faster than a hu-

man driver, extreme requirements concerned with reliabil-

ity of wireless communications, as well as with the quality

of on-board sensors used need to be met. For vehicle-to-

everything (V2X) communications, the exchange of infor-

mation between the platoon members and between the pla-

toon and other devices may rely on short-range wireless

communication protocols, such as dedicated short-range

communications (DSRC), cooperative intelligent transport

system (C-ITS) or cellular-V2X (CV2X). On the other hand,

onboard sensors are necessary to provide information re-

lated to specific mobility parameters, facilitating the opera-

tion of autonomous vehicles. The accuracy of sensors used

in platooning may cause various levels of deviations that

strictly depend on the class of the physical devices installed.

In this paper we consider a scenario that is depicted in

Fig. 1, where the road train is driving, autonomously, on

a high-speed road, in various environments. Stability and

reliability are the most important aspects affecting intra-

platoon communications. Onboard sensors also need to

provide stable results that enable real-time and reliable

Fig. 1. Vehicle platooning and the surrounding wireless-commu-

nications environment.
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monitoring of distances between the vehicles and of various

operating parameters of the trucks forming the platoon.

In order to meet such strict requirements concerning re-

liability, exchange of information between the platooned

trucks and the communication infrastructure (roadside

units, small cells or macro cells) is required to efficiently

manage prospective interference, both between individual

platoons, and between the platoons and external sources of

interference.

This paper focuses primarily on the impact that sensor in-

accuracies (caused by imperfections) exert on the efficiency

of V2X-aided platooning. In Section 2, we outline practi-

cal implementation of adaptive cruise control mechanisms.

Section 3 presents an analysis of the impact that the quality

of various sensors exerts on reliability and performance of

the entire system. In Section 4, we discuss the main chal-

lenges related to platooning that relies on wireless com-

munications, and provide a brief overview of the potential

solutions improving reliability of the solution. Finally, Sec-

tion 5 concludes the work.

2. Implementation Issues

Real-world implementation of the platooning technology is

a big challenge. Driving needs to be controlled and co-

ordinated with the use of sensors and actuators relying on

a sophisticated algorithm. In addition, messages need to be

exchanged between vehicles in the platoon, using wireless

communications. The most important factors impacting

the efficiency of platooning include the following: control

system latency and accuracy of information collected by

sensors. Cooperative adaptive cruise control (CACC) uses

information both from local sensors and from other vehicles

in the platoon (passed via a wireless link). CACC allows

to boost platooning performance if, in addition to the re-

quirement of a higher degree of accuracy of the control

loop and of the sensors, wireless communication supports

rapid, reliable and low-latency message exchange between

the vehicles [4], [5].

The concept of autonomous driving, applied to a limited set

of adjacent vehicles forming a platoon, has attracted a lot

of interest in recent years. The CACC algorithm is pro-

posed as a control mechanism for such a structure. Many

researchers have been recently evaluating the performance

of platooning that relied on the IEEE 802.11p standard for

V2V communications. The SARTRE project [2] reported

an experiment with two trucks and three cars forming a pla-

toon. It has been proved that the platoon was able to drive

at the maximum speed of 90 km/h, with the inter-vehicle

distance ranging from 5 to 7 m. On the other hand, the

tests described in [3], [6] allowed to achieve the speed of

80 km/h with the target inter-car distance equaling 10 m.

This was the result achieved during the Energy ITS project

performed in Japan for a platoon of three fully-automated

trucks moving on an expressway.

From the point of view of wireless communications, CACC

suffers from insufficient reliability of message exchange be-

tween the vehicles. A past study on the use of CACC while

exchanging messages using the IEEE 802.11p standard re-

vealed that even a non-significant increase in the density

of vehicles on a highway may cause a congestion of the

wireless channel. This will deteriorate performance of the

CACC algorithm [7], [8]. One of the solutions of this

problem is to use a dual-band transceiver that may operate

simultaneously at two different frequencies (wireless chan-

nels). However, it should be noted that even if two ITS

frequency channels are utilized, channel congestion is still

possible if the scenario involves a high number of neigh-

boring vehicles and a large amount of data to be exchanged.

To solve this problem, the limit of two channels needs to

be removed. This can be achieved by using the dynamic

spectrum access technology, i.e. by relying on the cognitive

radio concept. It is forecast that such an approach will be

capable of improving the reliability of wireless communi-

cations and, indirectly, the performance of CACC used for

vehicle platooning.

3. Role of Sensors in Wireless

Communications within Platoons

On-board sensors constitute an essential part of a CACC-

controlled vehicle system. They measure the basic physical

quantities necessary for the proper operation of the con-

trol algorithm. Sensors used in a vehicle may be divided

into two types. The first category is used to monitor the

vehicle’s environment, while sensors of the other type are

responsible for the evaluation of the vehicle itself. The first

class includes long/medium range radar (LRR/MRR) sen-

sors and forward collision warning (FCW) sensors. They

determine the distance to the preceding vehicle and its in-

stantaneous speed. The other group includes sensors that

determine the instantaneous speed and acceleration of the

vehicle in which they are installed.

3.1. Sensor Inaccuracies

Sensor inaccuracies may be determined in different ways.

The significance of sensor errors may be described using

the following categories: absolute accuracy, error distribu-

tion, error values corresponding to a given percentile of

error distribution or output noise.

In order to add inaccuracies of the analyzed sensors to the

system under consideration, it is assumed that sensor inac-

curacies may be modeled using normal distribution trun-

cated to ±3σ . For the sensor accuracy distribution model

in question, standard deviation that corresponds to a given

sensor error has been determined. For the purpose of this

paper, we investigated some off-the-shelf, average quality

units that are installed or could be installed as onboard

sensors.

The sensors investigated may be divided into the following

groups, based on the parameter they measure: distance, rel-

ative velocity, ego velocity and acceleration. Depending on
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their tasks, these sensors may be characterized by different

ranges and accuracy levels. The task of distance sensors

is to determine distances to adjacent objects, i.e. moving

vehicles and stationary obstacles. Relative speed sensors

evaluate the speed of the surrounding vehicles with respect

to the ego vehicle. In addition to sensors that monitor the

position of adjacent vehicles, sensors that determine the

speed and acceleration of the vehicle on which they are

mounted are also required. For measuring the velocity of

the ego vehicle, electro-mechanical sensors may be used,

with their accuracy depending on the quality of the vehi-

cle’s tires.

3.2. Sensors Measurements

It is the objective of the distance sensors to measure range

to adjacent moving vehicles or obstacles. Sensors offer dif-

ferent ranges and measurement accuracies, depending on

their purpose. Table 1 presents a set of commercially avail-

able units with information taken from catalog notes, mea-

surement reports, and scientific papers, presenting their

features. The tables present designated model parameters

as well.

Table 1

Sensors model

Sensor reference Accuracy Std. dev.

Distance sensors

[9] 92% = 0.5 m 0.2860

[10] – Type 1 90% = 0.6 m 0.3650

[10] – Type 2 90% = 1.5 m 0.9120

[10] – Type 3 90% = 0.9 m 0.5470

SRR contin. [11] Accuracy = 0.2 m 0.0667

Relative speed sensors

LLR3 Bosch [12] Accuracy = 0.12 m/s 0.0500

MRR Bosch [13] Accuracy = 0.11 m/s 0.0367

[9] 85% = 1.11 m/s 0.7700

[10] – Type 1 90% = 0.25 m/s 0.1520

[10] – Type 2 90% = 0.23 m/s 0.1400

[10] – Type 3 90% = 0.23 m/s 0.1400

Acceleration sensors

VBOX [14] Accuracy = 0.3924 m/s2 0.1308

SMB type 225 [15] Output noise = 3.5 mg 0.0343

SMB type 227 [16] Output noise = 5.0 mg 0.0491

Kistler [17] 90% = 0.23 m/s2 0.0123

Relative speed sensors that evaluate the velocity of sur-

rounding vehicles constitute another group of measuring

devices. As in the case of distance sensors, specific param-

eters and accuracies of those sensors are shown in Table 1.

Additionally to sensors that monitor the position of ad-

jacent vehicles, CACC requires information on the speed

and acceleration of the ego vehicle. In the case of ego

vehicle velocity measurement, two options may be consid-

ered: electromechanical (accuracy depends on the quality

of the vehicle’s tires) or GPS-based devices.

To ensure a state-of-the-art approach to velocity measure-

ment, electro-mechanical sensors are taken into account.

For the purpose of simulations, it has been assumed that

the device will be an electro-mechanical sensor with accu-

racy that is proportional to the actual speed of the vehicle,

with the proportionality factor of k = 1.0% (the measured

value is higher than the actual one).

The CACC formula considered takes also into account the

acceleration rate of the platoon leader and the preceding

car, so acceleration sensors should be used as well. For

acceleration measurements, only high-precision GPS-based

sensors are used (Table 1).

Due to the large number of devices to be tested, sensors

representing the specific parameters (mean value and stan-

dard deviation) were identified. Mean errors and standard

deviation values for all tested sensors are summarized in

Table 2.

Table 2

Parameters of the sensors used

Sensor Mean error Standard deviation

Distance sensor 0 0.2794

Rel. velocity sensor 0 0.1439

Velocity sensor 1% 0

Acceleration sensor 0 0.0410

3.3. Simulation Model

Before we present the results of our simulation investiga-

tions aimed at determining the influence of imperfect sen-

sors on the platoon’s performance, we discuss the simu-

lation assumptions, platoon structure, as well as the pa-

rameters of the so-called jamming vehicle considered in

the simulations. The role of the jammer vehicle is to dis-

turb the fluent movement of the platoon. Its velocity varies

in accordance with a predefined pattern in 30-second cy-

cles (looped for the course of the simulation). Each cycle

lasts 30 s and consists of three phases: braking (speed

decreases from 130 km/h to 30 km/h), acceleration (accel-

eration factor equal to 1.5 m/s2, with the speed reaching

130 km/h again) and, finally, constant speed travel for ap-

proximately 2.04 s.

3.4. Actuation Lag

After the acceleration value has been calculated by the

ACC/CACC controller, it needs to be used by the system,

This, however, is not done instantaneously, but with a delay

referred to as actuation lag. In the simulator, this delay is

modeled as a first order low-pass filter applied to the output

of the cruise controller:

P(s) =
1

(τs+1)
, (1)
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where τ is the time constant of the filter. In [18], a list

of factors that affect actuation lag in the case of a human-

driven vehicle is presented. Taking all these factors into

account, we can conclude that time constant τ could be as

high as 500 ms.

Recent papers [19], [20] indicate that in the case of human-

driven vehicles the total lag value could be decreased to

approx. 200 ms. Moreover, a further decrease in actuation

lag to a few tens of milliseconds is expected [8]. Therefore,

two different actuation lag values, i.e. 20 and 200 ms, are

investigated here.

3.5. Simulation Assumptions

In the considered scenario, we investigated a homogeneous

platoon traveling in one lane of a highway. The first car

in the platoon is the so-called leader and is preceded by

another vehicle that interrupts the fluent movement of the

platoon – the so-called jammer. The speed of the jammer

changes (periodic breaking and acceleration), affecting the

platoon’s movement. With the help of control mechanisms,

vehicles in the platoon attempt to respond to the jammer’s

behavior by adjusting their speeds and accelerations, in or-

der to maximize platoon performance (i.e. they attempt to

minimize the length of the platoon) and to avoid crashes.

Within the platoon, two controlling algorithms are consid-

ered. One is the adaptive cruise control (ACC) algorithm

(used by the platoon leader) and the other once is the CACC

algorithm used by the remaining vehicles.

In the ACC algorithm, the speed of and distance to the

preceding car are measured by built-in (or onboard) sen-

sors, while in CACC, in addition to sensor measurements,

messages from other vehicles that are transmitted by radio

are relied upon. In this work, communication between the

vehicles is performed based on the IEEE 802.11p standard.

3.6. Simulation Parameters

The set of parameters valid for all simulation runs and

the configurations parameters used in IEEE 802.11p are

presented in Table 3.

In the simulation, sensor inaccuracies are investigated sep-

arately to determine their impact on the platoon’s perfor-

mance. Then, all inaccuracies considered are combined to

obtain the overall impact of all inaccuracies on the platoon’s

performance.

The performance of the platoon with the sensors adopted

was evaluated in terms of mean inter-vehicle spacing. Inter-

vehicle spacing corresponds to the bumper-to-bumper dis-

tance measured, averaged over time, for all pairs of subse-

quent vehicles in the platoon, and for all simulation runs

over the chosen target CACC distance. It is expected that

the average inter-vehicle spacing closely approximates the

target CACC distance, i.e. the minimum target distance that

guarantees collision-free performance of the platoon.

Moreover, it needs to be mentioned that we used, in the

simulation, an improved version of the CACC algorithm

introduced in [8], referred to as modified CACC, offering

Table 3

Simulation and IEEE 802.11p configuration parameters

Parameter Value

Number of simulation runs 100

Simulation time 900 s

Platoon size 10 cars

Engine actuation lag 20/200 ms

ACC headway time 0.2 s

BSM message size 300 bytes

CACC message size 16 bytes

Spectrum band ITS-G5A(5895–5905 MHz)

Channel estimation Ideal

Channel model ITU Vehicular-A

Path loss model Winner+ B1 LOS

Antenna height 3.5 m

Shadowing distribution Log-normal

Shadowing std. dev. 3 dB

Decorrelation distance 25 m

TX power density 23 dBm/MHz

Noise power −174 dBm/Hz

Noise figure 9 dB

TX/RX antennas 1/1

Power control Off

MCS QPSK, R = 1/2

significantly better performance that is reflected by lower

mean inter-vehicle distances.

3.7. Sensors Inaccuracies

The first part of the investigations performed is related to

the impact of sensor quality on the behavior of the pla-

toon. Figures 2 and 3 show the mean distances between

platoon vehicles, assuming that the vehicles are equipped

with distance and velocity sensors used in the CACC al-

gorithm. These distances are calculated as the average of

all bumper-to-bumper distances between the vehicles in the

platoon, measured throughout the entire simulation period.

The results are compared with the reference values which

correspond to the situation in which all sensors work per-

fectly.

The introduction of inaccuracies results in a slight degra-

dation of the platoon’s performance. The said degradation

equals approx. 0.2 m for the distance sensor and 0.4 m for

the speed sensor in the case of the 20 ms scenario, and

0.3 m for the distance sensor and 0.15 m for the speed

sensor in the case of the 200 ms scenario.

Another sensor that has been analyzed is the in-vehicle

speed sensor. The mean distances obtained for different

actuation lag values are shown in Fig. 4.

Based on the above results, it can be clearly stated that in

the case of velocity sensor, the inaccuracies exert a nega-
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Fig. 2. Mean platoon inter-vehicle distance for distance sensors

used in the CACC algorithm.

Fig. 3. Mean platoon inter-vehicle distance for relative speed

sensors used in the CACC algorithm.

Fig. 4. Mean platoon inter-vehicle distance for speed sensors

used in the CACC algorithm.

tive impact on the behavior of the platoon. This impact is

reflected by a significantly higher mean distance between

vehicles, which increases by 1.28/0.26 m for 20/200 ms

scenarios, respectively.

The last device (Fig. 5) that has been analyzed is the vehi-

cle acceleration sensor which determines the instantaneous

acceleration factor of the ego vehicle. According to the lit-

erature, as such a unit should operate based on GPS data, it

may achieve very good parameters. Tests performed with

such an acceleration sensor show that the target distance

Fig. 5. Mean platoon inter-vehicle distance for acceleration sen-

sors used in the CACC algorithm.

is only slightly affected, even for the lowest-quality sensor.

Moreover, the mean inter-vehicle distance deterioration ob-

served is as low as 0.01 m, compared with the reference

values.

Although the presented acceleration sensors are character-

ized by great accuracy, their largest drawback is that they

need to be within range of the GPS signal. Thus, these

sensors might experience some difficulties in the so-called

urban canyon scenarios or in tunnels. To overcome this,

additional post-processing of the velocity data will be re-

quired.

Finally, the combined effect of all sensors on the behavior

of the platoon was also analyzed, and distances between

vehicles within the platoon were determined (Fig. 6). The

results obtain clearly indicate that the quality of the devices

used exerts a great impact on the platoon. Even the best

quality units affect the platoon performance significantly,

causing an increase in the observed mean distance between

vehicles, equaling one meter.

Fig. 6. Mean platoon inter-vehicle distance for all sensors used

in the CACC algorithm.

4. Challenges Affecting Wireless

Communications

V2V communications are usually proposed to be performed

using cellular networks (e.g. LTE, 5G) or IEEE 802.11p
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systems. However, it was observed that these technolo-

gies use fixed wireless channels, which lowers reliability

when a high number of users (cars, trucks, platoons) is

present.

A potential solution is to base intra-platoon communica-

tions on the so-called white spaces, i.e., frequencies that

are unused by the licensed system at a given location, at

the time of the platoon’s arrival, such as the cognitive ra-

dio concept. This approach to spectrum usage is known

as dynamic spectrum access (DSA). Its application is mo-

tivated by the number of spectrum occupancy measure-

ments carried around the world. It has been revealed that

50% to 80% frequencies in the range of up to 6 GHz

are unused. Therefore, potential frequency resources that

may be reused exist. If a given frequency band is cur-

rently not occupied by a specific licensed system, it may

be used for secondary system transmissions (without a li-

cense to use this band) [21]. In our case, the role of the

secondary system may be played be the platoon of vehicles.

Moreover, the higher the frequency, the more white spaces

may be expected. Carrier frequencies of above 6 GHz and

DSA may be considered for short-range V2V communi-

cations [22].

In the case of V2V communications, access to timely and

accurate information about the surrounding environment

may be very important. When vehicles are aware of the

status of other objects on the road ahead of them, they can

change the route or at least modify the driving parameters

to reduce fuel consumption. Decreasing the probability of

a crash is of the highest importance. However, in the

context of DSA for V2V communications, availability of

specific context information databases is required. The

databases will store various data structures depending on

the applications. In order to enable efficient management

of the spectrum resources, information about transmissions

using licensed systems and abut secondary users (platoons

utilizing DSA) is needed. A scenario may be imagined in

which the platoon leader communicates with the database

providing suggestions as to which frequency band should

be used, taking into account interference received from and

caused to other platoons. However, information about spec-

trum usage is the simplest of potential applications of such

a database. It is envisaged that context information

databases may store much more information, with their

range varying from the number of trucks in each convoy,

to their speed, to the current length of the platoon. This

may be a source of typical speeds achieved on a given

road depending on weather conditions. The structure of the

database system should be, most likely, hierarchical. Long-

term information about the environment may be stored in

remote databases, while short-term information is stored in

their local counterparts [23].

4.1. Sensor Inaccuracy vs. Information Available in

Databases

As shown in Section 3, sensor inaccuracy directly impacts

the performance of CACC. Error-affected information pro-

vided by the sensors, combined with limited reliability of

wireless links may render effective platooning impossible

due to an excessive number of errors/variances in the in-

formation fed to the CACC control algorithm. Therefore,

novel solutions have to be proposed, such as dynamic spec-

trum access for V2V transmissions. If raw sensing in-

formation is to be exchanged between vehicles, the mm

wave band, offering a higher bandwidth, may be consid-

ered [22], [24]. In such a case, throughput required along

the links between vehicles may increase to hundreds of

Mbps, while requirements concerning latency and reliabil-

ity remain the same. Although the millimeter wave band

allows for wider bandwidth, it poses serious challenges as

well, e.g. reduces the transmission range. Therefore, lower

frequency bands may be considered for intra-platoon com-

munications as well [22]. In any frequency band of choice,

a dynamic spectrum management mechanism is needed en-

able the selection of a frequency band that guarantees the

best possible transmission conditions. The spectrum man-

agement mechanism may consider a licensed spectrum for

inter-platoon communications as well. Proper selection of

the frequency band may be aided with context information

stored in dedicated databases. Multiple parameters stored

therein may be used to improve the frequency selection

procedure.

5. Conclusions

This article discusses various aspects of vehicle platooning,

in particular the impact that inaccuracy of onboard sen-

sors on the performance of a CACC-based platoon. Addi-

tionally, it considers sensing inaccuracy and limited relia-

bility of wireless communications. Given the limited ac-

curacy of the sensors, challenges for future V2V wireless

communication have been formulated, including restric-

tions concerning delay, reliability and perceived collabora-

tion. A suggested potential solution to increase CACC reli-

ability is to use dynamic allocation of numerous frequency

bands, including the millimeter wave band, to improve

data transmission speed and to reduce the load of current

ITS bands.
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