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New wave of urbanization, ever more stringent emission standards, and high pressure on improving efficiency of private
and public transport have made the development of more
sustainable transportation systems one of the fundamental
societal challenges of the next decade. Connected vehicles
have been envisioned to provide enabling key technologies to enhance transportation efficiency, reduce incidents,
improve safety, and mitigate the impacts of traffic congestion. The seamless integration and convergence of vehicular
communication networks, information and transportation
systems, and mobile devices and networks will face a number
of technical, economic, and regulatory challenges. It is of
paramount importance to (i) design vehicular communication systems that enable road users and other actors to
exchange information in real time with high reliability, (ii)
enable pervasive sensing to monitor the status of vehicles
and the surroundings, (iii) develop data analytics tools for
processing large amounts of data generated by the connected
vehicles, and (iv) develop middleware platforms for data
management and sharing.
In this context, we present a collection of high-quality
research papers on recent developments, current research
challenges, and future directions in the use of control, communications, and emerging technologies to realize communications and networking for connected vehicles that are safer
and more efficient.
Bin Ran and his research fellows aim to integrate the
traffic features extracted from the wireless communication

records and the measurements from the microwave sensors
for the state estimation. A state-space model and a Progressive Extended Kalman Filter (PEKF) method are proposed.
The results from the field test exhibit that the proposed
method efficiently fuses the heterogeneous multisource data
as well as adaptively tracking the variation of traffic conditions. The proposed method is satisfactory and promising for
future development and implementation.
Safety messages propagation is the major task for Vehicular Cyber-Physical Systems in order to improve the safety
of roads and passengers. However, reducing traffic and
car accidents can only be achieved by disseminating safety
messages in a timely manner with high reliability. Although
mathematical modeling of the delay of safety messages is
extremely beneficial, analyzing the safety messages propagation is considerably complex due to the high dynamics
of vehicles. Moreover, most of previous works assume that
vehicles drive independently and the interaction between
vehicles is not taken into consideration. The authors in
Beijing University of Posts and Telecommunications propose
an analytical model to describe the performance of safety
messages propagation in the VCPSs under platoon-based
driving pattern. Infrastructure-less and RSU-supported scenarios are evaluated independently. The analytical model
also takes into account different transmission situations and
various system parameters, such as communication range,
traffic flow, and platoon size. The effectiveness of the analytical model is verified through simulation and the impacts
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of different parameters on the expected transmission delay
are investigated. The results will help determine the system
design parameters to satisfy the delay requirement for safety
applications in VCPSs.
Urban rail transit plays an increasingly important role in
urbanization processes. Communications-Based Train Control (CBTC) systems, Passenger Information Systems (PIS),
and Closed Circuit Television (CCTV) are key applications of
urban rail transit to ensure its normal operation. In existing
urban rail transit systems, different applications are deployed
with independent train ground communication systems.
When the train ground communication systems are built
repeatedly, limited wireless spectrum will be wasted, and the
maintenance work will also become complicated. Researchers
in Beijing Jiaotong University design a network virtualization
based integrated train ground communication system, in
which all the applications in urban rail transit can share the
same physical infrastructure. In order to better satisfy the
Quality of Service (QoS) requirement of each application, the
authors propose a virtual resource allocation algorithm based
on QoS guarantee, base station load balance, and application
station fairness. Moreover, with the latest achievement of distributed convex optimization, they exploit a novel distributed
optimization method based on alternating direction method
of multipliers (ADMM) to solve the virtual resource allocation problem. Extensive simulation results indicate that the
QoS of the designed integrated train ground communication
system can be improved significantly using the proposed
algorithm. X. Wang et al. in Beijing Jiaotong University set
up an Enhanced Ultra-High Throughput (EUHT) wireless
communication system for urban rail transit in high-speed
scenario integrating all the traffics of it. An outdoor testing
environment in Beijing-Tianjin high-speed railway is set up
to measure the performance of integrated EUHT wireless
communication system based on urban rail transit. The
communication delay, handoff latency, and throughput of this
system are analyzed. Extensive testing results show that the
Quality of Service (QoS) of the designed integrated EUHT
wireless communication system satisfies the requirements of
urban rail transit system in high-speed scenario.
Safety services of Vehicular Ad Hoc Network (VANET)
require reliable broadcasts. Urban road characteristics such
as frequent intersections, high traffic density, and traffic
concentration caused by wait traffic signals are not carefully
taken into account. Inaccuracy of beacon information due
to losses of beacons caused by high traffic density or by the
signal attenuation at intersections may result in choosing
suboptimal forwarding vehicles and lead to broadcast collisions or unnecessary broadcasts. In particular, the inaccuracy
of information tends to aggravate the broadcast inefficiency
more seriously when traffic is heavily concentrated. Therefore, Y. Sung and M. Lee propose “VANET Broadcasting
for Urban areas based on Road Layout (VBURL),” which
minimizes the dependency on information that may become
inaccurate in order to maximize the efficiency of broadcast.
VBURL takes into account the road layout information
accessible from the digital map and only the real-time information obtained from the broadcast messages or beacons
instead of leveraging the holding information from beacons
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or implicit guess about the status of neighboring vehicles.
VBURL basically makes the vehicle that is farthest from the
current forwarding vehicle take the role of next forwarding
vehicle. Furthermore, VBURL makes an additional broadcast
happen at the intersections in addition to the one made by the
farthest vehicle as long as there exists a vehicle hearing the
broadcast at the intersection or else at least there exist one or
more vehicles that are moving toward the intersection with
that intersection within their transmission range. Through
a course of simulations, the performance of VBURL is
compared with that of the legacy schemes proposed for
reliable broadcast on urban roads. The simulation results
verified that VBURL achieves the same high performance
as that of the compared schemes in terms of reliability with
much higher efficiency.
E. M. Ghourab et al. in Alexandria University propose
a novel approach to enhance wireless vehicle-to-vehicle
channel-secrecy capacity by imposing signal transmission
diversity. This work exploits cooperative vehicular relaying
to extract the associated underlying multipath and Doppler
diversity using precoding techniques. We evaluated the
capacity and diversity gain for the presented approach to
ensure its effectiveness and efficiency. The abundance of moving vehicles, operating in an ad hoc fashion, can eliminate
the need to establish a dedicated relaying infrastructure.
A relay selection scheme is deployed taking advantage of
the potentially large number of available relaying vehicles.
Further, they derivate a closed-form mathematical expression
for the channel-secrecy capacity, diversity order gain, and
the intercept probability. We used the direct transmission
scenario as a reference to assess our analysis. Our analytical
and simulation results for the presented model showed
that channel-secrecy capacity and performance-indicators
improved significantly.
The next generation of mobile communications, 5G,
will provide a wideband network based on microwave and
millimeter-waves (mmW) communication radio links with
the goal of fulfilling the strict and severe requirements
of the future test cases. In particular, D. Oliva et al. in
University of Madrid focus on mmW bands in metropolitan
railway tunnels. For that purpose, a propagation measurement campaign is performed at 24 GHz band in a passenger train on a realist subway environment and these
results were combined with ad hoc simulations for tunnels
and a theoretical modal propagation model. Narrowband
and wideband study have been conducted with the aim of
obtaining the path loss, fading, power-delay profile, and angle
of arrival, all of this taking into consideration a horizontal
and vertical polarization in the receiving and transmitting
antennas. This validation can be used to design and deploy
wideband mobile communication networks at mmW bands
in railway scenarios. Passenger trains and especially metro
trains have been identified as one of the key scenarios for
5G deployments. The wireless channel inside a train car is
reported in the frequency range between 26.5 GHz and 40
GHz. These bands have received a lot of interest for highdensity scenarios with a high-traffic demand, two of the most
relevant aspects of a 5G network. C. Calvo et al. provide a full
description of the wideband channel estimating power-delay
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profiles (PDP), Saleh-Valenzuela model parameters, timeof-arrival (TOA) ranging, and path-loss results. Moreover,
the performance of an automatic clustering algorithm is
evaluated. The results show a remarkable degree of coherence
and general conclusions are obtained.
The communication system presently applied in the European Train Control System can only support data exchange
between vehicles and ground, but the direct vehicle-tovehicle communication is not available. The details of interlocking information and other vehicles’ movements are invisible to drivers who are the last defense to prevent unsafe
scenarios. As connected vehicles have been envisioned to
enhance transportation efficiency and improve safety, the
direct vehicle-to-vehicle communication network is involved
to increase the safety critical needs of railway transport. T.
Shen and H. Song propose a new train movement authority
(MA+). Apart from a wireless communication unit, this system does not require any other infrastructure. With the assistance of vehicle-centric communication technology, MA+
can detect the condition of switches and trains within a certain scope. Additionally, different implementation scenarios
are also discussed. The detection range is estimated and validated based on mathematical calculation and experimental
equations. An application demo of the MA+ is presented
on the Driver Machine Interface of the onboard equipment. The results indicate that MA+ can be a flexible and
scalable system for furthering the improvement of railway
safety.
Greater demands are being placed on the access bandwidth, stability, and delay of network because of the quickening rhythm of life and work, especially in mobile scenario.
In order to obtain a stable network with low latency and
high bandwidth in mobile scenario, taking advantage of
the wireless heterogeneous network in parallel is a good
choice. Nowadays, people are increasingly concerned about
the network quality under the mobile scenario. Some scholars have done the relevant measurements. However, all of
those measurements mainly investigate part of the network
parameters or part of mobile scenarios. T. et al. in Beijing
Jiaotong University make the following contributions. Firstly,
in high-speed mobile scenario, the wireless network qualities
of different vendors are measured synthetically. Secondly,
they analyze the benefits of taking advantage of the different
vendors. Thirdly, they deploy the replication link mechanism
in high-speed mobile scenario and propose an algorithm to
remove the duplicate packet in high-speed mobile scenario.
And the algorithm can also be used in other multipath
schedule algorithms to improve the reliability.
Existing intelligent transport systems (ITS) do not fully
consider and resolve accuracy, instantaneity, and compatibility challenges while resolving traffic congestion in Internet
of Vehicles (IoV) environments. D.-B. Nguyen et al. in Feng
Chia University propose a traffic congestion monitoring
system, which includes data collection, segmented structure
establishment, traffic-flow modeling, local segment traffic
congestion prediction, and origin-destination traffic congestion service for drivers. Macroscopic model-based trafficflow factors were formalized on the basis of the analysis
results. Fuzzy rules-based local segment traffic congestion
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prediction was performed to determine the traffic congestion state. To enhance prediction efficiency, they present a
verification process for minimizing false predictions, which
is based on the Rankine-Hugoniot condition and an origindestination traffic congestion service is also provided. To
verify the feasibility of the proposed system, a prototype
was implemented. The experimental results demonstrate
that the proposed scheme can effectively monitor traffic congestion in terms of accuracy and system response
time.
VBTC (Vehicle-to-Vehicle Communications-Based Train
Control) has gradually become an important research trend
in the field of rail transit. This has resulted in advantages of
decreasing the amount of wayside equipment and improving
the efficiency of real-time system communication. Characteristics and mechanism of train-to-train communication, as
key implementation technology of safety critical system, are
discussed by H. Feng in China Academy of Railway Sciences.
A new method, based on the LTS (labelled transition system)
model checking, is proposed for verifying the safety properties in the communication procedure. The LTS method is
adapted to model system behaviours and analysis and safety
verification is checked by means of LTSA (labelled transition
system analyzer) software. The results show that it is an
efficient method to verify safety properties and to assist the
complex system’s design and development.
H. Wenqian and D. Wenrui in Beihang University propose a novel length adaptive method for time domain
equalizer by taking the channel attenuation ratio between
different multipath components into account in UAV-UAV
and UAV-ground channels. Then, considering received image
quality, the minimum bit error ratio (MBER) criterion is
exploited to design adaptive equalizers for both amplifyand-forward (AF) and decode-and-forward (DF) relaying
systems by the proposed length adaptive method. Results
show that proposed MBER adaptive equalizers outperform
the traditional ones in both AF and DF relaying as channel
attenuation ratio in UAV-ground channel increases. Moreover, DF outperforms AF as channel attenuation ratio in
UAV-UAV channel increases. Furthermore, bit error ratio
(BER) and peak signal-to-noise ratio (PSNR) performances
in both AF and DF are evaluated to show the enhancement
by the proposed MBER adaptive equalizers.
Vehicle-borne battery condition is an important factor
affecting the efficiency of the Maglev train operation and
other connected ones. To effectively eliminate the influence
of the battery condition and improve the operation efficiency
of the connected Maglev trains, an operation control strategy
is proposed to guarantee train operation safety by W. Zhang
et al. in Beijing Jiaotong University. Based on Internet of
Things, a sensor network is designed to monitor vehicleborne battery condition in each vehicle of the train. The train
Operation Control System collects battery data of all vehicles
in a Maglev train by Train Communication Network. All
connected Maglev trains share the battery data via a 38 GHz
directional Radio Communication System and adjust operation control strategy accordingly. Simulation results indicate
that the proposed strategy can guarantee the operation safety
of the connected Maglev trains.
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Overall, it is imperative that we continue to progress in
our search for appropriate models, which can adequately and
faithfully improve the safety and performance of communications and networking for connected vehicles. The progress
reported in this special issue suggests that, in the future,
achieving these aims might be a distant prospect but an
unattainable one.
Li Zhu
Fei Richard Yu
Victor C. M. Leung
Hongwei Wang
Cesar Briso-Rodrı́guez
Yan Zhang
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VBTC (vehicle-to-vehicle communication based train control) has gradually become an important research trend in the field of rail
transit. This has resulted in advantages of decreasing the number of pieces of wayside equipment and improving the efficiency of realtime system communication. Characteristics and mechanism of train-to-train communication, as key implementation technology
of safety critical system, are given and discussed. A new method, based on the LTS (labelled transition system) model checking,
is proposed for verifying the safety properties in the communication procedure. The LTS method is adapted to model system
behaviours; analysis and safety verification are checked by means of LTSA (labelled transition system analyzer) software. The results
show that it is an efficient method to verify safety properties, as well as to assist the complex system’s design and development.

1. Introduction
With rapid development of urbanization, demands from
increased living standards and travel lead to requirement of
rapid development of urban transit transport. Signal system,
as an important role of traffic safety, is to ensure traffic safety,
shorten the operation interval, and improve traffic efficiency
[1]. CBTC (communication based on train control) system
adding wireless communication technology into traditional
ground interlocking control system, which makes moving
block operation mode under double protection of ground
ATP (automatic train protection) and vehicle ATP, provides
protective speed based on real-time speed from vehicle [2, 3].
CBTC system has a great advantage in terms of transportation
capacity and system safety, and its great development in urban
transit signalling system contributes to lower the urban traffic
pressure [4, 5].
The next generation of train control system welcomes a
new research field that follows on from the mature development of CBTC system and modern communication technology. VBTC system is a good example in attractive research
trend [6]. The system is designed to improve train automotive
control, reduce system coupling for better efficiency, and
lower cost [7]. Train-to-train communication is the main

supporting architecture in VBTC, whose simple structure has
the advantage of decreasing equipment number and lowering
construction and maintenance cost. Direct communication
among trains in real time should decrease the impact from
delay caused by undirected wireless communication and
improve overall system efficiency[8, 9].
Although VBTC brings out innovative results by optimizing communication methods, it originally belongs to safety
critical system, which requires design phase needed to be
verified carefully to the extent of safety and security. Formal
modeling is the process of converting the natural description language into a formal description language during
the system’s requirement design phase, which can improve
the completeness and consistency of the system design.
According to the description of the system characteristics, it
can be divided into two categories: one is used to describe
the system sequence characteristics based on mathematical
analysis methods, such as Z method [10], B method [11], and
VDM method [12]; the other method is preferable to describe
concurrent characteristics of system, such as Petri net [13–15],
finite automata [16, 17], and LTS [18].
Different from other formal methods, LTS has the unique
ability to analyze the countably infinite set of states and
actions of system and infinite interactive branching, so it is
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appropriate for reactive and concurrent system behaviour.
It provides method to trace state transit behaviour, identify observable states, and evaluate sequence of performed
actions. As an ideal tool to verify concurrent and complex
system, it gains a great achievement in the application of verifying safety protocol RSSP-1 [19] and needs of ERTMS/ETCS
system [20]. This paper focuses on formal modeling and
verification based on LTS method for train-to-train communication logic in the architecture of VBTC.
In the rest of this paper, we firstly define and describe new
architecture of VBTC and make comparison with CBTC in
Section 2. In Section 3, LTS and its auxiliary analysis tool
LTSA software are introduced and adopted to model the
behaviours of train-to-train communication. Safety property
of train-to-train communication is verified in Section 4.
Comparisons in the aspect of application and performance
are listed using LTS method and traditional human checking
method in Section 5. Finally, the conclusions are presented in
Section 6.

2. The Architecture of VBTC
VBTC system is shown in Figure 1. Its five cardinal parts
are central ITS (intelligent train supervision system), TMC
(train management center), OC (object controller) belonging
to wayside systems, IVOBC (intelligent vehicle on board controller) installed in vehicle, and DCS (data communication
system), which provides data transmission link between static
equipment and moving train. Main functions of each system
are illustrated as follows.
Central ITS is in charge of train operation schedule,
monitoring all the conditions of other systems, and processing safety related events. All the trains on line should
interact with central ITS based on periodic and reliable
communication. Central ITS checks status of every section to
make sure safety of the whole line operation. It will provide
all the necessary information required for trains to identify
what trains are in front or behind.
TMC is responsible for the storage and distribution of
electronic map, system configuration data, and temporary
speed limits. Its communication mode should be aperiodic
or passive response.
OC is a new kind of wayside equipment control unit.
It collects and sends status of control objects in response
to request of trains and central ITS; at the same time,
it receives control information as operation input. Passive
communication is interactive mode of this type of unit.
IVOBC is the core of VBTC system. It inherits all the
features of ATP (automatic train protection) and ATO (automatic train operation) and V2I (vehicle-to-infrastructure)
communication in CBTC system; IVOBC also develops the
new functions of route plan, route safety protection, and
moving authority calculation.
DCS should support multiple communication protocols
as an important bridge link for IVOBC and other systems, for
communication standards should vary adaptively with distance parameters in the adjacent trains. For instance, a train
should communicate with other trains by the communication
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form of LTE-V2X in long range, and it chooses direct-todirect communication form when range is less than 1km.
The property differences between VBTC and CBTC system are compared in the five aspects of system components,
train-to-train communication mode, train control mode,
wayside equipment, and daily maintenance (see Table 1).

3. Formal Modeling and Verification
Methodology Based on LTS
The communication cooperation among trains has the characteristics of complex concurrency and logic synchronization. Therefore, LTS method is selected by the advantage of
accurate description of system behaviour in real time and
concurrency. The train-to-train communication cooperation
strategy in VBTC is modeled by LTS method, which provides
a basis for subsequent simulation and verification analysis.
3.1. Formal Definition of LTS. Let 𝑆 represent the universal set
of states including a designated error state 𝜋. 𝐿 is the universal
set of labels and acts as 𝐷 = 𝐿 ∪ {𝜏}, where 𝜏 denotes an
internal actions that cannot be observed by the environment
of an LTS.
An LTS of a process 𝑃 is a quadruple< 𝑄, 𝐴, 𝑇, 𝑞0 >, where
(1) 𝑄 is a countable finite and nonempty set of states,
(2) 𝐴 is a countable set of labels 𝐴 = 𝛼𝑃 ∪ {𝜏}, where 𝛼𝑃
denotes the alphabet of 𝑃, and 𝛼𝑃 ⊆ 𝐿,
(3) 𝑇 ⊆ 𝑄 − {𝜋} × 𝐴 × 𝑄 denotes a transition relation that
maps from a state and an action onto another state,
(4) 𝑞0 ∈ 𝑄 indicates the initial state of 𝑃.
The only LTS that is allowed to have the error state 𝜋 as
its initial state is < {𝜋}, 𝐷, {}, 𝜋 >, named 𝐸. The alphabet of
this process 𝛼𝐸 = 𝐿.
An LTS 𝑃 =< 𝑄, 𝐴, 𝑇, 𝑞0 >transits with action 𝑎 ∈ 𝐴 into
𝑎
 𝑃 , if
𝑃 , denoted as 𝑃 →
(1) 𝑃 =< 𝑄, 𝐴, 𝑇, 𝑞0 >,where 𝑞0 ≠ 𝜋 and (𝑞, 𝑎, 𝑞0 ) ∈ 𝑇,
(2) 𝑃 = 𝐸, and (𝑞, 𝑎, 𝜋) ∈ 𝑇.
𝑎

𝑎

 means that ∃𝑃 such that 𝑃 →
 𝑃 .
𝑃→
End states 𝑍 ⊆ 𝑆 such that an LTS 𝑃 =< 𝑄, 𝐴, 𝑇, 𝑞0 > is
terminating if there is a state 𝑒 ∈ 𝑍 and !∃(𝑒, 𝑎, 𝑞) ∈ 𝑇 for all
𝑎 ∈ 𝐴.
LTSA software, as an auxiliary analysis tool based on
LTS, can animate and check the behaviour of the overall
system before it is implemented. It focuses on the aspect
of concurrency, provides methods to model animation to
visualize system behaviour, and gives mechanical verification
of system properties including safety and progress. LTSA program supports process algebra notation, such as FSP (finite
state process), for concise description of system component
behaviour [21].
3.2. Train-to-Train Communication Mechanism. Train-totrain communication can be broken down into a set of
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Table 1: Comparison between VBTC and CBTC system.
Property

System components

Train to train
communication mode
Train control mode
Wayside equipment
Daily maintenance

VBTC

CBTC
Central ATS (automatic train supervision)
DSU (digital storage unit)
VOBC (vehicle on board controller)
DCS
ZC (zone controller )
CI (computer interlocking)
Indirect communication between trains, interactive
information needs to be relayed by wayside
equipment

Central ITS
TMC
IVOBC
DCS
OC
Direct radio communication between trains
IVOBC is center of system, ground only provides
auxiliary functions, such as schedule plan,
emergency procedure
Little wayside equipment, only balises, switch
controller

Train operation is controlled by ATP from ground
and vehicle
Amount of axle counting, balises, semaphores
Amount of maintenance data including train,
wayside equipment

less maintenance data mainly involving of train

simpler activities, its mechanism should include at least
three basic functions: (a) identification of train in front, (b)
communication status management between train and the
train in front, and (c) communication status management
between train and the following train. These activities are
not executed one after the other in a strictly fixed order in
the physical world. In fact, it is noticing that these activities
are permitted to overlap or occur concurrently in certain
scenarios.
(a) Identification of Train in Front. It is accessible to get
numbers ID information of other trains when a train enters
recognizable region in touch with central ITS. After a train
confirms all the trains in the same region in the mode of
calling and answering, it begins to identify and confirm the
train in front. The procedure of this stage is shown in Figure 2.
(b) Communication Status Management between Train and
the Train in Front. Implementation of the stage should be
divided into four steps as follows:
(1) Get the train ID in front and check tracing condition
requirements.
(2) Send the tracing establishment request message when
tracing condition is satisfied.
(3) Wait and receive tracing establishment reply from
train in front; the communication between train and
the front should be closed if communication time is
over the designed parameter of time gate.
(4) It is successful to enter tracing mode after train
accepts reply from the train in front; otherwise the
train should resend tracing establishment request
message in the case that communication between
train and the front status is still valid, or the train
rebuild tracing link from the beginning if communication time is over the designed parameter time gate.
The procedure of this stage is shown in Figure 3.

(c) Communication Status Management between Train and
the Following Train. It is similar to the previous stage. The
tracing mode is triggered by the following train; confirmation
message is sent by the train in response to the tracing
request of the following train. Train will check condition after
receiving message. The procedure of this stage is shown in
Figure 4.
3.3. Simulation and Verification. Designed to be easily
machine readable, FSP is a simple algebraic notation to
describe process models; each description of state in LTS has
a corresponding FSP description. The semantics of basic FSP
can be easily defined in terms of LTS, and LTSA software
has the function of depicting the LTS by FSP language as a
graph. In the following, their correspondence is defined by
the function in
𝑙𝑡𝑠 : 𝐸 → 𝜉

(1)

where 𝐸 is the set of FSP process expressions and 𝜉 represents
the set of LTSs. The function 𝑙𝑡𝑠 is defined inductively on the
structure of FSP process expressions.
After analyzing train-to-train communication workflow
in the Section 3.2, action sets of system behaviour are
illustrated by alphabet sets A, while system process S and
intermediate transition process variables M i ,( i=1,2,...9 )
should be defined in FSP language as follows.
A={𝑖𝑛𝑖𝑐ℎ𝑘,
inisysOK,
inisysBad,
sndReqTrain,
rcvFdReqTrain, checkTrainID, rcvReqTrain, reqTraintimeout,
trainAlarm,
sndITS,
isTrainPos,
trainisFront,
trainisBack,
sndBldTracReq,
bldTracReqTimeout,
rcvBldTracAns,
checkTracCond,
tracCondisOK,
tracCondNotOK, setTracMode, selfFixBlock, selfTracingMode,
sndDismissTracReq, 𝑑𝑖𝑠𝑚𝑖𝑠𝑠𝑇𝑟𝑎𝑐𝑅𝑒𝑞𝑡𝑖𝑚𝑒𝑜𝑢𝑡 }
S = M1 ,
M 1 = ( inichk->inisysOK->M 2
| inichk->inisysBad->M 3 ),

4
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Central ITS

TMC

Control Center

AP

Station
ATS

PSD

OC

AP

OC

Station

IVOBC

IVOBC

Switch
Machine

Figure 1: Architecture of train-to-train based train control system.

Train

Central ITS

Connection with central ITS
Successful connection with
central ITS
Request for train ID
identification in the region

Feedback
Send request for
communication

Answer message for
communication

Search for train in front

Identification for train in front

Figure 2: Time sequence of train in front identification.

Other train
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Train
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Train in
front

OC

Request for line information
Feedback information

Evaluation of tracing
condition
Send request for tracing

Permission message for
tracing

Cycle information interaction
Unsatisfied tracing condition

Disconnection for tracing condition
Confirmation for disconnection

Figure 3: Holding process of tracing mode.

M 2 = ( sndReqTrain->rcvFdReqTrain->checkTrainID>M 4 | rcvReqTrain-> checkTrainID->M 4
| sndReqTrain ->reqTraintimeout->M 3 ),
M 3 = ( trainAlarm->sndITS->M 1 ),
M 4 = ( isTrainPos->trainisFront->M 5
| isTrainPos->trainisBack->M 6 ),
M 5 = (sndBldTracReq-> M 6
| sndBldTracReq ->bldTracReqTimeout -> M 3 ),
M 6 = ( rcvBldTracAns->M 8 ),
M7 = (checkTracCond->tracCondisOK->M 8
|checkTracCond->tracCondNotOK-> M 9 ),
M 8 = ( setTracMode->selfFixBlock->M 2
| setTracMode->selfTracingMode->M 5 ),
M 9 = ( sndDismissTracReq->rcvDismissTracAns ->M 8
| sndDismissTracReq->dismissTracReqtimeout
->M 3 ).

Detailed explanations of actions in FSP language are
shown in Table 2.
By means of LTSA software, the graphic transition actions
and processes of train-to-train communication model are
shown in Figure 5. The nodes in the Figure 5 represent states
of the system, and transitions are depicted by connecting
edges. It is noticed that no error label -1 is shown in these
model checking result. The verification results by LTSA in
Figure 6 give that there is no deadlock or logic violations in 19
states before the model is implemented into executable codes.

4. Safety Verification
In the design phase of VBTC, there exist some dangerous situations that should never not be allowed to occur. Designers
and programmers should take careful and thoughtful actions
to these dangerous situations. Fault-oriented safety principle
is convention in the engineering field of rail transit. The
prohibited system requirements should be listed and fulfilled
in the final implementation of system.

6
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The following
train

Train

Request for tracing

Confirmation for tracing

Holding tracing

Response to holding tracing

Permission message for
disconnection

Confirmation for disconnection

Figure 4: Holding process of tracing mode between train and following train.

The following actions are prohibited; the safety aspects
should be verified strictly as safety property in the system
model.
(1) Send request message to other train when the initialization check of self system fails.
(2) Send request message to other train when train alarms
for error.
(3) Send build tracing request message to other train in
the case of timeout for request message.
(4) Tracing condition should not be satisfied in the case
of timeout for built tracing request.
(5) The mode is not allowed to be set tracing mode in the
case of timeout for tracing request message.
(6) The mode is not allowed to be set tracing mode when
tracing condition is unsatisfied.
The safety property in these unacceptable behaviours
above modeled by FSP language is follows:
property TrainSafety = Safe,
Safe =(inisysBad -> sndReqTrain -> Safe
|trainAlarm-> sndReqTrain -> Safe
|reqTraintimeout -> sndBldTrackReq -> Safe
|bldTrackReqTimeout -> trackCondisOK-> Safe

|dismissTrackReqtimeout -> selfTracingMode ->
Safe
|trackCondNotOK -> selfTracingMode-> Safe).
It appears a mistake state labelled ‘–1’ in the system in
Figure 7, which means that, in all transition traces begun from
initial state, there are no exceptional transition lists from (1)
to (6). It can be confirmed that the model of system satisfies
the safety requirements.

5. Application and Performance
The formal modeling and verification method presented
above is used in the deployment of train-to-train communication program. In order to evaluate the efficiency of the LTS
modeling method, two independent developing teams with
the same labour and similar technical experience are assigned
to fulfill the program.
Both teams start the task simultaneously, and eight hours
is their work time in one day. The entire developed procedure
is divided into two stages, developing phase and testing phase.
The main task of the first phase is to convert executable code
from model based on the system requirement; testers in the
second phase focus on errors occurring in the executable
code, analysis, and classification of their reason. Operating
time and categorized bugs are recorded in summary as
important evaluation parameters in Table 3.
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Figure 5: Train-to-train communication model.
Table 2: Actions description in system mode transition model.
Action
inichk
inisysOK
inisysBad
sndReqTrain
rcvFdReqTrain
checkTrainID
rcvReqTrain
reqTraintimeout
trainAlarm
sndITS
isTrainPos
trainisFront
trainisBack

Description
Self system is in initialization check
The initialization check of self system is OK
The initialization check of self system fails
Send request message to trains
Receive feedback message from trains
Check train ID
Send request message to trains
Timeout for request message
Train alarm for error
Send error message to central ITS
Evaluted train postion
Train is in front
Train is behind

Action
sndBldTracReq
bldTracReqTimeout
rcvBldTracAns
checkTracCond
tracCondisOK
tracCondNotOK
setTracMode
selfFixBlock
selfTracingMode
sndDismissTracReq
rcvDismissTracAns
dismissTracReqtimeout

Figure 6: Safety verification report of train-to-train communication
model.

Description
Send build tracing request message
Timeout for built tracing request
Receive build tracing answer message
Check the condition of tracing mode
Tracing condition is still satisfied
Tracing condition is unsatisfied
Evaluate the train mode
The mode is set fixed blocked mode
The mode is set tracing mode
Send request message for dismissing tracing
receive request message for dismissing tracing
Timeout for tracing request message

It turns out to be more efficient and time-saving to use
the LTS method compared with the conventional method.
Approximately 51% of the total developing time is saved.
Less time consumption did not lead to quality reduction. On
the contrary, formal modeling and verification make further
improvement on the quality. By analyzing errors in the test
phase, we find that 17 out of 25 bugs by traditional method are
derived from logic errors, and the remaining are due to data
configuration. Statics show that logic bugs are attributed to
two reasons in the developing phase. The first one is uncertain
and ambiguous system requirements, which give programmers vague understanding of system behaviour; the other
reason is some dangerous system behaviour unpredicted by
programmer by the limits of manual screening. All these
traps are avoided by LTS model developer. All the seven data
bugs in LTS model come from wrong engineering data, none
from control area of LTS model. Nearly 72% reduction in
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Figure 7: Safety property verification chart of train-to-train communication.
Table 3: Comparison of LTS method and traditional human checking.
Number of
data bugs

Total number
of bugs

Number of
developers

Developing
time
(hour)

Number of
testers

Test time
(hour)

Total Time
(number of
people×hour)

0

7

7

6

24

7

12

228

17

8

25

6

48

15

12

468

Development Number of
method
logic bugs
LTS Model
Traditional
Method

the design flaws proves the powerful ability of LTS formal
method. The comparison experimental results indicate that
LTS model absolutely helps developer shorten design cycle
and improve software quality.

6. Conclusion
With the final goal of allowing designers to describe trainto-train communication safely and efficiently, this paper
presents a novel method for modeling and verifying such
real-time systems. The train-to-train communication mechanism is described in FSP language which introduces logic
properties in a simple and explicit manner. LTS model
for train-to-train communication is built, and the function
requirements as well as safety properties are verified with
the aid of LTSA software. In the system simulation, LTSA
verification software shows a powerful tool for complex systems by visualizing train-to-train LTS model. It thoroughly
animates and checks whether the specification of candidate
system satisfies the properties required, and it supports
specification animation to interactively research on system
behaviour. Simulation and verification results indicate that
LTS method provides great assistance for designers to develop
more efficient and reliable real-time systems.

Conflicts of Interest
The author declares that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments
The research work has been supported by Key Project
of China Academy of Railway Sciences (1651TH5302,
1651TH6603, and 1752TH1004); the National Natural Science
Foundation of China (no. 61603026); Beijing Natural Science
Foundation (L171004).

References
[1] B. Ning and C. Liu, “Technology and application of train
operation control system for china rail transit system,” Journal
of the China Railway Society, vol. 39, no. 2, pp. 1–9, 2017.
[2] L. Zhu, F. R. Yu, and B. Ning, “An optimal handoff decision
algorithm for Communication-Based Train Control (CBTC)
systems,” in Proceedings of the 2010 IEEE Vehicular Technology
Conference (VTC 2010-Fall), pp. 1–5, Ottawa, ON, Canada,
September 2010.
[3] L. Zhu, F. R. Yu, B. Ning, and T. Tang, “Cross-layer handoff
design in MIMO-enabled WLANs for Communication-Based
Train Control (CBTC) systems,” IEEE Journal on Selected Areas
in Communications, vol. 30, no. 4, pp. 719–728, 2012.
[4] L. Zhu, F. R. Yu, B. Ning, and T. Tang, “Design and performance
enhancements in communication-based train control systems
with coordinated multipoint transmission and reception,” IEEE
Transactions on Intelligent Transportation Systems, vol. 15, no. 3,
pp. 1258–1272, 2014.
[5] L. Zhu, F. R. Yu, B. Ning, and T. Tang, “Handoff management
in communication-based train control networks using stream
control transmission protocol and IEEE 802.11p WLANs,”

Wireless Communications and Mobile Computing

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

EURASIP Journal on Wireless Communications and Networking,
vol. 2012, no. 1, pp. 1–16, 2012.
J. K. Xu, “Analysis of novel CBTC system based on train to train
communication,” Railway Signaling and Communication, vol.
50, no. 6, pp. 78–80, 2014.
C. Li, Research on Train Communication Cooperation under V2V
Communication Environment based on State Machine, Beijing
Jiaotong University Master Degree, 2017.
H. Du, J. G. Sun, and Q. Zhang, “A new generation of CBTC
system without CI and ZC,” Urban Rapid Rail Transit, vol. 30,
no. 4, pp. 91–95, 2017.
D. Briginshaw, “Alstrom’s simplified CBTC technology to debut
in lille,” International Railway Journal, vol. 53, no. 1, pp. 23-24,
2013.
N. Zafar, “Formal dynamic operational model of RIS components,” International Journal of Computer Science and Network
Security, vol. 11, pp. 91–97, 2011.
H. D. Tong, B. Ning, and H. F. Wang, “Research on event-B
based modelling and verification of interlocking route control,”
Railway Computer Application, vol. 22, no. 6, pp. 57–61, 2013.
N. A. Zafar, “Formal model for moving block railway interlocking system based on un-directed topology,” in Proceedings of the
2nd Annual International Conference on Emerging Techonologies
2006, ICET 2006, pp. 217–223, Peshawar, Pakistan, November
2006.
H. Song and E. Schnieder, “Validation, verification and evaluation of a train to train distance measurement system by means
of colored petri nets,” Reliability Engineering & System Safety,
vol. 164, pp. 10–23, 2017.
E. Schnieder, L. Schnieder, and J. Müller, “Conceptual foundation of dependable systems modelling,” 2nd IFAC Workshop on
Dependable Control of Discrete Systems, vol. 42, no. 5, pp. 198–
202, 2009.
M. M. Zu Hörste and E. Schnieder, “Modelling and simulation
of train control systems using petri nets,” in FMRail Workshop,
1999.
Y. Dong and X. J. Gao, “Method for generating formal interlocking software model based on scenario,” Computer Science, vol.
42, no. 1, pp. 193–195, 2015.
X. Y. Zhao, R. J. Cheng, and Y. Cheng, “Formal modeling and
parameter analysis method for train control system based on
hybrid unified modeling language,” Journal of the China Railway
Society, vol. 38, no. 11, pp. 80–87, 2016.
X. Wang, Z. W. Xu, and M. Mei, “A software safety verification
method based on model checking,” Journal of Wuhan University
(Natural Science Edition), vol. 56, no. 2, pp. 156–160, 2010.
M. Meng, X. Zhongwei, W. Xi, and W. Yongbing, “Model
checking-based safety verification for railway signal safety
protocol-I,” International Journal of Computer Applications in
Technology, vol. 46, no. 3, pp. 195–202, 2013.
M. Ghazel, “Formalizing a subset of ERTMS/ETCS specifications for verification purposes,” Transportation Research Part C:
Emerging Technologies, vol. 42, pp. 60–75, 2014.
J. Magee and J. Kramer, Concurrency State Models and Java
Programs, John Wiley Sons Ltd, Chichester, England, 1999.

9

Hindawi
Wireless Communications and Mobile Computing
Volume 2018, Article ID 9624856, 15 pages
https://doi.org/10.1155/2018/9624856

Research Article
A Novel Approach to Enhance the Physical Layer Channel
Security of Wireless Cooperative Vehicular Communication
Using Decode-and-Forward Best Relaying Selection
Esraa M. Ghourab ,1 Mohamed Azab,2,3 Mohamed F. Feteiha,2,4,5 and Hesham El-Sayed6
1

Electrical Engineering Department, Alexandria University, Alexandria, Egypt
Informatics Research Institute, The City of Scientific Research and Technological Applications, Alexandria, Egypt
3
ACIS, Electrical and Computer Engineering, University of Florida, Gainesville, FL, USA
4
Electrical and Computer Engineering Department, Faculty of Engineering, University of Waterloo, Waterloo, Ontario, Canada
5
Systems Design Engineering Department, Smart-Nations Technology Development Inc., Ontario, Canada
6
Computer and Network Engineering Department, United Arab Emirates University, Al-Ain, UAE
2

Correspondence should be addressed to Esraa M. Ghourab; esraa.m.ghourab@mena.vt.edu
Received 24 October 2017; Revised 30 January 2018; Accepted 15 April 2018; Published 28 May 2018
Academic Editor: Hongwei Wang
Copyright © 2018 Esraa M. Ghourab et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
This paper proposes a novel approach to enhance wireless vehicle-to-vehicle channel-secrecy capacity by imposing signal
transmission diversity. This work exploits cooperative vehicular relaying to extract the associated underlying multipath and Doppler
diversity using precoding techniques. We evaluated the capacity and diversity gain for the presented approach to ensure its
effectiveness and efficiency. The abundance of moving vehicles, operating in an ad hoc fashion, can eliminate the need to establish a
dedicated relaying infrastructure. A relay selection scheme is deployed, taking advantage of the potentially large number of available
relaying vehicles. Further, we derivate a closed-form mathematical expression for the channel-secrecy capacity, diversity order
gain, and the intercept probability. We used the direct transmission scenario as a reference to assess our analysis. Our analytical
and simulation results for the presented model showed that channel-secrecy capacity and performance-indicators improved
significantly.

1. Introduction
In large cities, the complex network of diverse people and
the exponentially increasing service demands urge leading
telecommunication networking to improve the communication capabilities.
In the search for ways to enhance network performance
and security, researchers and practitioners started to consider
offloading such heavy burden to road-traveling vehicles. The
abundant on-vehicle computing resources may be underutilized by the traditional vehicular applications. Many wireless
communication technologies are available for “Vehicular
Ad hoc Networks (VANETs)” communications, including
traditional wireless technologies or technologies specifically
introduced for the vehicular environment.

In most practical scenarios, due to the broadcast nature of
the system, legal user’s data can be easily overheard, altered,
or blocked by malicious parties (eavesdropping attacks).
VANETs physical layer designs need to cope with tremendous
security challenges. However, the conventional physical layer
security technique depends mainly on the replication for reliability and encryption for security [1–6]. Antenna diversity is
used to address the aforementioned challenges by enhancing
signal quality, such as MIMO and cooperative diversity using
replication.
Additionally, researchers proved that, even with computationally expensive resources, eavesdropper can still decrypt
heavily encrypted data [7]. In [8, 9], Wyner presented
the concept of channel secrecy as an indication of data
transmission security. Channel secrecy is defined as the
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relation between the channel capacity of the main link (from
source to destination) and the wire-tap link (from source
to eavesdropper). Channel-secrecy capacity was evaluated
in Gaussian wire-tap channel as the difference between the
channel capacity of the main link and that of the wire-tap link
[9].
Cooperative communication has the ability to improve
the overall channel-secrecy capacity for any given set of
bandwidths [10, 11], with the appropriate relay selection.
In [12], authors presented the effect of Decode-andForward (DF) relay selection mechanisms on channel secrecy
and intercept probability without a direct link. They presented the optimal and traditional (Max-Min) relay selection
mechanisms.
Authors presented in [6] performance comparison
between both cooperative diversity protocols Amplify-andForward (AF) and Decode-and-Forward (DF) for ergodic
channel-secrecy capacity and intercept probability. They
proved that AF cooperative protocol has better intercept
probability than DF protocol. Furthermore, in [11], authors
presented the ergodic channel-secrecy capacity for DF
cooperative protocol in case of a direct link. Their analysis
was derived from Independent Nonidentical Distribution
(i.n.i.d) cooperative link, assuming Maximal Likelihood
(ML) scenario at the destination node. They proved that the
(i.n.i.d) DF cooperative protocol with the existence of direct
link has low intercept probability.
In this paper, we adopted the model presented in [13,
14] to device an enhanced version towards more secure
vehicular networks. Additionally, we present a vehicle-tovehicle communication model assessment using intercept
probability and channel secrecy as an indication of how
secure the system can be in the presence of attackers.
Authors in [13] presented precoded multihop vehicular
transmission with cooperative DF relaying to forward the
signal from a source vehicle to a destination vehicle in the
absence of a direct link. Moreover, they determined the analytical tight upper bound expressions for the Pairwise Error
Probability (PEP) and diversity gain. Their performance
analysis through PEP showed that, via proper precoding, the
proposed system is able to extract the maximum available
diversity in multiple dimensions. These dimensions can be
summarized as follows: time dimension (through Doppler
diversity), frequency dimension (through multipath diversity), and space dimension (through best relaying vehicle
selection).
In this paper, we use the above-mentioned modified
system [13], considering that there is a direct link between
vehicles. We exploit direct transmission and cooperative
terminals links to increase the channel-secrecy capacity of
VANETs system without increasing the bandwidth.
However, our vehicle model assumes that vehicles are
traveling on a highway with a fixed speed. Given the fact
that our presented model relies mainly on moving vehicles
with no presence of roadside units, considering the vehicle
speed in this scenario is not applicable. Our future work
will consider vehicle speed among other communication
characteristics in totally different scenarios to be presented
in our sequel papers.
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The main contributions of this paper can be summarized
as follows:
(i) Derive a closed form for the optimal channel-secrecy
capacity and intercept probability for both direct
and DF cooperative links. We rely on a precoded
cooperative transmission technique to extract the
underlying rich multipath-Doppler-spatial diversity.
(ii) Evaluate the proposed best relay selection scheme
in presence of eavesdropper among large number of
moving vehicle relays.
(iii) Derive a mathematical closed-form expression for
diversity order by combining direct and cooperative
links diversity.
(iv) Derive closed form for the outage probability of our
proposed model, showing the benefits of combining
direct and cooperative links in the vehicular diversity
model.
The paper is organized as follows: Section 2 describes
the proposed two-phase dual-hop cooperative system model,
with best relay selection. Section 3 presents the derivation
of channel-secrecy capacity and intercept probability closedform expressions. Section 4 presents numerical results to
confirm the analytical derivations. Finally, we conclude the
paper in Section 5.

2. System Model
In this section, we explain an overview of the system
model from a communication point of view and provide
a description of how the presented approach improves the
system performance. Secondly, we explain the system model
in the presence of an eavesdropper and provide description
of security improvement. Finally, we discuss the optimal relay
selection technique to improve the secrecy capacity.
2.1. Base System Model. In this section, we explain the idea
of the overall system from the communication and security
points of view. We propose an efficient cooperative vehicular
transmission technique to create advanced heterogeneous
telecommunication networks in an approach for increasing
the networking capabilities of heavily populated urban areas.
Our transmission scheme is built by making use of on-road
vehicles equipped with low-elevation antennas as well as
short- and medium-range wireless communication technologies.
Vehicular networks are expected to offer reasonable
throughput, lower operational cost, and more flexible configuration. The realization of cooperative vehicular relaying
entails many challenges, all of which require dynamic and
real-time remedies. The full potential for expanding any network of this scale entails complexities referring to a reliable
communication link, optimized transmission schemes, and
eventually information extraction.
We remark that there are mainly two approaches to
handle this type of high communication mobility. The first
approach involves adaptive transmission in which one or
more transmission parameters (coding, modulation, power,
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destination makes its decision based on the two received signals over the broadcasting and relaying phases. The distances
between nodes are arbitrary and identical. Additionally, the
signal experiences independent relay fading. As a result,
the composite channel becomes independent and identically
distributed (i.i.d).
Figure 3 illustrates that, in the presence of an
active/passive eavesdropper, the system model consists of two
channels: the main channel from source to destination and
the wire-tap channel between source and an eavesdropper.
The source node transmits a signal (𝑆(𝑛)) to destination and
to vehicle relays during the broadcast phase in the presence
of an eavesdropper.
The time-sampled OFDM signal 𝑠(𝑛) is converted into
the frequency domain by implementing a Discrete Fourier
Transform (DFT) [13, 15, 16]. DFT renders a discrete finite
sequence of complex coefficients, which are given by
𝑄

Phase 1
Phase 2

Figure 1: System model of cooperative relay communication in the
presence of an eavesdropper node with existing direct link.

etc.) are varied according to the channel conditions. This
builds on closed-loop implementation in which a feedback
from the receiver to the transmitter is required. The second
approach is based on using either outer coding or precoding.
This approach is open-loop implementation and does not
require any feedback from the transmitter. Such techniques
are particularly useful over time-varying channels, where
reliable feedback is difficult to obtain.
Considering the time-selective nature of the vehicular
system under consideration in this paper, we used the linear
constellation precoding (LCP) approach [15]. Taking this
into consideration, we built our communication scheme over
orthogonal transmission protocols, cooperative relaying, and
linear signal precoding.
2.2. Proposed Model. This paper proposes a cooperative communication scenario shown in Figure 1, which consists of one
source, one destination, and a set of 𝑀 Decode-and-Forward
(DF) trusted relays that help to prevent passive/active eavesdropper attacks. Specifically, the source node communicates
directly with the destination node and indirectly through
relaying vehicles 𝑅𝑖 | 𝑖 = 1, 2, . . . , 𝑀, which serve as a
best selected relaying terminal. All terminals are assumed to
be equipped with a single transmit-and-receive antenna and
operate in half-duplex mode.
Such cooperative system consists of two phases [13, 15, 16]
as illustrated in Figure 2. In the broadcasting phase (phase
1), the source transmits its precoded signal to all relaying
vehicles and to a destination node in the presence of an
active/passive eavesdropper. In the relaying phase (phase 2),
the best-selected relay is engaged in forwarding the received
signal only if it was decoded correctly; otherwise, the relay
remains silent. The relay decodes and then forwards a fresh
decoded copy of the precoded signal to the destination. The

𝑆 (𝑛) = ∑ 𝑠 (𝑛) 𝑒−𝑗𝑤𝑞 ,

(1)

𝑞=0

where 𝑤𝑞 = 2𝜋(𝑞 − 𝑄/2)/𝑁𝑡 is the finite Fourier basis that
captures the time variation.
From (1), the Basis Expansion Model (BEM) can be used
to represent a discrete-time base-band equivalent channel for
the vehicular doubly selective channel under consideration
and is given by
𝑄

ℎ𝐵 (𝜄; 𝑙) = ∑ ℎ𝑞 (𝑛; 𝑙) 𝑒𝑗2𝑤𝑞 𝜄 ,
𝑞=0

𝜄 ∈ [0, 𝐿] ,

(2)

where ℎ𝑞 (𝑛; 𝑙) is zero-mean complex Gaussian.
𝜄, denotes the serial index for the input data symbols. The
block index is given by [𝑛 = 𝜄/𝑁𝑡 ].
The block diagram of the proposed cooperative scheme is
shown in Figure 4. The input data blocks (generated from an
M-QAM constellation) of length 𝑁𝑡 are divided into shorter
subblocks of length 𝑁𝑠 | (𝑁𝑠 ≤ 𝑁𝑡 ). Let each of these
subblocks be denoted by 𝑠(𝑛) which are the input to a linear
prerecord ⊖ of size 𝑁𝑠 × 𝑁𝑡 .
We assumed that eavesdropper used the same cooperative
schemes shown in Figure 4(d), with the same precoder length
and the same number of resolvable multipath components
[15, 16].
The aggregate channel model of this paper takes into
account both small-scale fading and path loss [15]. Path loss
is proportional to 𝑑𝑎 , where 𝑎 is the path loss coefficient and 𝑑
is the propagation distance. The path loss, associated with the
distance 𝑑𝑠𝑟𝑑 from the source node to the destination node, is
modeled as
Ω (𝑑) = 10𝛽𝑠𝑑 ,

(3)

where
(i) 𝛽𝑠𝑑 = 128.1 − 36.7 × log10 (𝑑𝑠𝑟𝑑 )/10,
(ii) 𝑑𝑠𝑑 denotes the distance from source to destination,
(iii) 𝑑(𝑠𝑟𝑖 ) and 𝑑(𝑟𝑖 𝑑) are the distances from source to relays
(𝑅𝑖 ) and from relays (𝑅𝑖 ) to destination, respectively.
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Figure 2: Half-duplex dual-hop VANET cooperative communication scenario.

direct
(𝑛) is direct transmission between source and
(i) 𝑦𝑠𝑑
destination nodes,
(ii) 𝑠(𝑛) is transmitted signal from source node where,
𝐸(|𝑠(𝑛)|2 ) = 1,

Main Channel

．1
Source

３．1

Encoder

Decoder

．1
３
Legitimate
Users

．2

Wi
re-t
ap
C

han
nel

Wire-tapper/
Eavesdropper

Figure 3: The block diagram of the Gaussian wire-tap channel
(including the channel from source to destination in the presence
of active/passive eavesdropper).

(iii) 𝑃𝑡 is transmitted power,
(iv) 𝑛𝑠𝑑 (𝑛) is the Additive White Gaussian Noise (AWGN)
from source to destination with zero mean and
variance 𝑁0 /2 = 𝜎𝑛2 ,
(v) ℎ𝑠𝑑 (𝑛) are fading coefficients of the channel from
source to destination and are modeled as Rayleigh
fading, which corresponds to an ideal OFDM subchannel,
2
(vi) 𝜎𝑠𝑑
= 𝐸(|ℎ𝑠𝑑 |2 ) is the variance of main channel fading
coefficients.
(ii) Received Signal at Eavesdropper. Due to the broadcast
nature of the wireless cooperative system model, the eavesdropper attempts to overhear the transmitted signal.

The relative geometrical gains are defined as
𝑎

direct
𝑦𝑠𝑒
(𝑛) = √𝑃𝑡 ℎ𝑠𝑒 (𝑛) 𝑠 (𝑛) + 𝑛𝑠𝑒 (𝑛) ,

𝑎

(i) 𝐺(𝑠𝑟𝑖 ) = (𝑑𝑠𝑑 /𝑑𝑠𝑟𝑖 ) . 𝐺(𝑟𝑖 𝑑) = (𝑑𝑠𝑑 /𝑑𝑟𝑖 𝑑 ) .

where

2.3. System Model Strategy Equations. In this section, we
introduce an equation derivation in case of direct transmission and dual-hop relays (broadcasting and relaying phases)
transmission.
2.3.1. Direct Transmission
(i) Received Signal at Destination
direct
𝑦𝑠𝑑
(𝑛) = √𝑃𝑡 ℎ𝑠𝑑 (𝑛) 𝑠 (𝑛) + 𝑛𝑠𝑑 (𝑛) ,

where

(5)

(4)

direct
(𝑛) is direct transmission between source and
(i) 𝑦𝑠𝑒
eavesdropper nodes,
(ii) 𝑛𝑠𝑒 (𝑛) is AWGN from source to eavesdropper with
zero mean and variance 𝑁0 /2 = 𝜎𝑛2 ,
(iii) ℎ𝑠𝑒 (𝑛) are fading coefficients of the channel from
source to eavesdropper; they are modeled as Rayleigh
fading, which corresponds to an ideal OFDM subchannel,
2
(iv) 𝜎𝑠𝑒
= 𝐸(|ℎ𝑠𝑒 |2 ) is the variance of wire-tap channel
fading coefficients.
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Figure 4: Precoder block diagram of the proposed DF cooperative scheme for an eavesdropper wire-tapper.

where

2.3.2. Dual-Hop DF Relays Transmission
During Broadcast Phase

(i) ℎ𝑠𝑒 are fading coefficients of the channel from source
to eavesdropper,

(i) Received Signal at Destination

(ii) |ℎ𝑠𝑑 |2 and |ℎ𝑠𝑒 |2 are independent and exponentially
2
2
distributed with variances 𝜎𝑠𝑑
and 𝜎𝑠𝑒
, respectively.

DF
𝑦𝑠𝑑
(𝑛) = √

𝑃𝑡
ℎ (𝑛) 𝑠 (𝑛) + 𝑛𝑠𝑑 (𝑛) .
2 𝑠𝑑

(6)

(ii) Received Signal at Relays
DF
𝑦𝑠𝑟
(𝑛) = √

𝑃𝑡 𝐺𝑠𝑟
ℎ (𝑛) 𝑠 (𝑛) + 𝑛𝑠𝑟 (𝑛) ,
2 𝑠𝑟

(7)

where
(i) ℎ𝑠𝑟 are fading coefficients of the channel from source
to relays,
(ii) 𝑛𝑠𝑟 is AWGN from source to relays with zero mean
and variance 𝑁0 /2 = 𝜎𝑛2 .
(iii) Received Signal at Eavesdropper. Meanwhile, due to the
broadcast nature of wireless transmission, the eavesdropper
also receives a copy of the source signal 𝑠(𝑛) and the
corresponding received signal is written as
DF
𝑦𝑠𝑒
(𝑛) = √

𝑃𝑡
ℎ (𝑛) 𝑠 (𝑛) + 𝑛𝑠𝑒 (𝑛) ,
2 𝑠𝑒

(8)

During Relaying Phase. Without loss of generality, consider
that 𝑅𝑖 is selected as the optimal relay to reencode and
forward its decoded signal to the destination. In DF relaying
protocol, relays first decode their received signal from the
source and then they transmit the decoded outcome version
to the destination node. Considering equal power allocation,
to make a fair comparison with the direct transmission, we
obtain the transmitted power at the source and relay nodes as
𝑃𝑡/2.
Therefore, the received signal at destination via 𝑅𝑖 is given
by
𝐷𝐹
𝑦𝑟𝑑
(𝑛) = √

𝑃𝑡 𝐺𝑟𝑑
ℎ𝑟𝑑 (𝑛) 𝑠 (𝑛) + 𝑛𝑟𝑑 (𝑛) .
2

(9)

Similarly, considering that 𝑅𝑖 is selected as the optimal
relay, the eavesdropper is able to overhear this optimal
selected relay. An eavesdropper is located randomly around
the source and relay nodes (𝑅𝑖 ). In our model, we consider
the worst-case scenario, where the eavesdropper overhears
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the transmissions of both the source and relay nodes and
attempts to decode the transmitted signal.
DF
𝑦𝑟𝑒
(𝑛) = √

𝑃𝑡
ℎ (𝑛) 𝑠 (𝑛) + 𝑛𝑟𝑒 (𝑛) .
2 𝑟𝑒

(10)

In the next section, we introduce the ergodic channelsecrecy capacity concept in the proposed vehicle cooperative
system to evaluate the system security. Additionally, from
the security evaluation, we deduct the optimal conditions
to achieve the maximum secrecy capacity and the lowest
intercept probability.

3. Security Assessment Analysis
Traditional security techniques fail to retain the overall
system security. Currently, researchers focus on improving
the security of the physical layers instead of the higher layers.
Their work tries to provide perfect transmission security from
source to the legal receivers of the physical layer [17].
The channel-secrecy capacity is the difference between
main and wire-tap channels as described in the following
equation: 𝐶𝑠 = 𝐶𝑚 − 𝐶𝑚𝑤 on the condition that 𝐶𝑚 > 𝐶𝑚𝑤 →
𝐶𝑠 > 0.
Furthermore, the Shannon coding theorem explains the
conditions for an efficient secure data transmission. It proved
that the legitimate receiver does not recover the transmitted
data if the main channel capacity (𝐶𝑚 ) is less than the
effective transmission rate (𝑅) (i.e., 𝐶𝑚 < 𝑅). However, the
eavesdropper is still able to intercept the transmitted data
even when the secrecy capacity falls below zero (𝑃intercept =
𝑃(𝐶𝑠 < 0)).
3.1. Ergodic Channel-Secrecy Capacity Derivation. In this section, we derive a closed-form equation for ergodic channelsecrecy capacity with the existence of a direct link. We assume
that the destination node receives two different signals during
the two phases (i.e., broadcast and relay phases) on different
orthogonal time slots. Therefore, the main channel consists of
two different components: the first component is from source
to destination (direct link) and the second component is from
source to vehicle relays (cooperative link). Additionally, as
we consider the worst-case scenario, the wire-tap channel
consists of two-link component. The eavesdropper is able
either to overhear data from the source directly during the
broadcast phase or to overhear during the vehicle relays from
the selected best relay.
3.1.1. Direct Transmission. The direct channel-secrecy capacity is the difference between the main and wire-tap links.
Therefore, the channel-secrecy equation of the direct transmission is defined as
𝐶direct
= 𝐶𝑚 − 𝐶𝑚𝑤 .
𝑠𝑑

(11)

Assuming that the optimal Gaussian codebook is used
at the source, the maximal achievable rate (also known

as channel capacity) of direct transmission from source to
destination is obtained from (5) as follows:
 2
ℎ  𝑃
= log2 (1 +  𝑠𝑑 2 𝑡 ) .
𝐶direct
𝑠𝑑
𝜎𝑛

(12)

Similarly, from (6), wire-tap capacity link from source to
eavesdropper during direct transmission is given by
 2
ℎ𝑠𝑒  𝑃𝑡
=
log
(1
+
).
𝐶direct
𝑠𝑒
2
𝜎𝑛2

(13)

ℎ𝑠𝑑 and ℎ𝑠𝑒 represent the fading coefficient of the channel
from source to destination and from source to eavesdropper,
respectively.
3.1.2. Dual-Hop DF Relays Transmission. The capacity of
dual-hop DF relaying transmission is the minimum of both
capacities from source to relays and that from relays to destination [2]. This means that the dual-hop DF transmission
results in failure when either source-relays link or relaysdestination link is in failure. Therefore, considering 𝑅𝑖 is the
optimal relay, we can obtain the capacity of dual-hop DF
transmission as
𝐶DF
𝑠𝑟𝑑 = min (𝐶𝑠𝑟 , 𝐶𝑟𝑑 ) ,

(14)

where 𝐶𝑠𝑟 and 𝐶𝑟𝑑 are the channel capacities from source to
𝑅𝑖 and from 𝑅𝑖 to a destination, respectively. These capacities
can be given by
 2
ℎ  𝑃 𝐺
𝐶𝑠𝑟 = log2 (1 +  𝑠𝑟  2𝑡 𝑠𝑟 ) ,
2𝜎𝑛

(15)

 2
ℎ  𝑃 𝐺
𝐶𝑟𝑑 = log2 (1 +  𝑟𝑑  2𝑡 𝑟𝑑 ) .
2𝜎𝑛

(16)

Based on our proposed model, the destination node is
capable of decoding the transmitted signal even when the
relays are silent. Additionally, when at least one of the relaying
vehicles succeeds in decoding the transmitted signal, the
destination node will select the maximum capacity of both
received signals. Specifically, using the selection diversity
combining, the destination-secrecy capacity with help of the
DF
optimal relay selection scheme is the highest of 𝐶DF
𝑠𝑑 and 𝐶𝑠𝑟𝑑
yielding to
DF
DF
𝐶DF
𝑚 = max (𝐶𝑠𝑑 , 𝐶𝑠𝑟𝑑 )

= log2 (1 +

 2  2
 2
max (ℎ𝑠𝑑  , min (ℎ𝑠𝑟  , ℎ𝑟𝑑  )) 𝑃𝑡
2𝜎𝑛2

).

(17)

Similarly, due to the broadcast nature, the eavesdropper
attempts to decode the transmitted signal either from the
source node or from the best relay selected (if any). This
means that even if the relays fail to decode the transmitted
signal, the eavesdropper might still decode the transmitted
signal from the source node.
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Moreover, if at least one relay succeeds in decoding the
transmitted signal, eavesdropper overhears the transmissions
of both source and selected vehicle relay. Specifically, using
the selection diversity combining, the eavesdropper-secrecy
capacity with optimal relay selection scheme is the highest
DF
one of 𝐶DF
𝑠𝑒 and 𝐶𝑠𝑟𝑒 , yielding to
DF
DF
𝐶DF
𝑚𝑤 = max (𝐶𝑠𝑒 , 𝐶𝑠𝑟𝑒 ) ,

(18)

DF
where 𝐶DF
𝑠𝑒 and the 𝐶𝑠𝑟𝑒 are the secrecy capacity from the
source to an eavesdropper directly and from source to
eavesdropper via 𝑅𝑖 , respectively.
The secrecy capacity 𝐶DF
𝑠𝑟𝑒 is the minimum of both capacities from source to relays and from relays to eavesdropper
[2]. Therefore, considering that 𝑅𝑖 is the optimal relay, we can
obtain the capacity of dual-hop DF transmission as follows:

𝐶DF
𝑠𝑟𝑒 = min (𝐶𝑠𝑟 , 𝐶𝑟𝑒 ) ,

(19)

where 𝐶𝑟𝑒 is the channel capacity from 𝑅𝑖 to eavesdropper. It
can be given by
 2
ℎ  𝑃 𝐺
𝐶𝑟𝑒 = log2 (1 +  𝑟𝑒  2𝑡 𝑟𝑒 ) .
2𝜎𝑛

(20)

Therefore, the wire-tap channel-secrecy capacity can be
obtained as
𝐶DF
𝑚𝑤
= log2 (1 +

 2  2
 2
max (ℎ𝑠𝑒  , min (ℎ𝑠𝑟  , ℎ𝑟𝑒  )) 𝑃𝑡
2𝜎𝑛2

).

(21)

Combining (17) and (21), the secrecy capacity of dual-hop
DF relaying transmission via 𝑅𝑖 is given by
𝐶DF
𝑟 = log2 (1

+

Δ = {𝜙, Δ 1 , Δ 2 , . . . , Δ 𝑛 , . . . , Δ 2𝑀 −1 } ,

(23)

where 𝜙 is the empty set, meaning that no relay node succeeds
in perfectly decoding the transmitting signal 𝑠(𝑛), while Δ 𝑛
is a nonempty set of 𝑀 relays node, meaning that a specific
relay will be selected to forward its decoded signal to the
destination node.
Specifically, the selection techniques are based on the
channel state information (CSI) to perform single best relay
selection mechanism accurately. In case the CSI of wiretap link is available, the proposed relay selection will be
considered; then, by minimizing 𝐶DF
𝑚𝑤 , the channel secrecy
will be maximized (𝐶𝑠 ) [6].
In contrast, traditional relay selection will be used to
maximize 𝐶𝑚 , when only the CSI of the main link is known
[18].
3.1.4. Proposed Relay Selection Mechanism. In this section,
we consider the relay that maximizes the channel-secrecy
capacity of the dual-hob DF relaying transmission as the
optimal relay. The optimal relay selection requires the global
CSI for both main and wire-tap links. Therefore, the proposed
relay of DF relaying based on optimal relay selection can be
obtained from (22) as follows:
𝑜𝑝𝑡𝑖𝑚𝑎𝑙 𝑟𝑒𝑙𝑎𝑦 = arg max 𝐶DF
𝑟
𝑟∈𝑅

 2
 2  2
max (ℎ𝑠𝑑  , min (ℎ𝑠𝑟  , ℎ𝑟𝑑  )) 𝑃𝑡

− log2 (1 +

relays remain silent. These relay nodes, which succeed in
perfectly decoding the source signal, forward a fresh decoded
copy of the precoded signal to the destination. After that,
destination makes its decision based on the two received
signals over the broadcasting and relaying phases.
Successive decoding relays are represented by the successful decoding set Δ. Given 𝑀 relay nodes, there are 2𝑀 possible
𝑆𝑜𝑢𝑟𝑐𝑒 − 𝑅𝑒𝑙𝑎𝑦𝑠 pairs.
Therefore, the resultant successful decoding set Δ is given
by the following equation:

2𝜎𝑛2

)

 2  2
 2
max (ℎ𝑠𝑒  , min (ℎ𝑠𝑟  , ℎ𝑟𝑒  )) 𝑃𝑡
2𝜎𝑛2

(22)

).

3.1.3. Relay Selection Technique. This section presents a
defined relay selection equation that may be applied to
enhance the physical layer security of vehicle relay communication in presence of an active/passive eavesdropper node
with the existence of a direct link. Several best relay selection
techniques are used to effectively overcome the eavesdropper
attacks and maintain the whole system physical layer security.
As mentioned in Figure 2, in Phase 1, the source transmits
its precoded signal to the 𝑀 relay vehicles and to the
destination. In Phase 2, relays are engaged in forwarding the
received signal only if it was decoded correctly; otherwise,

 2
max (ℎ𝑠𝑑  , 𝜒𝑠𝑟𝑑 ) 𝑃𝑡 + 2𝜎𝑛2
= arg max (
),
 2
𝑟∈𝑅
max (ℎ𝑠𝑒  , 𝜒𝑠𝑟𝑒 ) 𝑃𝑡 + 2𝜎𝑛2

(24)

where 𝜒𝑠𝑟𝑑 = min(|ℎ𝑠𝑟 |2 , |ℎ𝑟𝑑 |2 ) and 𝜒𝑠𝑟𝑒 = min(|ℎ𝑠𝑟 |2 , |ℎ𝑟𝑒 |2 ).
3.1.5. Traditional Relay Selection Mechanism. In this section,
we consider the relay that maximizes the capacity of DF
relaying transmission as the traditional relay. The traditional
relay selection requires only the CSI of the main link without
considering that of wire-tap link. Therefore, the traditional
relay of DF relaying based on optimal relay selection can be
obtained from (17) as follows:
𝑜𝑝𝑡𝑖𝑚𝑎𝑙 𝑟𝑒𝑙𝑎𝑦 = arg max 𝐶DF
𝑚
𝑟∈𝑅

 2
 2  2
= arg max max (ℎ𝑠𝑑  , min (ℎ𝑠𝑟  , ℎ𝑟𝑑  )) .
𝑟∈𝑅

(25)
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Additionally, the ergodic channel-secrecy capacity can
be obtained by averaging the instantaneous secrecy capacity
+
𝐶DF
over the fading channels coefficient [19], where
𝑟
+

𝐶DF
= mean (max (𝐶DF
𝑟
𝑟 , 0)) .

(26)

3.2. Intercept Probability Derivation. In this section, we
extract a closed form for the intercept probability based on
the calculated channel-secrecy capacity equations. Wyner
mentioned that [8] when the channel secrecy falls below zero
(𝐶𝑚 < 𝐶𝑚𝑒 → 𝐶𝑠 < 0), the eavesdropper will succeed
in attacking the transmitted data and receive a copy of the
transmitted signal.
3.2.1. Direct Transmission. In this section, we analyze the
intercept probability of the direct link transmission as a
benchmark for comparison purpose. Therefore, based on (11),
the intercept probability equation can be written as follows:
 2  2
direct
𝑃intercept
= 𝑃𝑟 (𝐶direct
< 𝐶direct
) = 𝑃𝑟 (ℎ𝑠𝑑  < ℎ𝑠𝑒  )
𝑠𝑑
𝑠𝑒

3.2.2. Dual-Hop DF Relays Transmission
(i) Proposed Relay Selection Mechanism. This section drives
a closed form for the intercept probability expression for
the proposed relay selection. Based on the definition of the
intercept event occurrence, the intercept probability of the
proposed relay selection is obtained from Eq. (24) as
DF
𝑃intercept
= 𝑃𝑟 (max 𝐶DF
𝑟 < 0)
𝑟∈𝑅

𝑀

 2
 2  2
= ∏𝑃𝑟 {max (ℎ𝑠𝑑  , min (ℎ𝑠𝑟  , ℎ𝑟𝑑  ))

(29)

𝑟=1

 2
 2  2
< max (ℎ𝑠𝑒  , min (ℎ𝑠𝑟  , ℎ𝑟𝑒  ))} .
Denote
(i) 𝑋 = min(|ℎ𝑠𝑟 |2 , |ℎ𝑟𝑑 |2 ),

(27)

𝜎2
= 2 𝑠𝑒 2 .
𝜎𝑠𝑑 + 𝜎𝑠𝑒

the employment of optimal relay selection scheme for the
security improvements in the cooperative vehicle systems.

(ii) 𝑌 = min(|ℎ𝑠𝑟 |2 , |ℎ𝑟𝑒 |2 ),

(iii) 𝑍 = max(|ℎ𝑠𝑑 |2 , 𝑋),

Notice that the following random variables |ℎ𝑠𝑑 |2 and
2
=
|ℎ𝑠𝑒 |2 follow exponential distribution with means 𝜎𝑠𝑑
2
2
2
𝐸(|ℎ𝑠𝑑 | ) and 𝜎𝑠𝑒 = 𝐸(|ℎ𝑠𝑒 | ), respectively. For simplicity, we
assumed that the main link |ℎ𝑠𝑑 |2 and wire-tap link |ℎ𝑠𝑒 |2
are independent and identically distributed (i.i.d.) random
variables.
In this paper, we denote the ratio of the channel gain
of the main link to that of the wire-tap link by 𝜆 𝑚𝑒 =
2
2
/𝜎𝑠𝑒
. Throughout this paper, we refer to 𝜆 𝑚𝑒 as the main𝜎𝑠𝑑
to-eavesdropper ratio (MER). Thereof, we can simplify (27)
as follows:
direct
𝑃intercept
=

1
.
1 + 𝜆 𝑚𝑒

(28)

(iv) 𝑊 = max(|ℎ𝑠𝑒 |2 , 𝑌).

We can easily obtain the Cumulative Distribution Function (CDF) of 𝑋, 𝑌, 𝑍, and 𝑊, respectively, as
2

2

(30a)

2

𝑃𝑌 (𝑌 < 𝑥) = 1 − 𝑒−((𝑥/𝜎𝑠𝑟 )+(𝑥/𝜎𝑟𝑒 )) ,

(30b)

 2
𝑃𝑍 (𝑍 < 𝑥) = 𝑃 (ℎ𝑠𝑑  < 𝑥) 𝑃 (𝑋 < 𝑥)
2

2

2

= (1 − 𝑒−(𝑥/𝜎𝑠𝑑 ) ) (1 − 𝑒−((𝑥/𝜎𝑠𝑟 )+(𝑥/𝜎𝑟𝑑 )) ) ,
 2
𝑃𝑊 (𝑊 < 𝑥) = 𝑃 (ℎ𝑠𝑒  < 𝑥) 𝑃 (𝑌 < 𝑥)
2

Equation (28) shows that the intercept probability is
independent of the transmitted power 𝑃𝑡 ; then the security
level cannot improve by adjusting the power. This motivates

2

𝑃𝑋 (𝑋 < 𝑥) = 1 − 𝑒−((𝑥/𝜎𝑠𝑟 )+(𝑥/𝜎𝑟𝑑 )) ,

2

2

= (1 − 𝑒−(𝑥/𝜎𝑠𝑑 ) ) (1 − 𝑒−((𝑥/𝜎𝑠𝑟 )+(𝑥/𝜎𝑟𝑑 )) ) ,

(30c)

(30d)

where 𝑥 ≥ 0. Starting from (29), we can get (31) as follows:

𝑀

 2
 2  2
 2
 2  2
DF
𝑃intercept
= ∏𝑃𝑟 {max (ℎ𝑠𝑑  , min (ℎ𝑠𝑟  , ℎ𝑟𝑑  )) < max (ℎ𝑠𝑒  , min (ℎ𝑠𝑟  , ℎ𝑟𝑒  ))}
𝑟=1

∞

=∫

0

𝑀

2
2
2
2
2
2
1
[(1 − 𝑒−(𝑥/𝜎𝑠𝑑 ) ) (1 − 𝑒−((𝑥/𝜎𝑠𝑟 )+(𝑥/𝜎𝑟𝑑 )) )] [(1 − 𝑒−(𝑥/𝜎𝑠𝑒 ) ) (1 − 𝑒−((𝑥/𝜎𝑠𝑟 )+(𝑥/𝜎𝑟𝑒 )) )] 𝑑𝑥,
2
𝜎𝑟𝑒

DF
= ∏(
𝑃intercept
𝑟=1

(31)

2 2 2 2
2 2 2 2
2 2 2 2
2 2 2 2
𝜎𝑠𝑑
𝜎𝑟𝑑 𝜎𝑠𝑒 𝜎𝑟𝑒 + 𝜎𝑠𝑑
𝜎𝑠𝑟 𝜎𝑠𝑒 𝜎𝑟𝑒 + 𝜎𝑠𝑑
𝜎𝑠𝑟 𝜎𝑟𝑑 𝜎𝑠𝑒 + 𝜎𝑠𝑑
𝜎𝑠𝑟 𝜎𝑟𝑑 𝜎𝑟𝑒
).
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2 + 𝜎2 𝜎2 𝜎2 𝜎2
𝜎𝑠𝑟 𝜎𝑟𝑑 𝜎𝑠𝑒 𝜎𝑟𝑒 + 𝜎𝑠𝑑 𝜎𝑟𝑑 𝜎𝑠𝑒 𝜎𝑟𝑒 + 𝜎𝑠𝑑 𝜎𝑠𝑟 𝜎𝑠𝑒 𝜎𝑟𝑒 + 𝜎𝑠𝑑 𝜎𝑠𝑟 𝜎𝑟𝑑 𝜎𝑠𝑒
𝑠𝑑 𝑠𝑟 𝑟𝑑 𝑟𝑒

(ii) Traditional Relay Selection Mechanism. This section drives
a closed form for the intercept probability expression for the

traditional relay selection in the Rayleigh fading channel.
Based on the definition of the intercept event occurrence,
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the intercept probability of the proposed relay selection is
obtained from (25) as follows:
DF
DF
𝑃intercept
= 𝑃𝑟 (max 𝐶DF
𝑚 < 𝐶𝑜𝑒 ) ,

(32)

𝑟∈𝑅

where 𝐶DF
𝑜𝑒 is the channel-secrecy capacity from the optimal
relay to an eavesdropper. Using the law of total probability
and the intercept probability of traditional relay selection, the
optimal relay selection scheme is obtained as follows:
DF
𝑃intercept
𝑀

1
 2
 2  2
𝑃𝑟 (max (max ( ℎ𝑠𝑑  , min (ℎ𝑠𝑟  , ℎ𝑟𝑑  ))) (33)
𝑟∈𝑅
𝑀
𝑖=1

=∑

 2
< ℎ𝑖𝑒  ) .

Using (33) and letting |ℎ𝑖𝑒 |2 = 𝜏, we can obtain the
traditional intercept probability as in (34). Based on binomial
expansion, 𝐴 𝑘 represents the 𝑘 − 𝑡ℎ nonempty subcollection
of 𝑀 relays, and |𝐴 𝑘 | is the element’s number in set 𝐴 𝑘 .
∞ 𝑀

𝑀

2

2

DF
= ∑ ∫ ∏ [1 − 𝑒−((𝜏/𝜎𝑠𝑟 )+(𝜏/𝜎𝑟𝑑 )) ]
𝑃intercept
𝑖=1 0
2

𝑟=1

⋅ [1 − 𝑒−(𝜏/𝜎𝑠𝑑 ) ] [

𝑘=1

(34)

𝑑direct = − lim

𝜆 𝑚𝑒 →∞

log (1/ (1 + 𝜆 𝑚𝑒 ))
= 1,
log (𝜆 𝑚𝑒 )

3.3.2. Dual-Hop DF Relays Transmission
(i) Proposed Relay Selection Mechanism. This section presents
the diversity order gain analysis of the optimal relay selection.
Substituting (31) for (36) gives the diversity order gain as
follows:
log (𝑃DF

)

log (𝜆 𝑚𝑒 )

.

(38)

DF
𝑃intercept
=

−1
−1
𝛼𝑟𝑒 𝛼𝑠𝑟
+ 𝛼𝑟𝑒 𝛼𝑟𝑑
+ (1 + 𝛼𝑟𝑒 ) 𝜆 𝑚𝑒
.
−1 + 𝛼 𝛼−1 + (1 + 𝛼 ) 𝜆
𝛼𝑟𝑒 + 𝛼𝑟𝑒 𝛼𝑠𝑟
𝑟𝑒 𝑟𝑑
𝑟𝑒
𝑚𝑒

(39)

(40)

Equations show that the proposed relay selection transmission achieves the diversity order by 𝑀.

+

𝜎𝑖𝑒2
2
𝜎𝑠𝑟

+

(ii) Traditional Relay Selection Mechanism. This section
presents the diversity order gain analysis of the traditional
relay selection. Substituting (34) for (36) gives the diversity
order gain as

−1
𝜎𝑖𝑒2
])
)
2
𝜎𝑟𝑑

]

intercept

3.3. Diversity Order Analysis. In this section, we derive the
diversity order performance of the direct transmission and
the dual-hop DF relaying transmission based on proposed
and traditional selection schemes.
The traditional diversity gain order is based onSNR,
where SNR is the Signal to Noise Ratio [20], which is given
by
𝑑 = − lim

(37)

meaning that the direct transmission achieves a single diversity order.

𝑑DF
Proposed = 𝑀.

= ∑ (1 + ∑ (−1)

⋅ [1 +
[

(36)

By substituting (39) for (38), the diversity order will be

|𝐴 𝑘 |

𝜎𝑖𝑒2
1
∑
(
2
2
𝜎𝑠𝑑
𝑟∈𝐴 𝑘 𝜎𝑠𝑑

.

2
2
2
2
For simplicity, we denote 𝜎𝑠𝑟
= 𝛼𝑠𝑟 𝜎𝑠𝑑
, 𝜎𝑟𝑑
= 𝛼𝑟𝑑 𝜎𝑠𝑑
,
2
2
and 𝜎𝑟𝑒 = 𝛼𝑠𝑒 𝜎𝑠𝑒 , where 𝛼𝑠𝑟 , 𝛼𝑟𝑑 , and 𝛼𝑟𝑒 are constants. The
intercept probability can be rewritten as

|𝐴 𝑘 |

1
𝜏
⋅ 2 exp (− 2 ) 𝑑𝜏
𝜎𝑖𝑒
𝜎𝑖𝑒

𝑖=1

log (𝜆 𝑚𝑒 )

3.3.1. Direct Transmission. In this section, we analyze the
benchmark diversity order gain of the direct transmission. By
substituting (28) for (36), the diversity order gain is obtained
as follows:

𝜆 𝑚𝑒 →∞

𝜏
𝜏
𝜏
⋅ exp [− ∑ 2 + 2 + 2 ])
𝜎𝑠𝑟 𝜎𝑟𝑑
𝜎
[ 𝑟∈𝐴 𝐾 𝑠𝑑
]

2𝑀 −1

𝜆 𝑚𝑒 →∞

𝑑DF
Proposed = − lim

2 −1
1 ∞
𝜏
= ∑ ∫ (1 + ∑ (−1)|𝐴 𝑘 | exp ( 2 )
𝑀
𝜎
0
𝑖=1
𝑠𝑑
𝑘=1

𝑀

log (𝑃intercept )

𝑑generalized = − lim

intercept

1 −𝜏/𝜎𝑖𝑒2
𝑒
] 𝑑𝜏.
𝜎𝑖𝑒2
𝑀

𝑀

where 𝑃𝑒 (SNR) is the bit error rate. It is observed from the
intercept probability equations that the traditional diversity is
not applicable here. Therefore, the generalized diversity gain
is given by

SNR→∞

log 𝑃𝑒 (SNR)
,
log SNR

(35)

log (𝑃DF

𝑑DF
Traditional = − lim

𝜆 𝑚𝑒 →∞

log (𝜆 𝑚𝑒 )

)

.

(41)

For simplicity, we can obtain
[1 − exp − (

𝜏
𝜏
𝜏
+ 2 )] [1 − exp − ( 2 )]
2
𝜎𝑠𝑟
𝜎𝑟𝑑
𝜎𝑠𝑑

𝜏
𝜏
𝜏
=[ 2 + 2 + 2 ]
𝜎𝑠𝑟 𝜎𝑟𝑑 𝜎𝑠𝑑

for 𝜆 → ∞.

(42)
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Using Taylor series expansion and ignoring the higherorder terms, the intercept probability can be rewritten as
follows:
intercept

𝑃DF

𝑀

𝑀

𝑖=1

𝑟=1

= ∑ (𝑀 − 1)!∏ (

𝛾𝑖𝑒 𝛾𝑖𝑒
𝛾
+
+ 𝑖𝑒 )
𝛾𝑠𝑟 𝛾𝑟𝑑 𝛾𝑠𝑑

1 𝑀
) ,
×(
𝜆 𝑚𝑒

𝑛=1

(44)

3.4. Outage Probability Derivation. In this section, we present
the outage probability analysis for our proposed system
model. Based on Shannon capacity [21] and Wyner’s results
[8, 9], eavesdropper fails to decode the transmitted signal
when the wire-tap channel is lower than the data rate (𝑅𝑑 ).
Whenever the wire-tap channel overcomes 𝑅𝑑 , eavesdropper
may succeed in decoding the transmitting signal; then the
intercept probability occurs.
One of the basic solutions for security level improvement
is to increase the data rate (𝑅𝑑 ). In contrast, as 𝑅𝑑 increases,
this comes at the cost of transmission reliability degradation,
which leads to the decrease of the vehicular cooperative
systems throughput.
3.4.1. Reliability Derivation Of Direct Transmission. The outage probability of the main link (𝑆 − 𝐷) increases when 𝑅𝑑
increases. Therefore, based on Shannon capacity [21], the
outage probability 𝑃out of a direct transmission is obtained as
follows:
 2
𝑃out = 𝑃𝑟 (𝐶𝑠𝑑 < 𝑅𝑑 ) = 𝑃𝑟 (ℎ𝑠𝑑  < 𝑅𝑑 )
𝛿
),
2
𝜎𝑠𝑑

(46)

+ ∑ [𝑃𝑟 (Δ =

(43)

meaning that the traditional relay selection transmission
achieves the diversity order also by 𝑀. From (37), (40), and
(44), it is obvious that the dual-hop DF optimal relay selection
achieves the same diversity order gain 𝑀. This means that,
at high MER, for 𝑀 > 1, the intercept probabilities of DF
relay selection schemes are reduced faster than the direct
transmission. This implies that the physical layer improves by
using the dual-hop DF optimal relay selection.

= 1 − exp (−

DF
= 𝑃𝑟 (Δ = 𝜙) 𝑃𝑟 (𝐶DF
𝑃out
𝑠𝑑 < 𝑅𝑑 )
2𝑀 −1

2
2
2
2
2
/𝜎𝑠𝑑
, 𝛾𝑟𝑑 = 𝜎𝑟𝑑
/𝜎𝑠𝑑
, and 𝛾𝑖𝑒 = 𝜎𝑖𝑒2 /𝜎𝑠𝑑
.
where 𝛾𝑠𝑟 = 𝜎𝑠𝑟
Substituting (43) for (41) gives

𝑑DF
Traditional = 𝑀,

Using the law of total probability [22], the outage probability of the main link is formulated as follows:

(45)

where 𝛿 = (2𝑅𝑑 − 1)/𝛾 and 𝛾 = 𝑃𝑡 /𝜎𝑛2 .
3.4.2. Reliability Derivation Of Dual-Hop DF Relays. Figure 1
shows that the destination node is capable of decoding the
transmitted signal even when the relay decoding set is empty
(Δ = 𝜙).
Additionally, when at least one of the vehicle relays
succeeds in decoding the transmitted signal (Δ = Δ 𝑛 ), the
destination node will select the maximum capacity of both
received signals (from source and 𝑅best ).

Δ 𝑛 ) 𝑃𝑟 (𝐶DF
𝑚

< 𝑅𝑑 )] .

The |ℎ𝑠𝑟 |2 and |ℎ𝑟𝑑 |2 factors of different vehicle relay nodes
are independent and follow exponential distribution with a
2
2
mean of 𝜎𝑠𝑟
and 𝜎𝑟𝑑
.
The probability of occurrence for the event (Δ = 𝜙) is
obtained from (14):
𝑃𝑟 (Δ = 𝜙)
𝑀

= ∏𝑃𝑟 [log2 (1 +
𝑟=1
[

 2  2
min (ℎ𝑠𝑟  , ℎ𝑟𝑑  ) 𝑃𝑡
2𝜎𝑛2

)

< 𝑅𝑑 ]
]

(47)

𝑀

 2
 2
= ∏ [𝑃𝑟 (ℎ𝑠𝑟  < Γ) 𝑃𝑟 (ℎ𝑟𝑑  < Γ)]
𝑟=1
𝑀

= ∏ [1 − exp (−
𝑟=1

+ exp (− (

Γ
Γ
) − exp (− 2 )
2
𝜎𝑟𝑑
𝜎𝑠𝑟

Γ
Γ
+ 2 ))] ,
2
𝜎𝑠𝑟
𝜎𝑟𝑑

where 𝑀 is the number of vehicle relay nodes and Γ =
(22𝑅𝑑 − 1)/𝛾. For simplicity, we considered i.i.d. as randomly
generated variables. The fading coefficients of all main links
(i.e., |ℎ𝑠𝑑 |2 , |ℎ𝑠𝑟 |2 , and |ℎ𝑟𝑑 |2 ) are independent and have
2
identical channel gain 𝜎𝑚
.
Therefore, the above equation can be simplified as follows:
𝑀

𝑃𝑟 (Δ = 𝜙) = [1 − 2 exp (−

Γ
2Γ
) + exp (− 2 )] . (48)
2
𝜎𝑚
𝜎𝑚

From (12), with 𝑃𝑡 = 𝑃𝑡 /2, we can obtain 𝑃𝑟 (𝐶DF
𝑠𝑑 < 𝑅𝑑 ) as
follows:
Γ
 2
𝑃𝑟 (𝐶DF
𝑠𝑑 < 𝑅𝑑 ) = 𝑃𝑟 [ℎ𝑠𝑑  < Γ] = 1 − exp ( 2 ) .
𝜎𝑚

(49)

The probability of occurrence for event (Δ = Δ 𝑛 ) can be
obtained as follows:
DF
{𝑃𝑟 (𝐶𝑠𝑟𝑖 𝑑 > 𝑅𝑑 ) ,
𝑃𝑟 (Δ = Δ 𝑛 ) = {
𝑃 (𝐶DF < 𝑅𝑑 ) ,
{ 𝑟 𝑠𝑟𝑗 𝑑

𝑅𝑖 ∈ Δ 𝑛
𝑅𝑗 ∈ Δ 𝑛 ,

(50)

where Δ 𝑛 = (𝑅 − Δ 𝑛 ) is the complement of Δ 𝑛 , given that Δ is
not empty, and a vehicle relay 𝑅𝑖 is selected to forward a fresh
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decoded copy of the transmitted signal ̂𝑠 to destination node.
When the received signal at destination node is (̂𝑠 = 𝑠), this
means that the relays perfectly decode the transmitted signal.
The probability of occurrence for event Δ = Δ 𝑛 can be
obtained from (50) as follows:

⋅ [exp (−

 
2Γ Δ 𝑛 
)]
2
𝜎𝑚

⋅ [1 − 2 exp − (

|Δ 𝑛 |

2Γ
Γ
) + exp − ( 2 )]
2
𝜎𝑚
𝜎𝑚

].
(54)

𝑃𝑟 (Δ = Δ 𝑛 )

The simplified closed form of the outage probability
expression can be obtained as follows:

 2
 2
= ∏ 𝑃𝑟 ((ℎ𝑠𝑟𝑖  > Γ)) (𝑃𝑟 (ℎ𝑟𝑖 𝑑  > Γ))
𝑅𝑖 ∈Δ 𝑛

DF
𝑃out
= [1 − exp (−

 2
 2
× ∏ 𝑃𝑟 ((ℎ𝑠𝑟𝑗  > Γ)) (𝑃𝑟 (ℎ𝑟𝑗 𝑑  > Γ))
 
 
𝑅𝑗 ∈Δ 𝑛

(51)

= ∏ [exp (−
𝑅𝑖 ∈Δ 𝑛

Γ
Γ
) exp (− 2 )]
2
𝜎𝑠𝑟
𝜎
𝑟𝑑
𝑖

𝑅𝑗 ∈Δ 𝑛

Considering
as follows:

Γ
Γ
) exp (− 2 )] .
2
𝜎𝑠𝑟𝑗
𝜎𝑟 𝑑

=

2
𝜎𝑟𝑑

=

2
𝜎𝑠𝑑

=

2
𝜎𝑚
,

we can simplify (51)

 
2Γ Δ 𝑛 
)]
2
𝜎𝑚

𝑃𝑟 (Δ = Δ 𝑛 ) = [exp (−

Γ
2Γ
⋅ [1 − 2 exp − 2 + exp − 2 ]
𝜎𝑚
𝜎𝑚

(52)

|Δ 𝑛 |

.

Finally, based on (17), we can obtain 𝑃𝑟 (𝐶DF
𝑚 < 𝑅𝑑 ) as
follows:
𝑃𝑟 (𝐶DF
𝑚 < 𝑅𝑑 ) = 𝑃𝑟 (max (𝐶𝑠𝑑 , 𝐶𝑠𝑟𝑑 ) < 𝑅𝑑 )

Γ 2
))
𝜎𝑚

⋅ (1 − 2 exp (−

(53)

2Γ
Γ
+ exp (− 2 )))
2
𝜎𝑚
𝜎𝑚

|Δ 𝑛 |

.

Therefore, upon substituting (48)–(53) for (46), we can
formulate the closed-form outage probability expression of
our proposed model in the following equation:
𝑀

DF
𝑃out
= [1 − 2 exp − (

Γ
2Γ
) + exp − ( 2 )] [1
2
𝜎𝑚
𝜎𝑚
𝑀

− exp − (

2 −1
Γ
Γ
)] + ∑ [[1 − 1 exp − ( 2 )]
2
𝜎𝑚
𝜎
𝑚
𝑛=1

⋅ [1 − 2 exp − (

Γ
2Γ
) + exp − ( 2 )]
2
𝜎𝑚
𝜎𝑚

|Δ 𝑛 |

This section shows the numerical study of the channelsecrecy capacity of DF cooperative vehicle schemes. Simulation results show that channel-secrecy capacity of the
proposed system model is higher than the traditional system
(i.e., without existing direct link).
Moreover, simulation results showed that the channel
secrecy of the proposed system model significantly increases
when the number of the vehicle relays increases. Therefore,
the simulation results show an improvement in the physical
layer security when exploiting cooperative relays.
Additionally, the simulation showed the effect of increasing the relays gain (𝐺), assuming that all relays are identical
and independently distributed (i.i.d).
The following simulation parameters were considered for
all tests:
2
(i) 𝐺𝑠𝑟𝑑 (dB) = 0; 𝐺𝑠𝑟𝑒 (dB) = 0. 𝜎𝑠𝑑
= 0.5.

 2
= 𝑃𝑟 (ℎ𝑠𝑑  < Γ) 𝑃𝑟 (min (𝐶𝑠𝑟 , 𝐶𝑟𝑑 ) < Γ)
𝑟∈𝑀
= (1 − exp (−

(55)

4. Numerical Calculation Study

𝑖

2
𝜎𝑠𝑟

𝑀

2Γ
Γ
⋅ [1 − 2 exp − ( 2 ) + 2 exp − ( 2 )] .
𝜎𝑚
𝜎𝑚

From (55), it is obvious that the outage probability
increases as the number of the vehicular relays increases.

𝑖

× ∏ [1 − exp (−

Γ
)]
2
𝜎𝑚

2
= 𝜎𝑖𝑒2 = 1.
(ii) 𝜎𝑠𝑖2 = 𝜎𝑖𝑑
(iii) 𝑁𝑡 = 9. SNR = 12 dB.

Figure 5 depicts the ergodic channel-secrecy capacity and
intercepts probability comparison between traditional direct
transmission and DF cooperative vehicle protocol for both
the proposed system model and the traditional system model.
Figure 5 shows that the traditional direct transmission is
worse than the DF cooperative vehicle protocol regardless of
the system model (traditional or proposed) used.
Moreover, when 𝑀 ≥ 1, the optimal system model always
outperforms the traditional system model. Therefore, regardless of the DF relaying mechanism, whether it was optimal or
traditional, the direct transmission and cooperative diversity
relay selection constantly performs worse than the traditional
and optimal relay selections in terms of both ergodic secrecy
capacity and intercept probability.
Figure 5(a) presents ergodic channel-secrecy capacity
comparison between direct transmission and DF cooperative vehicle schemes with the traditional and the proposed system models. As shown in Figure 5(a), the proposed system model gives better channel-secrecy capacity
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Figure 6: 𝐶𝑆 and 𝑝intercept versus MER of dual-hop DF cooperative vehicles scheme (proposed and traditional relay selection mechanisms)
and direct transmission system models with different number of transmitted relays.

than the traditional system model and the conventional
direct transmission. Increasing channel capacity implies that
using cooperative relays enhances the overall system security.
Figure 5(b) shows that the best intercept probability
performance is given by DF cooperative vehicle scheme using
either the proposed or the traditional system model when
compared to conventional direct transmission. Moreover, the
proposed system model is better than the traditional system
model with respect to intercept probability.
Figure 6 shows that as the number of relays between
a transmitter and receiver increases (𝑀 = 2 and 4), the

physical layer security is improving using either our proposed
system model or the cooperative system model. Additionally,
Figure 6 shows that the proposed system model is strictly
higher than that of either the cooperative system model or
the conventional transmission.
Figure 6(a) shows that as the number of relays increases,
the ergodic channel-secrecy capacity improves. It is obvious
that the channel-secrecy capacity of the dual-hop DF proposed and traditional system models with 𝑀 = 4 is higher
than the capacity of 𝑀 = 2.
Figure 6(b) shows that the probability of the eavesdropper
to listen the transmitted data is decreased in our proposed
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Figure 7: 𝐶𝑆 and 𝑝intercept versus MER of dual-hop DF cooperative vehicles scheme: comparison of proposed relay selection mechanism with
different number of transmitted relays.

system model. Moreover, the intercept probability of the dualhop DF proposed and traditional system models with 𝑀 = 4
is lower than the intercept probability of 𝑀 = 2. Therefore,
the overall physical layer security in the proposed system
model is the highest one.
Figure 7 characterizes the effect of varying number of
relays when relay’s gain is constant for DF cooperative vehicle
algorithm. Moreover, Figure 7 presents the channel-secrecy
capacity and the intercept probability of the proposed system
model for a different number of relays 𝑀 = 2, 3, 4, 5.
The channel-secrecy capacity of the proposed dual-hop DF
cooperative diversity with 𝑀 = 5 is the highest one.
Figure 7(a) shows significant increase in ergodic-secrecy
capacity as the number of relays (𝑀) increases. Therefore,
channel-secrecy capacity of 𝑀 = 5 has the highest channel
secrecy and the lowest capacity is for 𝑀 = 2.
Moreover, Figure 7(b) proves that the intercept probability of DF cooperative vehicle protocol with our proposed
system model is improved by increasing the number of relays
between transmitter and receiver. Therefore, DF cooperative
vehicle protocol using the proposed system model has the
best intercept probability.
Figure 8 depicts the effect of changing the relays locations
with a constant number of relays 𝑀 = 2 and constant
geometric relays gain for DF cooperative vehicle algorithms.
Figure 8(a) presents the channel-secrecy capacity of DF
using the proposed system model. Figure 8(a) shows that
channel-secrecy capacity is significantly improved as the
relays are closer to the source node. As per the aforementioned figure, the relays are closer to destination node, in
which case an active/passive eavesdropper is able to attack the
legitimate user data during the broadcast phase.
Figure 8(b) shows the improvement of the intercept probability when relays are closer to the source node. Therefore, by
exploiting cooperative relays closer to the source node, the
physical layer security will be improved.

Figure 9 presents a comparison of the outage probability
in our proposed system model and the traditional cooperative
diversity with the direct transmission. It is clearly obvious
from Figure 9 that the outage probability increases as MER
increases, which is proved in (55). Moreover, Figure 9 shows
that the outage probability of our proposed system model is
strictly higher than the traditional cooperative diversity and
direct transmission.
Figure 10 presents our numerical outage probability
results for direct transmission, cooperative diversity relays,
and the proposed cooperative vehicle scheme for different
data rates. As shown from Figure 10, when the data rate
increases from 𝑅𝑑 = 1.5 to 𝑅𝑑 = 2.5, the outage probability
of our proposed model is strictly lower than the direct
transmission and the traditional cooperative diversity at
certain MER.
Figure 11 presents the relation between the outage probability and the used data rate 𝑅𝑑 from the source node with
respect to the number of vehicular relays between the source
and destination. As shown in Figure 11, when the data rate 𝑅𝑑
increases from 𝑅𝑑 = 1 to 𝑅𝑑 = 4.5, the outage probability
is significantly reduced. It is also observed in Figure 11 that,
for 𝑅𝑑 = 1 to 𝑅𝑑 = 4.5, the outage probability of our
proposed system model tends to zero, as the number of relays
increases from 𝑀 = 1 to 𝑀 = 103 . This demonstrates that
reliability of dual-hop vehicular cooperative model improves
upon increasing the number of relays.

5. Conclusion
This paper proposed a novel technique to improve vehicular
wireless channel secrecy by enabling precoded cooperative
vehicular relaying to contribute towards the formation of
an advanced telecommunication network. The goal is to
increase network security by enhancing the channel secrecy
and reducing the intercept probability. Best relay selection

14

Wireless Communications and Mobile Computing
100

9
8
7

Intercept Probability

Ergodic Secrecy Capacity (bits\s\Hz)

10

6
5
4
3
2

10−1

10−2

10−3

1
0
−10

−5

0
5
10
15
Main-to-Eavesdropper Ratio (dB)

20

25

10−4
−10

−5

Relays centerd betwen TX and RX
relays closer to source node
relays closer to destination node

0
5
10
15
Main-to-Eavesdropper Ratio (dB)

20

25

Relays centerd betwen TX and RX
relays closer to source node
relays closer to destination node

(a) Channel-secrecy capacity

(b) Intercept probability

100

Outage Probability (０ＩＯＮ )

Outage Probability (０ＩＯＮ )

Figure 8: 𝐶𝑆 and 𝑃intercept versus MER of DF cooperative vehicles scheme: comparison of proposed system model with different relays
locations.

10−1
10−2
10−3

0

2

4

6
8
10
12
14
16
Main-to-Eavesdropper Ratio (dB)

18

20

Cooperative Diversity
Dual-hop DF Proposed Model
Direct Transmission

Figure 9: Outage probability of the direct transmission, cooperative
diversity, and dual-hop DF cooperative vehicular relays versus the
MER.

mechanism is presented as a base to realize security-throughdiversity concepts for cooperative wireless vehicular networks.
This paper demonstrated that using vehicles to construct
cooperative relaying in broadband networks not only potentiates reduced levels of power consumption but also provides
lower error rates, increases channel security, and promises
lower intercept probabilities. We employed a precoded cooperative transmission technique to extract the underlying rich
multipath-Doppler-spatial diversity. Analytical and simulation results demonstrated significant increase in the physical
layer security with a clear reduction in the required transmitting power compared with traditional transmission schemes.
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Our proposed scheme can be particularly useful in heavily
populated urban areas.
Our future work will consider vehicle speed among other
communication characteristics in various communication
scenarios.
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Greater demands are being placed on the access bandwidth, stability, and delay of network because of the quickening rhythm of
life and work, especially in mobile scenario. In order to obtain a stable network with low latency and high bandwidth in mobile
scenario, taking advantage of the wireless heterogeneous network in parallel is a good choice. Nowadays, people are increasingly
concerned about the network quality under the mobile scenario. Some scholars have done the relevant measurements. However,
all of those measurements mainly investigate part of the network parameters or part of mobile scenarios. In this paper, we make
the following contributions. Firstly, in high-speed mobile scenario, the wireless network qualities of different vendors are measured
synthetically. Secondly, we analyze the benefits of taking advantage of the different vendors. Thirdly, we deploy the replication link
mechanism in high-speed mobile scenario and propose an algorithm to remove the duplicate packet in high-speed mobile scenario.
And the algorithm can also be used in another multipath schedule algorithm to improve the reliability.

1. Introduction
With the rapid development of high-speed rail technologies,
high-speed rails have become the main way of daily short or
medium distance travels [1]. In China, there are 1.713 billion
trips made in 2017 bringing the total cumulative number
of trips to 7 billion. Followed by the tremendous passenger
flow, greater demands are being placed on mobile scenario
[2, 3].
Nowadays, cellular network has become the main way for
people to access the Internet [4]. With the development of
cellular network, many researchers measure the performance
of cellular networks from different aspects in different scenarios. Tan et al. [5] did the research about multiple commercial
3G UMTS networks. They analyzed their latency, throughput,
and the performance of different applications. Tso et al. [6]
analyze the HSPA network in low-speed mobile scenario.
However, all of those measurements mainly investigate the
network layer parameters and transport layer parameters.
And they miss SNR, an important network parameter in
network access layer. Rodriguez-Pineiro J and Martin-Vega
pointed out that SNR is an important network parameter

for analyzing the cellular networks in high-speed mobile
scenario [7, 8].
In addition, there are some literatures studying the performance of wireless network in high-speed mobile scenario
[9, 10]. However, these literatures only focus on the network
performance of single vendor in high-speed mobile scenario,
and they do not analyze the performance of heterogeneous
networks that are created by different vendors. We analyze the
relationship for heterogeneous networks at the same time and
place in high-speed scenario.
In this paper, we carry out a measurement to study
heterogeneous wireless networks performance in high-speed
mobile scenarios. We define the high-speed mobile scenario
that the speed of receiver relative to base station is 300 Km/h
or above. 300 Km/h is the typical velocity of the China
Railway High-Speed (CRH), which is the largest commercial
high-speed railway network. We did our measurement in
the Beijing-Tianjin Intercity Railway. In our experiments, we
develop a special measurement tool, which is called Heterogeneous Network Measurement Instrument (HNMI). HNMI
can access three heterogeneous wireless networks. In our
measurement, we made the HNMI access to the three greatest
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vendors CMCC, China Unicom (CU), and China Telecom
(CT) at the same time. We choose Iperf [11] as the TCP
packet generator and Ali cloud server as the TCP receiver,
which is the Chinese biggest cloud service provider. In order
to investigate the influence of moving speed on wireless
network, we design the measurement in static scenario and
low-speed mobile scenario as the reference. Beijing Metro
Line 13 is selected as the low-speed mobile scenario, where
the running speed of the train is about 50 Km/h. And a
playground in Beijing Jiaotong University is selected as the
static scenario, where the signal strength of three vendors
is excellent. The results show that, in high-speed scenario,
a single wireless network is too poor to satisfy the user’s
demand. And the network is not stabilized in high-speed
scenario.
Moreover, it is possible to comprehensively utilize the
heterogeneous wireless networks because of abundant wireless network resources along the railway [12]. In this paper,
we try to deploy the replication link mechanism in highspeed mobile scenario. The actual measurement results show
that the replication link mechanism effectively reduces the
network volatility, reduces the overall packet loss rate, and
significantly improves the network throughput.
The structure of the paper is organized as follows. Section 2 reviews some related works about wireless network
measurement. In Section 3, we describe the measurement
methodology of our measurement. In Section 4, we describe
our result and analyze the influence of moving speed on
network performance for each vendor. In Section 5, we deploy
the packet replication mechanism in high-speed mobile
scenario.

2. Related Work
Research on the vehicle-ground communication is a hot
topic [13]. Studying the performance of wireless networks
under different mobile speeds is an important direction of
vehicle-ground communication. Many researchers do a lot of
measurement for wireless mobile network. These works can
be divided into two categories:
(1) Limited Scenarios.
Tso et al. [6] investigated the performance of HSPA
networks. They analyze not only the static scenario
but also many mobile scenarios including subway,
trains, and city bus. However, limited by the commercial network deployment, they only analyze the 3G
networks, instead of the 4G networks. Jang et al. [14]
measured 3G and 3.5G networks with different vendors in different moving scenarios. References [8, 15]
proposed different network channel models of highspeed mobile scenarios. Huang et al. [16] measured
low-speed mobile scenario. They find that, in lowspeed mobile scenario, the RTT remains stable with
small volatility. As their analysis SNR is an important
parameter that affects the network throughput, Li
et al. [17] investigated the TCP behavior in highspeed mobile scenario. They find that current TCP is
not adapted to high-speed mobile scenario. However,

the measurement scenarios for these literatures are
limited and there is no comprehensive analysis of the
network performance in high-speed mobile scenario.
(2) limited Network Parameters.
Xiao et al. [18] carried out extensive measurements
on the 4G LTE networks performance in high-speed
scenario. They investigate their RSRP, RTT, jitter, and
TCP throughput. However, they do not measure the
SNR, which is an important parameter for wireless
network. Tan et al. do the research about multiple
commercial 3G UMTS networks [5]. They analyze
their latency, throughput, and the performance of
different applications. Liu et al. [19] measured three
different LTE networks in high-speed scenarios. They
focus on the parameter of transport layer and they do
not analyze the parameters of network access layer.
However, these literatures only focus on the network
performance of single vendor in high-speed mobile
scenario and do not analyze the performance of
heterogeneous networks that are created by different
vendors.
In this paper, we carry out a measurement to study
heterogeneous wireless networks performance in different
mobile scenarios. We analyze the influence of high-speed
mobile scenario on wireless network. And we explore the
method of utilizing the heterogeneous networks along the
high-speed rails.

3. Measurement Methodology
In order to explore the actual network quality, we design a set
of experiments to measure the network quality in different
scenarios. In this section, we describe the contents of our
network measurements including the tools, scenarios, and
measurement methods. And we analyze the measurement
result of network quality in detail.
3.1. Measurement Scenario. In order to measure the impact
on the wireless network at different moving speeds, we choose
three typical scenarios, namely, static scenario, low-speed
mobile scenario, and high-speed mobile scenario.
We select an open area of Beijing Jiaotong University
as the static scenario, where the network signals of all the
vendors are well. The Beijing Metro Line 13 is selected as the
low-speed mobile scenario, where the running speed of the
train is about 70 Km/h. We select the Beijing-Tianjin intercity
high-speed rail as high-speed mobile scenario, where the
running speed of the train is around 300 Km/h.
In China, the wireless cellular network is mainly operated
by China Telecom (CT), China Unicom (CU), and China
Mobile. We select these top three vendors in China to study
the relationship between heterogeneous cellular networks at
the same place and time. The names and frequency bands of
the three major vendors are shown in the Table 1.
3.2. Measurement Parameters. With reference to the previous
works, the network parameters are presented in the Table 2.
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Figure 1: Measurement topology.

Table 1: Heterogeneous wireless networks for different vendors.
vendor

CMCC

CU

CT

Uplink Freq
890–909
1710–1725
2010–2025
1880–1890
2320–2370
2575–2635
909–915
1940–1955
1755–1765
825–840
1920–1935
1765–1780

Downlink Freq
935–954
1805–1820
2010–2025
1880–1890
2320–2370
2575–2635
954–960
2130–2145
1850–1860
870–885
2110–2125
1860–1875

mode
GSM900
DCS1800
TD-SCDMA

2G
2G
3G

TD-LTE

4G

GSM900
WCDMA
FDD-LTE
CDMA
CDMA-2000
FDD-LTE

2G
3G
4G
2G
3G
4G

We divide all the parameters into three parts according to the
TCP/IP Stack. There are a couple of reasons for this: (1) a
large number of applications exist on the Internet; (2) the vast
majority of traffic is TCP traffic; (3) the throughput of TCP
can well reflect the user’s network experience. Therefore, we
select TCP throughput as the breakthrough point of our measurement. The quality of the network layer impacts the quality
of the transport layer. Hence, we analyze the network layer
parameters. RTT and jitter are the most popular parameters.
The network access layer guarantees the quality of network
layer. As the 4G network is widely covered by vendors in
China, RSRP is the most important parameter for indicating
the strength of network signal. According to [7, 8], SNR
is a significant parameter for network transmission model
especially in high-speed scenario. The cell ID represent the
cellular network base station that we access. The change of cell
ID means that the access network has been switched. During
the network switch, the mobile devices have to send a series
of packets for reregistration, which is bad for transmission.
3.3. Measurement Tools. Most of the traditional measurement tools can only measure one kind of wireless network at
the same time. In order to get further study about the network
quality in the different mobile scenarios at the same time, we
design the network transmission topology shown in Figure 1.

Figure 2: Heterogeneous Network Measurement Instrument.

Moreover, the network quality measurement tool we develop
is shown in Figure 2.
The topology of the measurement is shown in Figure 1. We
purchase Ali cloud services as our server. The reason why we
choose Ali cloud is that it is the largest cloud service provider
in China and it has enough access bandwidth to those three
major mobile vendors. Last but not least, it can reduce the
impact of the cable link in the measurement. The client is the
dedicated network quality measurement tool shown in Figure 2. It consists of three identical cellular network adapters
and a WLAN network adapter. Each cellular network adapter
corresponds to a separate cellular network. Therefore, the
device can support three major vendors simultaneously. The
WLAN network adapter accommodates the control devices
in the IEEE 802.11 b/g/n protocol.
As for software, we develop a network parameters monitoring module based on the Linux 3.2.0 kernel. The module
can monitor information including RSRP, SNR, access base
station information, network delay, TCP throughput, and so
on.
3.4. Measurement Procedure. We did the measurement over
three different network vendors simultaneously in three different scenarios. We group the parameters by characteristics
of four layers of TCP/IP model. Aiming at the network access
layer’s parameters, we read the network adapter information
every 100 ms. At the network layer, we get the information by
the way of sending Ping command periodically. The transport
layer information is obtained by Iperf that can make the best
of the transport layer’s resources. Then we calculate the results
of transport layer’s parameters from the network adapter
every 100 ms.
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Table 2: Measurement parameters.
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introduction
Reference Signal Received Power (RSRP) is a measurement used to represent the received power
RSRP
level in an LTE cell network.
Signal-to-noise ratio is a measurement used in science and engineering that compares the level of
SNR
Network access Layer a desired signal to the level of background noise.
Mode
Received signal network standard
The ID of cellular network base station. It means that a network switch has occurred when it
Cell ID
changes.
Round-trip time is the length of time it takes for a signal to be sent plus the length of time it takes
RTT
Network Layer
for an acknowledgment of that signal to be received.
Jitter
Jitter is the variation in packet delay at the receiver of the information.
TCP throughput Transport Layer
The rate of TCP packets delivery over a transmission channel.
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Figure 3: TCP throughput in different scenarios.

4. The Advantage of Heterogeneous Network
By actual measurement result, we find that the network
performance is not good in high-speed mobile scenario that
cannot meet people’s demands of accessing the Internet. In
this section, we analyze the factors that affect single vendor’s
network performance in high-speed mobile scenario layer
by layer. In addition, we make a further discussion of the
advantage of using heterogeneous networks.
4.1. Transport Layer. First of all, let us intuitively observe the
performance of the transport layer parameters in high-speed
mobile scenario. Figure 3 illustrates the TCP performance in
different scenarios. The changing trends of TCP throughput
at different speeds are similar to each vendor. In all of three

scenarios, obviously, the performance of TCP throughput in
high-speed scenario is the poorest. In high-speed scenario,
the average of TCP throughput is the lowest and the TCP
throughput’s volatility is the most dramatic.
Next, we give the statistic analysis by boxplot and cumulative distribution function (CDF) figure. Figure 4 shows
the boxplot of TCP throughput in different scenarios. The
pattern that we name the horizontal axis is “vendor scenario.”
S means static scenario, L means low-speed mobile scenario,
and H means high-speed mobile scenario. For each cellular
network, the median ratios of high-speed mobile scenario to
static scenario are 33.32%, 6.25%, and 15.9%.
Furthermore, we study the volatility of TCP throughput.
Figure 5 is the CDF of the volatility of TCP throughput
in 100 ms. The horizontal axis is the ratio of the volatility
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level
Very Good
Good
Average
Weak
Bad

RSRP (dBm)
RSRP > −85 dBm
−85 dBm ≥ RSRP > −95 dBm
−95 dBm ≥ RSRP > −105 dBm
−105 dBm ≥ RSRP > 115 − 95 dBm
−115 dBm ≥ RSRP
Table 4: RSRP level in different scenarios.

Figure 4: TCP throughput boxplot in different scenarios.
Very Good

vendor
CT
CU
CMCC
CT
CU
CMCC
CT
CU
CMCC
CT
CU
CMCC
CT
CU
CMCC

static
100%
100%
100%
0
0
0
0
0
0
0
0
0
0
0
0

low-speed
8.0%
10.0%
28.0%
28.2%
20.8%
56.5
33.8%
54.6%
12.5%
22.9%
9.0%
3.0%
7.1%
5.6%
0

high-speed
2.1%
2.2%
2.1%
15.5%
4.3%
3.4%
39.1%
37.2%
19.2%
41.1%
50.0
61.6%
2.3%
6.4%
13.8%

of TCP throughput within the 100 ms to the median of
results. Vertical axis is the cumulative probability. In highspeed mobile scenario, it is only about 40% possible that the
volatility is stable. However, in static scenario, the index is
more than 60%. And in high-speed scenario, it is about 40%
possible that the volatility of TCP throughput is over 20%.
The same index in static scenario is about 20%. In high-speed
scenario, such huge volatility in a single network has a great
impact on user experience.
Based on the above analysis, we find that, in high-speed
mobile scenario, it is difficult to satisfy people’s demand for
accessing the Internet by single wireless network. Maybe
taking advantage of heterogeneous networks can satisfy the
people’s demand for accessing the Internet. From Figure 3,
we find that there is little risk that all the wireless networks
perform badly in throughput at the same time. Therefore, as
shown in Figure 6, an appropriate algorithm that can utilize
heterogeneous networks and achieve bandwidth aggregation
can get a relatively reliable network.

Therefore, as shown in Figure 9, an appropriate algorithm
shows that each time network selects the fastest link it can
get a relatively reliable network.

4.2. Network Layer. Through the analysis of the transport
layer, we can observe that, in high-speed mobile scenario, the
network performance of a single wireless network is poor.
However, with the heterogeneous networks, the performance
of the entire network has a huge room for improvement. Next,
we analyze the network layer to find out the advantages of
using heterogeneous networks.
Figure 7 shows the RTT in different scenarios for single
wireless network. Vertical axis is the RTT value. RTT equal
to zero means that the probe packet is lost at this moment.
We can observe that, with the increase of moving speed, the
average RTT is increasing and sometimes the probe packet is
lost.
Next, let us observe the effect of moving on RTT jitter
[20]. From Figure 8, we can obvious that the RTT jitter
in high-speed scenarios is more dramatic. In the CMCC
network, it is more than 40% possible that the RTT jitters over
50 ms in high-speed scenario. However, the median RTT is
only 131 ms.
Through the above analysis, we find that the trend of RTT
is similar. With the increase of moving speed, the packets
need more time for delivery and are even lost. This may cause
disaster to the applications that are very sensitive to packet
delay, such as real-time games. Maybe taking advantage of
heterogeneous networks can reduce the transmission delay.

4.3. Network Access Layer. After the analysis of transport
layer and network access layer parameters, we find that the
root cause of poor performance in high-speed scenarios is the
poor performance of network access layer.
At first, we analyze the signal quality. In our whole
measurement, each scenario is covered with 4G networks.
RSRP is mainly used in 4G cellular network. Figure 10 shows
the RSRP in different scenarios. In our measurement, we
divide the RSRP into 5 levels as Table 3 shown. Table 4 is the
measurement result. We can see that, in static scenarios, the
RSRP is strong enough. However, when the receiver moves,
the RSRP is not strong enough and most of the time the
RSRP locates in the Average Level. What is more, the RSRP
in high-speed scenario is lower than the low-speed scenario’s.
The SNR is another important parameter for cellular network.
Figure 11 shows that SNR in high-speed scenario is lower than
SNR in static scenario.
Next, we analyze the signal quality volatility. Figure 12
shows the volatility of RSRP in different scenarios. Figure 13
shows the volatility of SNR in different scenarios. We analyze
these parameters together because they have similar characteristics. We can observe that, in static scenario, RSRP is
stable and SNR is a little bit volatile. In mobile scenario, RSRP
has a certain degree of volatility and the degrees of volatility
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Figure 5: TCP throughput volatility CDF in different scenarios.
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Table 5: Signal Correlation analysis.
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Figure 6: TCP throughput performance aggressive in high-speed
scenario.

in high-speed scenario and low-speed scenario are closer. In
my opinion, there are two reasons for this problem. For lowspeed scenario, the measurement scenario is in urban area
where the wireless environment is complex and the access to
the base station often changes. In high-speed scenario, rapid
movement of the receiver leads to changes in the RSRP and
SNR. But the base station along the railway is more equally
distributed. This is also proved by handoff duration CDF
shown in Figure 14. The horizontal axis is the duration of
receiver accessing in the same base station. Vertical axis is
the cumulative probability. We can observe that although the
receiver in high-speed scenario goes far in the same time, the
receiver infrequently switched due to the distribution of base
station.
Although the performance of the three vendors in highspeed mobile scenario is not very good, their network signals
in high-speed mobile scenario are relatively independent.
Table 5 is the result of correlation analysis of different vendors
in high-speed mobile scenario. The data of the two groups are
not correlated where the correlation coefficient is less than
0.3.
We give a further discussion about the handoff of each
wireless cellular network under different scenarios. We measured these three wireless cellular networks simultaneously.
Concrete analysis on the handoff is shown in one figure as

Figure 15. The horizontal axis is the time. Vertical axis is
the different vendors in different scenarios. S means static
scenario, L means low-speed scenario, and H means highspeed scenario. In Figure 15, the same color block means
that the receiver is accessed to the same base station. In
other words, the junction of different color blocks is the time
when handoff occurs. We can clearly observe that, in the
same scenario, it seldom happens that three cellular wireless
network have handoff at the same time. In other word, even
in the high-speed scenario, using multiple vendors’ network
with a suitable schedule algorithm can support a reliable
network.

5. Comprehensive Utilization of
Heterogeneous Network Resources in
High-Speed Mobile Scenario
Section 4 points out that, in high-speed mobile scenario, due
to the shielding of vehicle body and wireless cellular network
volatility, a single wireless network is difficult to meet the
needs of users. However, there are many different wireless
networks resources along the railway. The comprehensive utilization of heterogeneous wireless networks along the railway
has become an important method to solve the network access
in high-speed mobile scenario.
For such a harsh network environment, a simple idea is
to copy the data packets, respectively, from different links to
send, taking the first arrival of the data packets as useful data
packets. And the remaining packets are discarded. At first
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Figure 8: RTT jitter CDF in different scenarios.

glance the cost of this idea is very great. However, in such
a harsh wireless network environment, due to the wireless
link switching, network delay volatility, and packet loss, the
TCP protocol designed for reliable wired network is difficult
to make full use of the current network resource. In the
case of link switching, we find that, in high-speed mobile
scenario, the cellular base stations connected by the mobile
devices are constantly switching. However, according to the
analysis in the previous section, the possibility of the network
switching of three vendors is almost no. In terms of network
latency, the receiver only receives the first arriving packets.

In other words, this kind of multipath transmission idea can
dynamically select the fastest link to transmit. And every
choice it makes is absolutely accurate. Moreover, it can reduce
the link delay volatility.
𝑛

𝑃all = 1 − ∏𝑃𝑖

(1)

𝑖=1

In the packet loss, the probability analysis is shown in (1). We
can find that the replication link mechanism greatly reduces
the packet loss rate. In terms of throughput, the server
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Figure 9: Minimum delay.

receives the first arriving packet in any one link. This ensures
that, at any given time, throughput is the highest link of the
currently available links. In high-speed mobile scenario, the
real-time throughput of each link is rapidly fluctuating and
the replication link mechanism can select the current optimal
link in real-time to ensure the throughput. In addition,
multipath transmission in heterogeneous network faces an
important issue that is out-of-order packets. According to
the design principle of TCP protocol, once the packet is outof-order, it triggers the retransmission mechanism, which
seriously affects the effective throughput of the link. In static
scenario, the scholars design a lot of methods to prevent
out-of-order packets. However, most of these methods are
based on the precise measurement of the link quality based
on the system or protocol. These methods, based on the
measurement results, make accurate calculations to avoid
out-of-order data packets. In high-speed mobile scenario,
we find that the quality of the wireless link is very volatile.
These methods have difficulty estimating the quality of accurate links and cannot make accurate scheduling decisions.
However, the replication link mechanism effectively avoids
the problem of out-of-order packet in multipath transmission
because the problem of out-of-order packet can be neglected
when the packets are transmitted on a single link.
The replication link mechanism is also faced with a lot
of problems in design. Among them, removing the duplicate
packet is a very important problem [17]. The problem for heterogeneous wireless networks in high-speed mobile scenario
is particularly prominent. In the replication link mechanism,
the same packets are copied into many copies and send from
different links. In these same packets, any packet arrives as a
valid packet and the rest of the packets are treated as duplicate
packets are discarded. Duplicate ACKs in the packets trigger
the congestion control mechanism of TCP, if these duplicate
packets send to the receiver. The TCP throughput slows down
and the link utilization drops. Therefore, we need to number
the packets and remove the duplicate packets. We cannot
record all the packet numbers because the computer’s storage
space is limited. At the same time, how to quickly determine
whether a packet has been received is also an important problem. Moreover, in high-speed mobile scenario, the difference
of packet sequence number is very large in a short time.
Designing a deduplication algorithm in a high-speed mobile
scenario faces enormous challenges.
We design a deduplication algorithm for high-speed
mobile scenario. This algorithm can be not only deployed

(1) 𝑃𝑖 = AnalyzePacket()
(2) if 𝑃𝑖 == 1 then
(3)
𝑃𝑐𝑙𝑒𝑎𝑟 = 0
(4)
𝐵𝑢𝑓𝑓𝑒𝑟.𝑐𝑙𝑒𝑎𝑟(𝑎𝑙𝑙)
(5)
return 𝑡𝑟𝑢𝑒
(6) end if
(7) if 𝑃𝑖 < 𝑃𝑐𝑙𝑒𝑎𝑟 then
(8)
return 𝑡𝑟𝑢𝑒
(9) end if
(10) if 𝐵𝑢𝑓𝑓𝑒𝑟.𝑓𝑖𝑛𝑑(𝑃𝑖 ) then
(11)
return 𝑡𝑟𝑢𝑒
(12) else
(13)
𝐵𝑢𝑓𝑓𝑒𝑟.𝐴𝑑𝑑(𝑃𝑖 )
(14)
if 𝐵𝑢𝑓𝑓𝑒𝑟.𝑙𝑒𝑛𝑔𝑡ℎ() > 𝑀𝐴𝑋 then
(15)
𝐵𝑢𝑓𝑓𝑒𝑟.𝑐𝑙𝑒𝑎𝑟(𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)
(16)
end if
(17)
return 𝑓𝑎𝑙𝑠𝑒
(18) end if
Algorithm 1: Deduplication algorithm.

to the replication link mechanism but also used as a
fault-tolerant mechanism in other multipath transmission
mechanism. The deduplication algorithm is designed as
shown in Algorithm 1.
During the execution of the algorithm, the system stores
two variables. One is that the last clear packet sequence
number records the maximum sequence number of packets
cleared each time. The other is a buffer to record the
receive packet sequence number. And the received packet
sequence number is stored in order and regularly cleaned.
The algorithm is used to determine whether the packet is
repeated. It indicates that the packet is a duplicate packet
if the algorithm returns true. It indicates that the packet is
not duplicated if the algorithm returns false. When packets
arrive, step 1 analyzes the packet and obtains the packet
sequence number. If the packet number is 1, as steps 3 and
4 showed, the algorithm clears the last clear packet sequence
number and clears the received packet number buffer. In step
7, when the received packet number is less than the last clear
packet number, which means that the same packet has already
arrived, the packet is a duplicate packet. And the algorithm
returns true. If the received packet number is greater than
the last clear packet number, you need to search the received
packet number buffer. In step 10, if the packet is found, it
indicates that the same packet arrives. The algorithm returns
true.
In step 12, if the packet is not found, it means that this
packet is the first arrival of the data packet. In this case, the
algorithm checks the length of the received packet number
buffer. If the length exceeds the maximum length of the
buffer. The algorithm clears a part of the buffer and return
false. Here, out-of-order packet is a common phenomenon
because the network in high-speed mobile scenario is very
bad. Therefore, the received packet number buffer cannot be
cleared. Otherwise, the out-of-order packets are mistaken for
not receiving packets.
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Figure 10: RSRP in different scenarios.

(b) SNR for CU

20
0
−20
10

20

30

40
50
60
Duration (s)

70

80

static
low-speed
high-speed
(c) SNR for CMCC

Figure 11: SNR in different scenarios.

90

100

70

80

90

100

Wireless Communications and Mobile Computing
1

1

0.8

0.8

0.8

0.6

0.6

0.6

0.4
0.2

CDF

1

CDF

CDF

10

0.4
0.2

0

0.4

0.8 1.2 1.6
Volatility (dB)

0

2.0

0.4
0.2

0.4

0.8 1.2 1.6
Volatility (dB)

0

2.0

0.4

static
low-speed
high-speed

static
low-speed
high-speed
(a) RSRP volatility for CT

0.8 1.2 1.6
Volatility (dB)

2.0

static
low-speed
high-speed

(b) RSRP volatility for CU

(c) RSRP volatility for CMCC

1

1

0.8

0.8

0.8

0.6

0.6

0.6

0.4

CDF

1

CDF

CDF

Figure 12: RSRP volatility CDF in different scenarios.

0.4
0.2

0.2
0

0.4

0.8 1.2 1.6
Volatility (dB)

static
low-speed
high-speed
(a) SNR volatility for CT

2.0

0

0.4
0.2

0.4

0.8 1.2 1.6
Volatility (dB)

2.0

static
low-speed
high-speed
(b) SNR volatility for CU

0

0.4

0.8 1.2 1.6
Volatility (dB)

2.0

static
low-speed
high-speed
(c) SNR volatility for CMCC

Figure 13: SNR volatility CDF in different scenarios.

Figure 16 shows the results of our deployment of the
replication link mechanism in high-speed mobile scenario.
Compared with Figure 3, we can observe that, in high-speed
mobile scenario, the effect of the replication link mechanism
is much better than any single wireless network. Compared
with Figure 6, we can observe that the replication link
mechanism effectively reduces the volatility and packet loss
of the network.

6. Conclusion
In this paper, with a lot of actual experimental results, we
conduct a comprehensive analysis of heterogeneous wireless
networks performance. We design the HNMI to measure
different vendors’ networks at the same time. We find that, in
the high-speed mobile scenario, the single wireless network
finds difficulty meeting the needs of accessing the Internet.

The comprehensive use of heterogeneous networks has many
advantages. Moreover, we deploy a replication link mechanism in actual high-speed mobile scenario and propose an
algorithm to remove the duplicate packet that can also be
used in other multipath scheduling algorithms. From the
measurement, we find that the replication link mechanism
performs better than any single network because it effectively
reduces the network volatility and packet loss. In the future,
we will continue to explore how to use the heterogeneous
networks in the high-speed mobile scenario, to provide users
with better network services.
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Existing intelligent transport systems (ITS) do not fully consider and resolve accuracy, instantaneity, and compatibility challenges
while resolving traffic congestion in Internet of Vehicles (IoV) environments. This paper proposes a traffic congestion monitoring
system, which includes data collection, segmented structure establishment, traffic-flow modelling, local segment traffic congestion
prediction, and origin-destination traffic congestion service for drivers. Macroscopic model-based traffic-flow factors were
formalized on the basis of the analysis results. Fuzzy rules-based local segment traffic congestion prediction was performed to
determine the traffic congestion state. To enhance prediction efficiency, this paper presents a verification process for minimizing
false predictions which is based on the Rankine-Hugoniot condition and an origin-destination traffic congestion service is also
provided. To verify the feasibility of the proposed system, a prototype was implemented. The experimental results demonstrate that
the proposed scheme can effectively monitor traffic congestion in terms of accuracy and system response time.

1. Introduction
Over the last few decades, traffic congestion has become a
serious problem in cities, which not only negatively affects
the daily lives of humans but also impedes stable economic
and societal development. Traffic congestion increases air
pollution, travel time, and economic losses. Governments
increasingly strive to monitor and resolve traffic congestion,
but the task is difficult because of the complexity of the
problem; specifically, traffic congestion is difficult to predict.
The complexity of traffic congestion is also reflected in
its dynamic and interrelated characteristics. Traffic congestion can propagate from a congested road segment to
neighboring road segments. Because of these complexities,
fully automatic analysis of traffic congestion is difficult to
achieve.
Currently, two major challenges must be addressed to
facilitate traffic congestion estimation and monitoring. The
first challenge is formalizing the basic factors for estimating
and forecasting traffic congestion on a large-scale road network. Several researchers have proposed solutions to resolve
the problem, which can be grouped into two approaches,

namely, traffic congestion forecasting based on infrastructure equipment and traffic congestion forecasting based on
Vehicular Ad Hoc Network (VANET) technology. The first
approach [1] mainly uses floating car data, namely, data
from Global Positioning System- (GPS-) equipped vehicles.
Some protocols use data from sensor equipment with the
limitation, including loop detectors, video recording devices,
and infrared technologies. Although the infrastructure-based
approach is the most widespread and features high reliability
and accurate formalization, it lacks flexibility. The second
approach [2] utilizes vehicle-to-vehicle (V2V) technologies
to gather vehicles’ traffic data and then formalizes the traffic
model characteristics, including speed, density, flow, and
travel time. Based on the formalized information, researchers
have adopted mathematical prediction algorithms to estimate
traffic congestion levels. The advantage to this approach is
that it can be implemented without deploying infrastructure
sensors and has been demonstrated to operate effectively
in various traffic and deployment scenarios. However, the
approach is limited by network communication obstacles,
including delayed and inaccurate traffic estimates [3], redundant data, bandwidth problems [4], and reliability problems
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[5]. These problems may cause insufficient precision or even
failure in traffic congestion prediction.
The second challenge is to guarantee the accuracy, instantaneity, and reliability of traffic congestion prediction. Existing systems do not fully address and resolve this challenge.
The VANET-based approach involves considerable propagation delays and low reliability, whereas the infrastructurebased approach generally uses GPS data and data from
limited number of sensors that lack flexibility. Furthermore,
most applications of the infrastructure-equipped approach
use HTTP-based protocols for gathering and transferring
data between a central computing unit and vehicles and
equipment. This not only hinders integration with various
types of sensor equipment but may also cause a serious
overhead problem if the vehicle number increases markedly
in a traffic congestion situation or if the amount of data
transferred over a long period of time increases substantially.
In contrast, because of the complexities of traffic congestion
problems, these systems’ mechanisms simply classify traffic
congestion levels by analyzing the traffic information on the
basis of their own rules without verifying the real-time traffic
conditions. This may result in false prediction [6].
Considering the aforementioned problems, this paper
proposes a traffic congestion monitoring system using real
traffic data based on Message Queue Telemetry Transport
(MQTT) for investigating traffic congestion patterns; the proposed system has the advantages of both an infrastructurebased approach and MQTT techniques: the flexibility to
support the integration of various types of sensors for trafficflow observation in low-bandwidth and high-latency vehicular network environments of MQTT and the high reliability
and accurate traffic-flow formalization of an infrastructurebased approach. This research also adopted a fuzzy rulebased method to address complex nondeterministic problems such as traffic congestion determination. Furthermore,
the proposed system is designed as a distributed system to
eliminate computational bottlenecks and to avoid overhead
problems, which is especially suitable for traffic congestion
situations in which numerous communications are required
due to the markedly increased number of vehicles. First, the
authors formalized vehicle detector (VD) data provided by
Taiwan’s government according to a macroscopic traffic-flow
model. To provide a road segment-based traffic congestion
monitoring service, the geographic map was converted to a
segmented structure. Subsequently, the authors established
a publish/subscribe platform using the MQTT protocol.
Then, the authors defined the traffic congestion monitoring
method and designed a mechanism that uses the segmented
structure to predict local traffic congestion. The authors
also designed and developed a real-time origin-destination
traffic congestion service by using MQTT’s publish/subscribe
feature. Finally, to verify the proposed system’s feasibility,
the authors implemented a system prototype for both the
control center and vehicles to evaluate user interfaces and
communications and the system’s performance.
The remainder of this paper is organized as follows.
Section 2 briefly describes the current relevant research
and technology. Section 3 discusses the proposed traffic
congestion monitoring method in detail. Section 4 details
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the implementation prototype. In Section 5, the experimental
results are demonstrated. Finally, Section 6 presents conclusions and future research directions.

2. Related Work
The Internet of Things (IoT) era has opened up as an
emerging research trend over recent years. The IoT has
originated from the needs of better monitoring, control, and
management in various areas, such as healthcare, education,
entertainment, energy manager [7], and transportation [8].
The IoV plays as a part of the IoT, but it has distinctive
characteristics. In the IoV, the mobility of vehicles is an
important topic that needs to be paid attention. The IoV
involves the way to gather information regarding sensors [9]
on vehicles, roads, and their surroundings onto mobility platforms with the integration of the Internet. Based on collected
information, IoV systems can effectively support vehicles by
providing numerous services, including entertaining, guiding, surveillance, and protecting from unattended collision.
IoV technologies aim to use in intelligent transportation
systems (ITS) which deliver intelligent traffic applications
as the typical IoT applications in mobility environment. In
recent years, the IoV is proposed to provide more convenient
services. Yang et al. [10] proposed an abstract IoV network
model, which considers various connections of vehicles,
roads, environments, and pedestrians. Fu et al. [11] present
an effective way to solve the parking problem based on the
reservation optimization parking recommendation model in
the IoV environment. The model adopts a phased approach to
actively recommend to drivers by means of interacting with
the considering of evaluation indicators.
With the development trend of the IoV, a huge number
of sensors and vehicles tend to continuously connect to
the Internet which may constitute the network bandwidth
challenge. Due to this reason, it is necessary to develop
suitable lightweight protocols for using in IoT/IoV environments. MQTT is one of the best developed candidates for
this purpose. MQTT uses publish/subscribe model to get the
polling information, and thus it can eliminate unnecessary
communications that helps to save the energy consumption
and lowers the delay for communication in vehicle environment compared to HTTP. Yokotani and Sasaki [12] proved
that the MQTT protocol is more scalable and reliable for
applications, which requires very high data transmission
frequency as in IoV environments. In a deeper research, Del
Campo et al. [13] presented an integrated different-degrees
MQTT protocol architecture, which has an ability of effective
and reliable distribution of notification messages among
different actors. The proposed architecture has been adopted
for the home monitoring of patients with dementia. Szabó
and Farkas [14] presented a design for smart city application
using MQTT publish/subscribe model for communication
functions. The design aims to apply to crowd-sourcing based
smart applications, such as smart travel planner or smart
parking in the cities.
Traffic congestion deals with negative impacts to people’s
lives. Numerous research studies have highlighted the effect
of traffic congestion, such as decreasing productivity and
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Table 1: Historical VD Data Fields.
Device ID

Longitude, latitude

Date time

Lane order

Vehicle volume

Average speed

Max speed

Travel direction

Table 2: Real-time vehicle’s data fields.
Vehicle ID

Destination

Longitude, latitude

worsening pollution and increasing the transportation cost
[15]. The traffic congestion effect can be seen in any country
no matter it is a developing country or developed country. Traffic congestion is classified into two categories [16]:
recurrent and nonrecurrent. Recurrent traffic congestion is a
frequent basis type caused by various factors such as dramatic
increases of traffic flow during peak hour [17] or repeated onramp and off-ramp road network [18]. Nonrecurrent congestion is an irregular type, which may happen due to road network disruptions such as road accidents and natural disaster
[19]. To tackle with the traffic congestion problems, various
scenarios have been proposed, which depended on various
traffic flow detection techniques. Gholve and Chougule [20]
proposed a wireless sensor network-based traffic congestion detection system for highways, which has developed a
protocol to guarantee the communication between sensor
nodes and was prototyped on an Arduino embedded device.
The proposed system used magnetic sensors for vehicle
detection through proper signal conditioning and use of data
processing. Bhoraskar et al. [21] adopted probe vehicle-based
techniques in cooperation with using of nonintrusive method
to detect traffic congestion in Mumbai’s road network. The
proposed system archived promising results in using smart
phones sensors for traffic congestion detection.

3. Traffic Congestion Monitoring Scheme
In this section, the authors present the proposed traffic congestion monitoring scheme, particularly VD data collection,
traffic-flow modelling, segmented structure establishment,
publish/subscribe mechanism according to time and location, local segment traffic congestion prediction, and the
origin-destination traffic congestion service for drivers.
3.1. Data Collection. Real data collection and analysis are
vital requirements for forming a realistic system. In this
subsection, the authors describe the collection of VD data
and real-time vehicular data. The collected data are used
to formalize fundamental factors according to macroscopic
traffic-flow models, establish a segmented structure, and
predict traffic congestion.
3.1.1. Vehicle Detector Data Collection. In this study, the
authors used VD data to determine traffic conditions. VD
data analysis was performed to formalize the fundamental
factors according to the macroscopic traffic-flow model
that and used to extract information about the distribution
of traffic flows. Furthermore, at the beginning of system
development, more than 184 million historical VD records
concerning traffic on the main roads of Taichung City,

Date time

Speed

Taiwan, were sorted in ascending order of the recorded time.
Table 1 illustrates the data fields.
The device ID is a number unique to each VD device used
to identify which device is recording. Longitude and latitude
field indicates the location of the VD device. Longitude and
latitude are also used to identify the road segment. For roads
with more than one lane, lane order is the order number of
the lane for which the traffic information has been obtained,
and each record represents one lane of the road segment. The
date-time field is used to store the time stamp of the recorded
traffic event. Historical VD records represent traffic events
and were obtained at 5-minute intervals. The vehicle volume
field indicates the number of vehicles occupying the current
lane of the road segment. The average speed field indicates the
average speed of vehicles, which was measured using the VD
devices. Speed limit is used to define the maximum allowable
speed of the road lane. Travel direction is used to determine
lanes whose travel direction is the same.
3.1.2. Real-Time Vehicular Data Collection. The insufficiency
of just-in-time information is a major cause of traffic congestion. In this study, to manage traffic congestion problems,
real-time movement-related vehicular data are focused. In
this system, the authors presume that vehicles play two
roles. The first role, vehicles act as normal users that can
subscribe to published topics to receive traffic congestion
information using the MQTT model. In fact, each vehicle has
a distinct origin-destination route. Thus, the proposed system
provides vehicles the initiative in their origin-destination
traffic congestion information. To handle origin-destination
traffic congestion matter, each vehicle maintains a status table
as shown in Table 2.
The vehicular ID is the unique vehicle registration plate
number. The destination indicates the desired destination of
predefined route. Longitude and latitude are used to identify
the current road segment where the vehicle is located. The
date-time field is used to determine the time when the record
was recorded. The speed is the vehicle’s current speed, which,
in combination with vehicle location, is used for origindestination traffic congestion service.
A vehicle acts the second role when the vehicle is selected
as the header of a segment with a high possibility of congestion to publish information to MQTT topics. Each header
is assigned to estimate traffic-flow and predict local traffic
within its road segment. This design intends to eliminate
communication redundancy and computational bottlenecks.
Consequently, the overall performance and computational
ability of the system should be improved. In the proposed
system, the header vehicles and sensors possess a predefined identification number that helps the control center
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1 First segment

2

2 Normal segment
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3 Last segment
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Figure 1: VD based segmentation.

determine them in advance. Then, the control center can
collect the header vehicles’ data following the topic structure
⟨𝐷𝑎𝑡𝑎𝐶𝑜𝑙𝑒𝑐𝑡𝑖𝑜𝑛/𝑆𝑜𝑢𝑟𝑐𝑒𝐼𝐷⟩.

Second, the last segment can be determined using the
following:

3.2. Segmented Structure. In fact, each segment of a road
network exhibits different traffic-flow levels, and traffic congestion usually occurs in high-traffic-flow road segments.
Traffic congestion starts at a specified road segment when
the vehicle number reaches the capacity of the road segment.
Thereafter, traffic congestion may propagate from a congested
road segment to neighboring road segments. Because of
this characteristic, the authors used historical VD data to
investigate road network traffic-flow levels, which benefits
local traffic congestion prediction. First, the authors used
longitude and latitude information to locate VD devices
on a geographical map as shown in Figure 1(a). Each VD
device is denoted by a red legend as the location symbol.
Based on the recommendation of Taiwan’s government and
to avoid redundant data in traffic observation, as well as
wasted deployment and maintenance costs, a VD device
should be recommended to be placed at a suitable location
to guarantee that each VD device observes traffic flows on its
own predefined road.
Subsequently, the authors divided the geographical map
into segments as shown in Figure 1(b). The authors assumed
that 𝑁 is the number of VD devices on a road; then, VD
devices were ordered from 1 to 𝑁 following the numbering
rule of the road. Thus, the number of segments on each road
depends on the number of VD devices. The determination of
each segment of the road follows three rules. First, the first
segment can be determined using the folloiwng:

= {(𝑥𝑅𝑁−1 , 𝑦𝑅𝑁−1 ) | dist (𝑥𝑁−1 , 𝑦𝑁−1 , 𝑥𝑅𝑁−1 , 𝑦𝑅𝑁−1 )

startpos(VD1 ) = (𝑥𝑅0 , 𝑦𝑅0 )
endpos(VD1 ) = {(𝑥𝑅1 , 𝑦𝑅1 ) | dist (𝑥1 , 𝑦1 , 𝑥𝑅1 , 𝑦𝑅1 )

(1)

= dist (𝑥𝑅1 , 𝑦𝑅1 , 𝑥2 , 𝑦2 )} ,
where (𝑥𝑅0 , 𝑦𝑅0 ) denotes the latitude and longitude coordinates of the start point of the road and (𝑥1 , 𝑦1 ) and (𝑥2 , 𝑦2 )
denote the latitude and longitude coordinates of VD1 and
VD2 , respectively.

startpos(VD𝑁 )

= dist (𝑥𝑅𝑁−1 , 𝑦𝑅𝑁−1 , 𝑥𝑁, 𝑦𝑁)}

(2)

endpos(VD𝑁 ) = (𝑥𝑅𝑁 , 𝑦𝑅𝑁 ) ,
where (𝑥𝑅𝑁 , 𝑦𝑅𝑁 ) denotes the latitude and longitude coordinates of the last point of the road and (𝑥𝑁−1 , 𝑦𝑁−1 ) and
(𝑥𝑁, 𝑦𝑁) denotes the latitude and longitude coordinates of
VD𝑁−1 and VDN , respectively. The last rule is used to
determine VD𝑖 segments, where 1 < 𝑖 < 𝑁 defines socalled normal segments. In the proposed system, a segment
𝑖 where a VD𝑖 device is located can be calculated using the
latitude and longitude of the VD𝑖 device and two neighboring
VD devices. The formulas for segment determination can be
expressed as follows:
startpos(VD𝑖 )
= {(𝑥𝑅𝑖−1 , 𝑦𝑅𝑖−1 ) | dist (𝑥𝑖−1 , 𝑦𝑖−1 , 𝑥𝑅𝑖−1 , 𝑦𝑅𝑖−1 )
= dist (𝑥𝑅𝑖−1 , 𝑦𝑅𝑖−1 , 𝑥𝑖 , 𝑦𝑖 )}

(3)

endpos(VD𝑖 ) = {(𝑥𝑅𝑖 , 𝑦𝑅𝑖 ) | dist (𝑥𝑖 , 𝑦𝑖 , 𝑥𝑅𝑖 , 𝑦𝑅𝑖 )
= dist (𝑥𝑅𝑖 , 𝑦𝑅𝑖 , 𝑥𝑖+1 , 𝑦𝑖+1 )} ,
where (𝑥𝑖 , 𝑦𝑖 ) denotes the latitude and longitude coordinates
of current VD device ordered as VD𝑖 and (𝑥𝑖−1 , 𝑦𝑖−1 ) and
(𝑥𝑖+1 , 𝑦𝑖+1 ) denote the latitude and longitude coordinates of
two neighboring VD devices ordered as VD𝑖−1 and VD𝑖+1 .
Finally, both the control center and vehicles can use
MQTT publish/subscribe to exchange traffic congestion
information in the model based on a segmented structure.
3.3. Traffic Flow Modelling. Traffic congestion problem management requires an explicit understanding of how traffic
flow operates. Thus, many traffic-flow theories have been
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investigated over the last 60 years, and three types of trafficflow models predominate, namely, microscopic, mesoscopic,
and macroscopic [22]. Macroscopic models adopt a viewpoint of vehicular flow that is suited to large-scale network
applications. Macroscopic models analyze three fundamental
factors: velocity V (km/h), density 𝑑 (vehicles/km), and flow 𝑓
(vehicles/h). Velocity V = V(𝑥, 𝑡) denotes the average velocity
of vehicles on road segment 𝑥 at time 𝑡. Density 𝑑 = 𝑑(𝑥, 𝑡)
denotes the number of vehicles on road segment 𝑥 at time 𝑡.
Flow 𝑓 = 𝑓(𝑥, 𝑡) denotes the number of vehicles passing road
segment 𝑥 at time 𝑡. The relationship between flow, density,
and velocity can be expressed as follows:
𝑓 = 𝑑V

(4)

For traffic flow factor calculation in this study, the authors
used the real-time VD data that are shown in Table 1.
The first factor of traffic flow, the velocity of a segment can
be calculated as expressed in the following:

V=

∑𝑚
𝑘=1

Velocityavg
𝑚

lane𝑘

(5)

,

where V denotes the average velocity of the segment,
is the average velocity in lane 𝑘, and 𝑚 is the
Velocityavg
lane𝑘
number of lanes with the same travel direction. Subsequently,
the vehicle density is calculated as the number of vehicles per
kilometer, which is expressed in the following:
𝑑=

∑𝑚
𝑘=1 Vehiclevolumelane 𝑘
.
𝑙

(6)

The last factor, the flow reflects the number of vehicles passing
through a road segment. On the basis of the relationship

TCC =

𝐼𝑑
𝐼V

IND =

𝑑
𝐷max

V
,
{
{
{ 𝑉max
INV = { ∑𝑚 (Velocity
{
avg
{ 𝑘=1
{

between density, velocity, and flow, as expressed in (4), the
flow is calculated as shown in the following:
𝑚

𝑓 = ∑ Velocityavg
𝑘=1

lane𝑘

∗(

Vehiclevolumelane 𝑘
).
𝑙

(7)

3.4. Local Segment Traffic Congestion Prediction. In this section, the authors provide a solution for local traffic congestion
or road segment-based traffic congestion. First, the authors
analyzed historical VD data to construct an observation table,
which is used to identify road segments at a high risk of
traffic congestion during specific hours of the day and on
specific days of the week. Then, the authors evaluated the
current traffic congestion situation of these road segments by
using a fuzzy rule-based method on the basis of velocity and
density. Finally, the authors performed a verification process,
which involved using the remaining flow factors of these road
segments and their neighboring road segments.
3.4.1. Traffic Congestion Observation Table. To identify road
segments at a high risk of traffic congestion and provide a
global view of traffic transition, the authors used historical
VD data for traffic analysis to build a traffic congestion observation table. In the past, density and velocity characteristics
were used in a simple combination of their value range to
determine the traffic congestion condition. For example, traffic congestion is identified in a road, which has a high vehicle
density and a low velocity value. However, this strategy has
limitations attributable to range value classification, because
the range values of density and velocity vary greatly from
road to road. This may cause inaccurate estimation and failure
in traffic congestion prediction. Because of this problem, the
authors propose the traffic congestion coefficient (TCC) concept, which represents the possibility of a traffic congestion
condition existing on a large-scale road network. The TCC is
calculated as shown in the following:

(8)
if all lanes have the same 𝑉max
lane𝑘

𝑚

where
𝐼𝑑 is the density performance index;
𝐼V is the velocity performance index;
𝑑 is the average density of the road segment;
V is the average velocity of the road segment;

/𝑉Maxlane 𝑘 )

,

if each lane have a different 𝑉max ,

𝑉max is the maximum limitation velocity of road
segment;
𝐷max is the maximum recorded density in the road
segment;
is the average velocity of lane 𝑘 in the
Velocityavg
lane𝑘
road segment;
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Table 3: Traffic congestion observation table.

Day of week
Sat.
Sat.

Time interval
(17-18)
(17-18)

Segment ID
V069320
V029500

Location
(24.145285, 120.632205)
(24.17083, 120.685352)

Congestion coefficient value
1.25
0.8

𝑉Maxlane 𝑘 is the maximum limitation velocity of lane 𝑘
in the road segment;

represents
and in time slot 𝑗 are initialized. 𝐼𝑁𝐷𝑟𝑖𝑑(𝑡𝑑)
𝑖𝑗

𝑙 is the road segment length;

resents the velocity performance index value; 𝐷𝑖𝑗𝑟𝑖𝑑(𝑡𝑑)

𝑚 is the number of lanes which have the same travel
direction.
Because VD data records are extremely numerous, the
records should be effectively analyzed to derive useful information. Thus, the authors divided historical VD records into
seven sets, one for each day of the week, and then divided
each set into 24 subsets, one for each hour of the day. Once the
historical VD data records had been classified, the congestion
coefficient value of segments in each set was calculated. The
following assumptions are defined to explain the calculation
efficiently:
1. 𝑊 = {𝑀𝑜𝑛, 𝑇𝑢𝑒, 𝑊𝑒𝑑, 𝑇ℎ𝑢, 𝐹𝑟𝑖, 𝑆𝑎𝑡, 𝑆𝑢𝑛} indicates
the day of the week of investigation.
2. 𝑇𝐼 = {(0-1), (1-2), . . . , (23-24)} indicates the time
interval of investigation.
3. 𝑇𝐷 = {𝑡𝑑0 , 𝑡𝑑1 } indicates the travel direction.
4. 𝑅𝑖𝑗 = {𝑟1 , 𝑟2 , . . . , 𝑟𝑢 } indicates a set of historical VD
records on day of the week 𝑖 ∈ 𝑊 and in time slot
𝑗 ∈ 𝑇𝐼.
5. 𝑅𝐼𝐷 = {𝑟𝑖𝑑1 , 𝑟𝑖𝑑2 , . . . , 𝑟𝑖𝑑𝑛 } indicates the set of road
segment IDs.
6. 𝑇𝐶𝐶𝑟𝑖𝑑(𝑡𝑑)
indicates the TCC of travel direction td of
𝑖𝑗
road segment rid on day of the week 𝑖 ∈ 𝑊 and in
time slot 𝑗 ∈ 𝑇.
7. 𝐼𝑁𝐷𝑟𝑖𝑑(𝑡𝑑)
indicates the density performance index of
𝑖𝑗
travel direction td of road segment rid on day of the
week 𝑖 ∈ 𝑊 and in time slot 𝑗 ∈ 𝑇.
8. 𝐼𝑁𝑉𝑟𝑖𝑑(𝑡𝑑)
indicates the velocity performance index of
𝑖𝑗
travel direction td of road segment rid on day of the
week 𝑖 ∈ 𝑊 and in time slot 𝑗 ∈ 𝑇.
𝑟𝑖𝑑(𝑡𝑑)
indicates the maximum recorded density of
9. 𝐷𝑚𝑎𝑥
road segment rid.

10. 𝑁𝑖𝑗𝑟𝑖𝑑(𝑡𝑑) indicates the number of historical TCCs of
road segment rid on day of the week 𝑖 ∈ 𝑊 and in
time slot 𝑗 ∈ 𝑇.
The following TCC calculation algorithm should be executed
at the end of the day of the week 𝑖 and time slot 𝑗 as shown in
Algorithm 1.
, 𝐼𝑁𝑉𝑟𝑖𝑑(𝑡𝑑)
, 𝐷𝑖𝑗𝑟𝑖𝑑(𝑡𝑑) ,
1. (Lines (1)–(4)) First, 𝐼𝑁𝐷𝑟𝑖𝑑(𝑡𝑑)
𝑖𝑗
𝑖𝑗

and 𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑟𝑖𝑑(𝑡𝑑) variables, which are used for TCC
calculation for each road segment on day of the week 𝑖

the density performance index value; 𝐼𝑁𝑉𝑟𝑖𝑑(𝑡𝑑)
rep𝑖𝑗

represents the density value; 𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑟𝑖𝑑(𝑡𝑑) denotes the
number of records for each day of the week 𝑖 and time
slot 𝑗. At the beginning, variable values are assigned
as zero or NULL.
2. (Lines (5)–(11)) Second, each historical VD data
record is investigated to extract the speed and volume
information of vehicles. The information is classified by road segment. The calculation results are
and 𝐷𝑖𝑗𝑟𝑖𝑑(𝑡𝑑)
temporarily expressed as the 𝐼𝑁𝑉𝑟𝑖𝑑(𝑡𝑑)
𝑖𝑗
variables of each road segment.
3. (Lines (12)–(15)) Third, the previous values of TCC,
number of TCC calculation, and max density are read
for TCC calculation.
4. (Lines (16)–(19)) To improve the accuracy of density
performance index calculation, the estimated density
value of the current session is evaluated by comparing
it with the maximum density. If the current density
value is greater than the maximum density value, the
maximum density value is updated as the current
density value.
5. (Lines (20)–(22)) Subsequently, the TCC of each road
segment in time slot 𝑗 and day of the week 𝑖 is
calculated on the basis of (8), (12), and (13), which
considers both current session data and previous
session data.
6. (Lines (23)–(26)) Finally, the calculated TCC value
and the number of TCC calculation session of each
road segment are stored in the database for the next
TCC calculation session.
The calculation results are maintained as tables in the control
center; each table corresponds to a set of historical VD data
as illustrated in Table 3. Furthermore, to quantify the TCC
values, the authors define two types of road segments on the
basis of their correlated range of TCC values: first, a road
segment with a high possibility of traffic congestion has a
TCC value greater than 1; second, a road segment with a
low possibility of traffic congestion has a TCC value equal
to or lower than 1. The first type has a high possibility of
traffic congestion, whereas the second type is almost traffic
congestion free. If a road segment’s TCC value equals 1, its
density and velocity correlate sufficiently to guarantee stable
traffic conditions on the road.
3.4.2. Fuzzy-Based Traffic Congestion Evaluation. Fuzzy
rules-based methods are a particularly suitable solution for

Wireless Communications and Mobile Computing

7

TCC Calculation Algorithm
=0
(1) 𝐼𝑁𝐷𝑟𝑖𝑑(𝑡𝑑)
𝑖𝑗
(2) 𝐼𝑁𝑉𝑟𝑖𝑑(𝑡𝑑)
=0
𝑖𝑗
(3) 𝐷𝑖𝑗𝑟𝑖𝑑(𝑡𝑑) = 0
(4) 𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑟𝑖𝑑(𝑡𝑑) = 0
(5) For each 𝑟𝑘 ∈ 𝑅𝑖𝑗 do
(6)
If rk .device id = 𝑟𝑖𝑑𝑝 and rk .travel direction = 𝑡𝑑𝑞 then
𝑟𝑘 .𝑉avg
𝑟𝑖𝑑 (𝑡𝑑 )
𝑟𝑖𝑑 (𝑡𝑑 )
(7)
𝐼𝑁𝑉𝑖𝑗 𝑝 𝑞 = 𝐼𝑁𝑉𝑖𝑗 𝑝 𝑞 +
𝑟𝑘 .𝑉𝑀𝑎𝑥
𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

𝐷𝑖𝑗

(8)

= 𝐷𝑖𝑗

𝑟𝑘 .𝑉𝑒ℎ𝑖𝑐𝑙𝑒 V𝑜𝑙𝑢𝑚𝑒

+

Length (𝑟𝑖𝑑𝑝 )

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

(9)
𝑐𝑜𝑢𝑛𝑡𝑒𝑟
= 𝑐𝑜𝑢𝑛𝑡𝑒𝑟
+1
(10)
End if
(11) End for
(12) For each traveling direction 𝑡𝑑𝑞 ∈ 𝑇𝐷 of 𝑟𝑖𝑑𝑝 ∈ 𝑅𝐼𝐷 do
𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

(13)

Read (𝑇𝐶𝐶𝑖𝑗

(14)

Read (𝑁𝑖𝑗

(15)

𝑝
Read (𝐷𝑖𝑗𝑀𝑎𝑥

(16)

𝑟𝑖𝑑 (𝑡𝑑 )
(𝐷𝑖𝑗 𝑝 𝑞

(17)
(18)

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

𝑟𝑖𝑑 (𝑡𝑑𝑞 )

If

)

)
𝑟𝑖𝑑 (𝑡𝑑𝑞 )

𝑝
∗ 𝑟𝑖𝑑𝑝 .𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑛𝑒𝑠)/𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 ) > 𝐷𝑖𝑗𝑀𝑎𝑥

𝑟𝑖𝑑 (𝑡𝑑𝑞 )

𝑟𝑖𝑑 (𝑡𝑑 )
𝐷𝑖𝑗 𝑝 𝑞

𝑝
𝐷𝑖𝑗𝑀𝑎𝑥

←

Write

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )
(𝐷𝑖𝑗𝑀𝑎𝑥
)

(19)

End if

(20)

𝑟𝑖𝑑 (𝑡𝑑 )
𝐼𝑁𝑉𝑖𝑗 𝑝 𝑞

=

(21)

𝐼𝑁𝐷𝑖𝑗

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

=

(22)

𝑇𝐶𝐶𝑖𝑗

(23)

𝑟𝑖𝑑
𝑁𝑖𝑗 𝑘

(24)

Write (𝑇𝐶𝐶𝑖𝑗

(25)

)

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

=

∗ 𝑟𝑖𝑑𝑝 .𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑛𝑒𝑠
𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

𝐼𝑁𝑉𝑖𝑗

𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )
𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

𝐷𝑖𝑗

∗ 𝑟𝑖𝑑𝑝 .𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑛𝑒𝑠
𝑟𝑖𝑑 (𝑡𝑑𝑞 )

𝑝
𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 ) ∗ 𝐷𝑖𝑗𝑀𝑎𝑥

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

=

𝑟𝑖𝑑
𝑁𝑖𝑗 𝑘

𝑇𝐶𝐶𝑖𝑗

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

∗ 𝑁𝑖𝑗

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

+ 𝐼𝑁𝐷𝑖𝑗

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

𝑁𝑖𝑗

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

/𝐼𝑁𝑉𝑖𝑗

+1

+1

𝑟𝑖𝑑𝑝 (𝑡𝑑𝑞 )

Write

then

)

𝑟𝑖𝑑 (𝑡𝑑 )
(𝑇𝐶𝐶𝑖𝑗 𝑝 𝑞 )

(26) End for
Algorithm 1: Pseudocode of TCC calculation algorithm.

addressing complex nondeterministic problems, including
transportation field [23]. In this paper, the authors propose
a fuzzy logic-based traffic congestion evaluation method
that uses the estimated traffic density and velocity performance index of a road segment as input parameters. The
proposed method provides the results of traffic congestion
level evaluation. The method is applied to road segments
that are at a high risk of traffic congestion as determined
using the traffic congestion observation table and from
segments discovered to have traffic-flow values higher than

usual. The following assumptions are defined to explain the
algorithm.
1. RO = {𝑟𝑜1 , 𝑟𝑜2 , . . . , 𝑟𝑜𝑧 } denotes the set of records
in the corresponding traffic congestion observation
table of the evaluation.
2. UpdateIND denotes an updated density performance
index value of a segment.
3. UpdateINV denotes an updated velocity performance
index value of a segment.
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Initiation Algorithm of Fuzzy-based Traffic Congestion Evaluation
(1) 𝑈𝑝𝑑𝑎𝑡𝑒𝐼𝑁𝐷 = 0
(2) 𝑈𝑝𝑑𝑎𝑡𝑒𝐼𝑁𝑉 = 0
(3) For each rok ∈ 𝑅𝑂 do
(4)
If rok .congestion coefficient value > 1 then
(5)
𝐸V𝑎𝑙𝑢𝑎𝑡𝑖𝑜𝑛(𝑟𝑜𝑘 )
(6)
End if
(7)
Else
(8)
𝑈𝑝𝑑𝑎𝑡𝑒𝐼𝑁𝐷𝑟𝑜𝑘 = 𝐺𝑒𝑡 𝑢𝑝𝑑𝑎𝑡𝑒(𝑟𝑜𝑘 , 𝐼𝑁𝐷)
(9)
𝑈𝑝𝑑𝑎𝑡𝑒𝐼𝑁𝑉𝑟𝑜𝑘 = 𝐺𝑒𝑡 𝑢𝑝𝑑𝑎𝑡𝑒(𝑟𝑜𝑘 , 𝐼𝑁𝑉)
(10)

If 𝑈𝑝𝑑𝑎𝑡𝑒𝐼𝑁𝐷𝑟𝑜𝑘 /𝑈𝑝𝑑𝑎𝑡𝑒𝐼𝑁𝑉𝑟𝑜𝑘 > rok.congestion coefficient value then

(11)
𝐸V𝑎𝑙𝑢𝑎𝑡𝑖𝑜𝑛(𝑟𝑜𝑘 )
(12)
End if
(13)
Else exit
(14)
End else
(15) End for
Algorithm 2: Pseudocode of initiation algorithm of fuzzy-based traffic congestion evaluation.

The following initiation algorithm should be executed to start
fuzzy rule-based traffic congestion evaluation, as presented in
Algorithm 2.
1. (Lines (1)-(2)) First, the UpdateIND and UpdateINV,
which are used to store updated density performance
index value and velocity performance index value of
a segment, are initialized. At the beginning, variable
values are assigned as zero.
2. (Lines (3)–(6)) Second, each record of traffic congestion observation table is investigated to decide which
segments need to be evaluated using fuzzy rulesbased traffic congestion evaluation. If the current
coefficient value is greater than 1, the fuzzy rulesbased traffic congestion evaluation is activated on the
corresponding segment of the record.
3. (Lines (7)–(15)) Third, if the current coefficient value
is smaller than or equal to one, then the density performance index value UpdateIND and velocity performance index value UpdateINV of the corresponding
segment will be updated. Under this circumstance,
if division UpdateIND by UpdateINV is greater than
current coefficient value, which may represent an
abnormal traffic congestion situation. Subsequently,
the fuzzy rules-based traffic congestion evaluation is
required to perform on the corresponding segment of
the record.
The control center selects the header for each road segment
with a high possibility of traffic congestion. Normally, the
vehicle that has remained for the longest in each road segment
is selected as a header to maximize stability. For example,
a bus that has spent the longest time in a particular road
segment is selected as the grid header. In rare situations, in
which no vehicle is equipped with an onboard smart device
for header selection or most vehicles, including the selected
header, tend to leave the segment in an extremely short
time before the completion of traffic-flow estimation or local

traffic prediction, the control center is assigned to finalize
uncompleted tasks to guarantee stability. Consequently, each
header subscribes to a VD data topic that is maintained by
the control center to track real-time VD data. The real-time
VD data are used to estimate the traffic density and velocity
performance index of the road segment by using (12) and (13).
The estimation results are published to the control center by
using the MQTT publish method for maintaining traffic data
topic and used as input variables for fuzzy rules-based traffic
congestion evaluation.
Traffic congestion situation is directly linked with high
values of the density performance index. Consequently, the
high category of the density performance index is divided
into two further categories, high and very high. Thus,
the input variables are divided into fuzzy categories: the
fuzzy categories of the density performance index are very
high, high, medium, and low. The fuzzy categories of the
velocity performance index are low, medium, and high.
The partial degrees of membership functions are defined
as shown in Figure 2. The output fuzzy categories reflect
traffic congestion levels, which are assigned, according to
Taichung City Government’s traffic congestion classification framework, into four categories: free flow, stable flow,
unstable flow, and congested. The fuzzy rules are defined to
evaluate output fuzzy categories on the basis of input fuzzy
categories, which are shown in Table 4. Finally, the fuzzy
rules-based traffic congestion condition is evaluated using the
header.
3.4.3. Traffic Congestion Condition Verification. To minimize
false predictions, the authors propose traffic congestion
condition verification. Whereas traffic congestion predictions
involve employing road segment traffic velocity and density
characteristics to predict the traffic congestion condition, the
traffic congestion verification process entails analyzing the
close relationship between a road segment under investigation and neighboring road segments to verify the traffic
congestion condition of the road segment.
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Figure 2: Velocity and density performance index membership function.
Table 4: Fuzzy rules for traffic congestion evaluation.
Velocity performance index
Medium

Low
Density performance index
Low
Medium
High
Very High

Stable flow
Unstable flow
Congested
Congested

This relationship is used in traffic congestion verification
because of the shock wave phenomenon, in which each road
segment transfers traffic pressure to its neighboring. This
phenomenon may cause traffic congestion on neighboring
road segments and was first mentioned by Franklin [24]. A
shock wave is a type of kinematic wave. A shock wave occurs
when two continuous road segments 𝑟1 and 𝑟2 encounter
density shock ([𝑑𝑟 ] > 0, where [𝑑𝑟 ] = 𝑑𝑟2 − 𝑑𝑟1 ). The velocity
𝑉𝑠 of the shock wave can be obtained using the RankineHugoniot conditions [25], as shown in the following:
𝑉𝑠 =

[𝑓𝑟 ] (𝑓𝑟2 − 𝑓𝑟1 )
.
=
[𝑑𝑟 ] (𝑑𝑟 − 𝑑𝑟 )
2
1

(9)

Obviously, the direction awareness of 𝑉𝑠 depends on the sign
of the result of subtracting outflow traffic 𝑓𝑟2 from inflow
traffic 𝑓𝑟1 , since outflow traffic 𝑓𝑟2 being less than inflow
traffic 𝑓𝑟1 implies an upstream moving shock (𝑉𝑠 < 0), which
directly indicates a congested [22].

Free-flow
Stable flow
Unstable flow
Unstable flow

High
Free-flow
Free-flow
Stable flow
Stable flow

Table 5: Inflow neighbor table.
Segment ID

Inflow neighbor

On this basis, the proposed traffic congestion verification
proceeds as follows. When a road segment experiences a
congestion condition as defined using the fuzzy rules-based
method, traffic congestion verification is triggered by the control center. The control center thereafter maintains a trafficflow topic for each road segment as illustrated in Figure 3,
which allows the system to store information on traffic flow
and traffic direction for each road segment. Meanwhile, the
control center maintains an inflow neighbor table for each
road segment for managing inflow, as illustrated in Table 5.
The content of the inflow neighbor table is derived from
corresponding traffic-flow tables. Using the inflow neighbor
table of a particular road segment, the control center selects
a header in each road segment. Each header is thereafter
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≪Topic≫ TrafficData
≪Topic≫ SegmentID
≪Topic≫ OutFlowNeighbour
≪Topic≫ LaneID_1

≪Topic≫ LaneID_. . .

≪Topic≫ LaneID_n

≪Topic≫ LaneID_. . .

≪Topic≫ LaneID_n

≪Topic≫ LaneID_. . .

≪Topic≫ LaneID_n

≪Topic≫ LaneID_. . .

≪Topic≫ LaneID_n

≪Topic≫ VelocityValue
≪Topic≫ LaneID_1
≪Topic≫ DensityValue
≪Topic≫ LaneID_1
≪Topic≫ FlowValue
≪Topic≫ LaneID_1

Figure 3: Traffic flows MQTT topic.

responsible for traffic data estimation within its road segment.
The headers periodically upload flow value and density value
information for their road segments. Traffic data estimation
follows (6) and (7). Once the traffic data of the road segments
have been estimated, the verification process begins, during
which the traffic data of road segments under investigation
and inflow neighboring road segments, including flow and
density values, are collected. The headers transmit the data
to the control center for verification by using the MQTT
publish method. Subsequently, using the data received from
the headers of road segments under investigation and inflow
neighboring road segments, the control center examines
whether the data fulfil the Rankine-Hugoniot conditions.
The Rankine-Hugoniot conditions are evaluated under this
circumstance, as expressed in (10). A congested condition is
confirmed when 𝑉𝑠 < 0.
𝑉𝑠 =

[𝑓𝑟 ] (𝑓𝑟ivs − ∑ 𝑓𝑟inf )
,
=
[𝑑𝑟 ] (𝑑𝑟 − ∑ 𝑑𝑟 )
ivs
inf

(10)

where
𝑉𝑠 is the shock wave velocity;
𝑓𝑟 is the flow shock;
𝑑𝑟 is the density shock;
𝑓𝑟ivs is the outflow of the road segment under investigation;
𝑓𝑟inf is the inflow to the road segment under investigation from the inflow neighboring road segment;
𝑑𝑟ivs is the density of the road segment under investigation;
𝑑𝑟inf is the inflow to the road segment under investigation from the inflow neighboring road segment.
The following assumptions are defined to explain the congestion verification process:
1. 𝑅 = {𝑟1 , 𝑟2 , . . .} indicates a set of road segments.
2. 𝐺 = {𝑔1 , 𝑔2 , . . .} indicates a set of grid headers.
The algorithm used for traffic congestion verification is
described as shown in Algorithm 3.

3.5. Origin-Destination Traffic Congestion Service for Drivers.
An origin-destination traffic congestion service is proposed
to provide on-the-way congestion information for drivers
who travel through road segments to their destination. The
origin-destination traffic congestion service is used when a
traffic congestion condition has been verified on a road segment and the preselected travel route of the vehicle traverses
the verified road segment. The workflow of the proposed
mechanism is detailed as follows: once a congested condition
has been verified on a road segment, the control center
establishes the segments order number as 1 to denote the
road segment as a level 1 congestion road segment, creates an
event ID for the congestion, and changes the road segment’s
status to ‘congested.’ Vehicles on the inflow neighboring
road segments are then informed of the congested status.
Thereafter, each header of inflow neighboring road segments
that are classified as level 2 congestion road segments updates
the order value by increasing it by 1. This task is repeated
sequentially for level three congestion road segments and
so on. The task is completed when all interrelated inflow
neighboring road segments have updated their congestion
status. Once the process has been completed, each vehicle
with a unique traveling route that directly passes through the
verified congested segment will estimate origin-destination
traffic congestion information based on the instant distance
to the congested road segment and the velocity of the vehicle,
as illustrated in Figure 5.

4. System Prototype and Implementation
To provide traffic congestion monitoring service for drivers,
this study designed and implemented a simple prototype
system. We describe the framework of this prototype in this
section. Figure 4 illustrates the system architecture, which
consists of three parts: vehicles, the VD sensors subsystem,
and the control center subsystem. In the system, each vehicle
is equipped with an onboard smart device. The onboard
smart device allows drivers to receive traffic notifications
from the system and displays vehicle journey information.
The VD sensor subsystem is used to collect traffic data and
send the collected data to the control center. The VD sensor
subsystem includes VD sensors and a roadside unit (RSU).
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Traffic Congestion Condition Verification Operation
(1) If (Fuzzy Based Evaluation(rc ) == ‘congested’) then
(2)
Verfication Result = NULL
(3)
For each ri do
(4)
If (Exist Outflow(lanej ,rk ) == true) then
(5)
Update Neighbor(rj ) to inflow neighbor table of rk
(6)
End if
(7)
End For
(8)
For each inflow neighbor rk of rc do
(9)
𝑔𝑟𝑘 = Select header(rk )
(10)
End for
(11)
While (Verfication Result = NULL) do
(12)
𝑔𝑟𝑐 performs Update traffic(flow, density) to traffic flow table of rc
(13)
𝑔𝑟𝑐 performs Publish(flow, density, rc ) to the control center
(14)
For each inflow neighbor rk of rc do
(15)
𝑔𝑟𝑘 performs Update traffic(flow, density) to traffic flow table of rk
(16)
𝑔𝑟𝑘 performs Publish(flow, density, rk ) to the control center
(17)
End For
(18)
do Rankine-Hugoniot Validation(𝑟𝑖 , 𝑟𝑘1 , 𝑟𝑘2 , . . . , 𝑟𝑘𝑛 )
(19)
If (Rankine-Hugoniot Validation(𝑟𝑖 , 𝑟𝑘1 , 𝑟𝑘2 , . . . , 𝑟𝑘𝑛 ) < 0) then
(20)
Verfication Result == ‘Verified’
(21)
Else Verfication Result == ‘Failed’
(22)
Fuzzy Based Evaluation(rc ) = ‘unstable-flow’
(23)
End while
(24) End if
Algorithm 3: Pseudocode of traffic congestion condition verification.

Historical Data

Control Center
VD Sensors Subsystem

Vehicles

MQTT Broker

Roadside Unit

VD Sensors

Figure 4: System architecture.

The RSU is an embedded platform equipped with two types
of communication interface. The first interface is used to
directly connect to the VD device. The second interface is
used for wireless communication to connect to the control
center subsystem using the web API. The collected data are
then analyzed to characterize traffic-flow conditions. Then,
the analyzed data are uploaded to the system database and

act as a source of historical data for determining locations at
risk of future traffic congestion in order to provide a more
effective traffic congestion monitoring service. The control
center subsystem includes an MQTT broker, a control center
unit, and a database. The MQTT broker is established to
provide an MQTT connection as the core connection for
both vehicles and the VD sensors subsystem. This allows
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Traffic Congestion Forecasting Client System

Avg. Speed

Density

Current Road

Condition

Time to Impact

Taiwan Blvd. Sec. 2

Stable

N/A

Figure 5: Client interface of traffic congestion monitoring system.

vehicles and the VD sensor subsystem to communicate with
the control center unit. This unit is in turn responsible for
data collection, data analysis, observation table maintenance,
and publish/subscribe management to provide appropriate
notifications to drivers.
For the first part of implementation, a simple application
was designed to provide traffic-flow information regarding
the current road segment where the vehicle and the origindestination traffic congestion services are located. Drivers
can use the onboard device with an integrated 3G or LTE
interface to connect to the control center through the MQTT
broker. For the second part implementation, an MQTT
broker was established on a Windows-based server. The
authors used Mosquitto, an open-source message broker, as
the MQTT broker deployment package, which implements
the MQTT protocol versions 3.1 and 3.1.1. The established
MQTT broker allows drivers, the control center, and VD
sensors to implement the publish/subscribe mechanism by
using the public MQTT broker IP address and available topic
name. For the final part implementation, the control center
was implemented on a Microsoft Windows server-based host;
the interface was designed using Microsoft Visual Studio 2015
as the integrated development environment and C# as the
programming language. The ADO.NET entity data model
was used to manipulate data exchange between the control
center and database.
Figure 5 shows the application interface, which is
designed for the driver. The interface displays the vehicle’s
speed and traffic-flow information regarding the current road
segment. The driver can easily observe the traffic congestion
state of the road segment and the entire predefined travel
route. If traffic congestion occurs in any upcoming road
segment on the predefined route, the application alerts the
driver in advance and estimates the time remaining before

Figure 6: Control center interface of traffic congestion monitoring
system.

reaching the area of congestion. This actively assists the driver
in efficiently traveling to the destination. Figure 6 presents
various types of traffic congestion information obtained from
the road network that are used to assist the government’s
transportation division think tank, including congestion
maps and detailed information of all segments and reports.

5. Experimental Results
The authors present the results in two subsections. The first
subsection presents the TCC analysis results. The second
subsection presents the evaluation results of the proposed
traffic congestion monitoring scheme. Eclipse Neon, a Java
EE IDE, was used as the environmental development tool to
evaluate the average system response time of the proposed
system in comparison with traditional HTTP protocol base
systems. Furthermore, MATLAB version R2016a was used
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Figure 7: Traffic congestion coefficient analysis result of school area.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time

1.2
1
0.8
0.6
0.4
0.2
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time

Weekends
Weekdays

Weekends
Weekdays

(a) Business area, Gongyi Rd. Sec. 2 (first direction)

(b) Business area, Gongyi Rd. Sec. 2 (second direction)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time
Chongde Rd. Direction 1
Taiwan Blvd. Sec. 2 Direction 1
Chongde Rd. Direction 2
Taiwan Blvd. Sec. 2 Direction 2
(a) Area comparison, weekdays

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

TCC Value

TCC Value

Figure 8: Traffic congestion coefficient analysis result of business area.
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Figure 9: Area-based traffic congestion coefficient comparison.

to evaluate the performance of the proposed monitoring
method in comparison with 𝐾-Nearest Neighbor method.
5.1. Analysis Results of Traffic Congestion Coefficient. The
TCC was calculated for each road segment on the basis of its
velocity performance index and density performance index,
which were categorized according to hours of the day and
days of the week. Figure 7 indicates that the analysis results
of TCC distribution on Wenxin Road Section 3, a school
area, where there are several elementary and high schools.
Due to this characteristic, the Wenxin Road Section 3 has
significantly decreased the number of vehicles on weekends

and increased the number of vehicles on weekdays, which
directly affect the corresponding TCC values.
By contrast, the distributions of high TCC values on
Gongyi Road Section 2, a business area, retained a stable
distribution on both weekdays and weekends as shown in
Figure 8. The Gongyi Road Section 2 area is concentrated
on daily life services such as shopping, dining, and banking.
Figures 7 and 8 also reveal that the time distributions of high
TCC values in both areas, school area and business area, are
similar; peak times are approximately 8–10 a.m. and 5–7 p.m.
The usability of TCC in identifying high risk of traffic
congestion areas is also demonstrated as shown in Figure 9,
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where Taiwan Boulevard Section 2, a main road in the city
center, which usually faces the traffic congestion situation is
marked with a much higher TCC value than that of Chongde
Road, a suburban road.

Simultaneous Connection - MQTT QoS 0

5.3. Local Segment Traffic Congestion Prediction Result. This
subsection describes an evaluation of the performance of the
proposed fuzzy rules-based local segment traffic congestion
prediction conducted using MATLAB version R2016a. To
evaluate performance in real-world conditions, real data
recorded in May 2014 on Taiwan Boulevard Section 2 were
adopted as the experimental environment and parameter
values for the evaluation.
Figure 11(a) depicts the prediction results obtained using
the 𝑘-nearest neighbor method with 𝑘 = 5. The results show
that the 𝑘-nearest neighbor method predictions properly
predict the congestion state at the lowest traffic congestion
level but exhibit decreased accuracy at higher congestion
levels. In particular, the 𝑘-nearest neighbor method failed to
predict some states of the highest congestion levels, which
occurred at approximately 2 p.m. and 5 p.m. Figure 11(b)
shows the prediction results for the proposed fuzzy rulesbased method without a verification process. The proposed
method produces a prediction result identical to that of the 𝑘nearest neighbor method at the lowest level of traffic congestion but has improved accuracy at higher congestion levels.
Furthermore, the proposed method can determine highestlevel traffic congestion states which have been incorrectly
predicted using the 𝑘-nearest neighbor method. However,
without the verification process, several failed predictions
occurred between 1 p.m. and 2 p.m. Figure 11(c) shows the
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5.2. Average System Response Time. To evaluate the system
response time of the proposed system, which uses the
Mosquitto MQTT protocol in comparison with the conventional HTTP-based systems such as Jayapal and Roy
[26] or Sukode and Gite [1], an experimental HTTP server
and Mosquitto MQTT broker environment were established
on a local Microsoft Windows server-based host, and Java
was used as the implementation programming language to
evaluate simultaneous data transmission from vehicles to
the HTTP server or MQTT broker. Figure 10 shows system
response time results for HTTP and Mosquitto MQTT.
MQTT ran in three quality of service (QoS) modes, namely,
0 (at most once), 1 (at least once), and 2 (exactly once). MQTT
QoS mode 0 is the fastest; in this mode, the sender delivers
messages across the network without an acknowledgement
being sent. By contrast, MQTT QoS mode 2 is the slowest
but the safest mode; at least two pairs of transmissions
must be exchanged between sender and receiver to guarantee
that messages are properly received by the receiver before
they are deleted on the sender’s side. MQTT QoS mode
1, in which the sender must receive an acknowledgement
before sending a new message, is the default transfer mode
and was used in the system prototype. The results demonstrate that the proposed system with MQTT outperformed
the conventional HTTP-based system in system response
time.
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Figure 10: System response time.

prediction results for the proposed fuzzy rules-based method
along with the verification process, which demonstrates that
the verification process eliminated failed predictions during
states of high-level traffic congestion, indicating the accuracy
of the prediction.
Figure 12 provides a performance comparison of the
aforementioned methods. Figure 12(a) depicts a performance
comparison under the normal traffic condition. The normal
traffic condition implies traffic congestion of levels 1 and 2, as
indicated in Figure 11. The results revealed that the proposed
method outperformed the traditional 𝑘-nearest neighbor
method. Because the normal traffic condition does not imply
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Figure 12: Performance comparison.

a congested situation (i.e., traffic congestion level 3), no
verification is activated. Thus, the proposed method with
verification was determined to retain identical performance
to the original method for low levels of traffic congestion.
Figure 12(b) provides a performance comparison under
the high traffic condition in which traffic congestion level

3 is implied. Under this condition, the proposed method
demonstrated its comparative effectiveness in predicting congested situations with verification, providing a high success
rate of approximately 81%. Figure 12(c) depicts the overall
performance comparison. The overall rate indicates the
24-hour performance of these methods. The results revealed
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that the proposed method outperformed the 𝑘-nearest neighbor method with a greater than 10% lower error rate.

6. Conclusion
This paper proposes a distributed traffic congestion monitoring system on the IoV. The system responsively reacts to
numerous requests concerning the traffic congestion situation by combining the advantages of MQTT, a lightweight
protocol that has the ability to support low-bandwidth and
high-latency vehicular environments, and VD sensors, which
have high reliability and accuracy in traffic-flow monitoring. Furthermore, real-time data were used to formalize
the traffic-flow factors and predict traffic congestion states
through a fuzzy rule-based scheme. The proposed system not
only effectively monitors traffic congestion but also reduces
response time. The designed traffic congestion verification
process can help in improving local traffic congestion prediction efficiency, and origin-destination traffic congestion
service improves service quality, which will be provided
for drivers. Experimental results showed that the proposed
system was effective in predicting traffic congestion states
in terms of accuracy and system response time. In future
studies, the authors intend to improve the system’s flexibility
by enhancing the segmented structure to a hybrid structure
in which traffic-flow estimation can be based on both VD
sensors and vehicle-to-vehicle communications. The authors
additionally intend to improve local segment traffic congestion prediction and origin-destination traffic congestion
service for suitability with the hybrid segmented structure.
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Variable techniques have been used to collect traffic data and estimate traffic conditions. In most cases, more than one technology
is available. A legitimate need for research and application is how to use the heterogeneous data from multiple sources and provide
reliable and consistent results. This paper aims to integrate the traffic features extracted from the wireless communication records
and the measurements from the microwave sensors for the state estimation. A state-space model and a Progressive Extended
Kalman Filter (PEKF) method are proposed. The results from the field test exhibit that the proposed method efficiently fuses the
heterogeneous multisource data and adaptively tracks the variation of traffic conditions. The proposed method is satisfactory and
promising for future development and implementation.

1. Introduction
Various traffic detection methods have been used for the
freeway traffic surveillance and ITS application, such as
loop detectors, microwave sensors, video cameras, Bluetooth
sensors, cellphone probes, and GPS probes. In most cases,
more than one technology is available on a freeway segment.
Thus, it is a challenge to fully unitize the multisource data for
the construction of traffic state. The critical issues include the
following:
(i) The heterogeneity in the multisource measurements
(ii) The difference in the spatial or temporal resolution
(iii) The inconsistency in the measurements when they
should represent the same traffic state
Although the multisource data provide plentiful traffic
information, they still have the limitation in the overall spatial
or temporal coverage. A traditional method to construct
the network-wide picture of traffic state with limited measurements is the model-based estimation [1–3]. One of the
extensively used techniques for the estimation, known as

online Bayesian method, is Kalman filter and its extended
version, such as Extended Kalman Filter (EKF). Kalman filter
[4] has been implemented to solve the traffic problems with
linear relation [5]. Extended Kalman Filter fits the estimation
with nonlinear traffic flow models [3, 6–9]. A series of
works based on the EKF algorithm conducted by Wang
and Papageorgiou [3, 6–8, 10] have been applied in freeway
network with data from the fixed detector. The EKF algorithm
also has efficient performance on the estimation using data
from probe vehicles, such as GPS-based probe technique [9],
as well as cellphone activity data-based probe technique [1]
which uses the wireless communication records. However,
these works used a single-source data.
It has been proved that integrating multisource data can
increase the accuracy, reduce the ambiguous, and improve
the robust [11]. Bachmann et al. [12] provided a comparative
assessment of the different data fusion techniques for traffic
speed estimation, including distribution fusion techniques,
Kalman filter techniques, ordered weighted averaging, fuzzy
integral, and artificial neural network. The majority of recent
works on traffic data fusion are data-driven approaches [11,
13–17], which required a set of training data for the calibration
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of method. Hence, a data-driven method might fail when
there is no sufficient data for training and testing. Mannini
et al. made a further application of fused results by using
EKF to estimate the traffic speed [18]. On the other hand,
some model-based works using the macroscopic traffic flow
models were developed to fuse multisource data. Heilmann
et al. applied the linear Kalman filter to combine data from
local detector and electronic toll collection (ETC) system
[19]. Deng et al. [20] applied Clark’s approximation method
and Newell’s method to fuse data from three detectors, and
their estimator is also Kalman filter-based for the linear
measurement equations. Recently, Nantes et al. [2] devoted
to the development of an incremental EKF estimator for the
fusion of three heterogeneous data sources collected from
the arterials, with the assumption that all measurements
are independent. Comparatively, the model-based method
is superior to the data-driven method by considering the
relationship among the traffic variables.
In the application of a model-based method, it is important to define the relation between the measurements and the
traffic state variables. The newly developed data collection
technique usually requires an update or adjustment to this
relation model. The multisource data applied in this study are
the traffic features that are extracted from wireless communication records and traffic measurements from microwave
sensors. The traffic features from wireless communication
records are not direct traffic state variables, which is a
challenge for the application in the traffic state estimation.
The wireless communication records are also known as the
cellular communication records, including the records of
handoff, normal location update, and data transition. The
traffic features extracted from these wireless communication
records are different from the traffic information from the
handoff-based collection method [21]. Our recent work
shows that the application of these traffic features in the
traffic estimation is feasible [1]. This study aims to solve
the integration of these traffic features with the data from
the traditional fixed sensors for the traffic state estimation.
Accordingly, the above three critical issues of traffic data
fusion will be investigated in this study.
In this paper, we develop a Progressive Extended Kalman
Filter- (PEKF-) based estimator. There are several obvious
difference between the work of Nantes et al. [2] and our
work. First, we use different data sources, which leads to
different measurement equations in state-space model. And
it also results in different semantic, spatial, and temporal
synchronization of data. Moreover, the assumption of their
method is the dependence of each data source, while our
proposed method is based on the foreknowledge of the
precision of multiple collection approaches. Besides, our
study focuses on the application on the freeway while they
focus on the urban arterial roads.
The organization of the rest of the paper is as follows.
Section 2 presents a brief analysis on these two-source heterogeneous data. The following Section 3 describes the linkbased freeway traffic model. We built up a PEKF estimator
in Section 4. Section 5 applied the field data to assess the
performance of the proposed approach. Finally, several key
conclusions were drawn in Section 6.
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2. Analysis on the Characteristics of
the Multisource Data
2.1. The Multisource Data. As mentioned above, the multisource data stem from the wireless communication records
and the microwave sensors. Similar to other fixed sensors
(i.e., inductive loop detectors), the microwave sensors collect
the value of traffic flow and speed at the spot. However,
the sparse placement of sensors on the freeway in China
makes this technique only achieve the traffic information
from a small part of the road network. To some extent,
the probe-based techniques have the larger spatial coverage.
The wireless communication records of cellphones provide a
source to extract traffic state information. In some studies,
they used parts of these records; for instance, some used
the handoff records to obtain the traffic speeds [22–24]. To
achieve more samples and to better mine the potential value
of these wireless communication records, this study applied
all the records of wireless communication activities from the
cellular network to extract traffic information. Mainly, two
types of activities are included in the records: (1) system
signal, such as location area updates, handoffs, and billing
records, and (2) user activities, such as phone calls, text
messaging, and data services, such as web browsing, sending,
and checking emails [1].
The extraction procedure is named as the cellphone activity (CA) data-based method [1]. This method ambiguously
locates the on-board cellphones on the freeway according
to the geographic information of nearby cell towers. Two
traffic features are extracted which are nominated as unique
cellphone counts (UCC) and pseudo speed (PS). Compactly,
the method includes the following steps. First, find out the cell
towers whose signal covers the freeway. Second, project these
cell towers on the freeway as the virtual sensor sites. Third,
determine the moving direction of a on-board cellphone
on the freeway by tracking the change of virtual sensor
sites, that is, the cell towers that continuously record the
activities of this cellphone. Fourth, the UCC of a freeway is
calculated by counting the cellphones in the same direction
and recorded by the cell towers on the same freeway link.
Fifth, the PS of a cellphone ambiguously equals the distance of
two adjacent virtual sensor sites divided by the time between
two sequential records. Because of the ambiguous positioning
of the on-board cellphones, UCC and PS could not directly
equal the traffic state variables. It was found that these traffic
features had a link-based characteristic, which meant that
some freeway links could generate good data that closely
related to the traffic state variables [1]. Besides, it was proven
that the physical meaning of UCC changes depended on the
traffic state. Accordingly, the relation models were set up as
follows [1].
(1) The relation model of PS and traffic speed is as follows:
𝑚𝑖V𝑐 (𝑘) = V𝑖 (𝑘) + 𝜂𝑖V𝑐 (𝑘) ,

(1)

where V𝑖 (𝑘) (in km/h) denotes the traffic speed at Link 𝑖 at the
time interval 𝑘, 𝑚𝑖V𝑐 (𝑘) (in km/h) denotes the measurements
of PS at Link 𝑖 at the time interval 𝑘, and 𝜂𝑖V𝑐 (𝑘) denotes the
corresponding PS noise.
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Figure 1: Speed measurements from multisensors: (a) on Link 1; (b) on Link 19.

(2) The relation model of UUC and the traffic state
variable (density or flow) is as follows:
Since the relationship depended on the traffic state, a
conditional function was developed [1]:
𝑚𝑖𝑐 (𝑘)
𝑐𝑞

{𝜃 (𝑘) ⋅ 𝑞𝑖 (𝑘) + 𝜂𝑖 (𝑘)
={
𝑐𝜌
𝜑 ⋅ 𝜌𝑖 (𝑘) + 𝜂𝑖 (𝑘)
{

when 𝑚𝑖V𝑐 (𝑘) ≥ V𝑐𝑟

(2)

when 𝑚𝑖V𝑐 (𝑘) < V𝑐𝑟 ,

where 𝑞𝑖 (𝑘) (in veh/h) denotes the traffic flow at Link 𝑖 during
the time interval 𝑘.
𝜌𝑖 (𝑘) (in veh/km/h) denotes the average traffic density
of Link 𝑖 during the time interval 𝑘, 𝑚𝑖𝑐 (𝑘) denotes the
𝑐𝑞
measurements of UCC during the time interval 𝑘, 𝜂𝑖 (𝑘) and
𝑐𝜌
𝜂𝑖 (𝑘) denote the corresponding UCC noise, 𝜃(𝑘) is a linear
coefficient which is a time-dependent variate, 𝜑 is a linear
coefficient which is a constant, and V𝑐𝑟 (in km/h) is the critical
speed to identify the traffic state.
The later six parameters will be discussed in Section 5.
2.2. Characteristics of the Heterogeneous Data. In this study,
it is essential to identify the differences between the heterogeneous multisource data to guide the fusion research.
Obviously, the multisource data in this study differ in semantic, temporal, and spatial coverage. The microwave sensors
provide the spot measurements while the traffic features of
CA data-based method are the link-average values. Besides,
they exhibit different accuracy. To explore their different in
the precision, we use the field data collected from the Jiangsu
freeway. The comparison between the speed measurements
from these two collection methods is shown in Figure 1. It
can be inferred from the figure that under free-flow condition
(the speed is over 50 km/h), the PSs from the wireless
communication records are not stable which fluctuate over
a large range. Figure 1(a) shows that the PSs are all below

50 km/h from 11:00 to 24:00 on Link 1 and from 16:40 to 24:00
on Link 19, but the spot speeds from the microwave sensors
show that the traffic switches between the free-flow state and
the low-speed state. The incident/accident reports from the
freeway operation center indicated that the traffic speeds were
slow during that time period. It proves that the PSs are more
accurate under the low-speed state compared with the speeds
from microwave sensors. The possible cause for the instability
of the microwave measurements is that the speed is collected
on the spot which could not reflect the average speed of a link.
There will be stop-and-go phenomenon especially under the
low-speed or congested state.
Based on the comparison, we make the following inferences to promote the construction of the estimator. First,
measurements from the microwave sensors are more stable
and accurate than the traffic features from wireless communication records under the free-flow condition. Second,
under the low-speed or congested condition, PS is regarded as
the accurate speed measurements. Obviously, it is important
to identify the traffic condition when both data sources are
available but conflict. According to the inferences, PS is more
reliable under the low-speed or congested condition. To avoid
the impact of the biased PS under the free-flow condition, we
set the following rules to identify the traffic condition when
speeds from two-source conflict.
The condition is low-speed or congested if one of the
following conditions is met:
(i) (𝑚𝑖V𝑐 (𝑘) < V𝑐𝑟 and 𝑚𝑖V𝑐 (𝑘 − 1) < V𝑐𝑟 but 𝑚𝑖V𝑚 (𝑘) ≥ V𝑐𝑟 ).
(ii) (𝑚𝑖V𝑐 (𝑘) < V𝑐𝑟 and 𝑚𝑖V𝑐 (𝑘 + 1) < V𝑐𝑟 but 𝑚𝑖V𝑚 (𝑘) ≥ V𝑐𝑟 ).
(iii) (𝑚𝑖V𝑚 (𝑘) < V𝑐𝑟 but 𝑚𝑖V𝑐 (𝑘) ≥ V𝑐𝑟 ).
Otherwise, it is the free-flow condition, where 𝑚𝑖V𝑚 (𝑘) (in
km/h) denotes the speed measurement (the time mean speed)
from the microwave sensors on Link 𝑖 at the time interval 𝑘.
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Figure 2: A freeway stretch, link division, sensor location, and cellular signal coverage [1].

3. Freeway Traffic Flow Modelling with
Multisource Data
The models include a macroscopic traffic flow model and
a measurement model. The macroscopic traffic flow model
describes the relationship between traffic variables including
speed, density, and flow. And the measurement model shows
the relationship between the heterogeneous measurements
and traffic variables.
3.1. Macroscopic Freeway Traffic Flow Model. This study
utilized one of the validated macroscopic traffic flow models,
that is, the METANET model [3]. The macroscopic model is
discretized in space and time. As shown in Figure 2, a freeway
stretch in a travel direction is divided into 𝑁 links with
length 𝐿 𝑖 , 𝑖 = 1, . . . , 𝑁. Time is discretized in an equal time
step 𝑇.
For the spatial synchronization of multisource measurements, the division of the freeway stretch follows some rules.
First, if there is a microwave sensor on a link, it is better to
locate in the middle of the link (or within the link), which
is different from some works that put the fixed detector at
the boundary of a link [3, 6]. Second, as an advantage of CA
data-based method, any length can be used as long as one or
more cell towers vertically projected to a link and the signal
from this or these cell towers could cover this link. Other rules
including the geometric difference (e.g., lane drops, on/offramps) could be applied, and it is optimal to have at most one
on- or off- ramp within a link [3]. In this study, we applied a
uniform length of 1 kilometer as a link length shown in the
following test section.
Based on the divided freeway link and time step, the
applied second-order macroscopic traffic flow model for Link
𝑖 (𝑖 is the number of the link) includes the following four
equations.

(1) Conservation equation is
𝜌𝑖 (𝑘 + 1) = 𝜌𝑖 (𝑘)
+

𝑇
[𝑞 (𝑘) − 𝑞𝑖 (𝑘) + 𝑖𝑖 (𝑘) − 𝑜𝑖 (𝑘)] .
𝐿 𝑖 𝑖−1

(3)

(2) Dynamic speed equation is
V𝑖 (𝑘 + 1) = V𝑖 (𝑘) +

𝑇
[V (𝜌 (𝑘)) − V𝑖 (𝑘)]
𝜏 𝑒 𝑖

+

𝑇
V (𝑘) [V𝑖−1 (𝑘) − V𝑖 (𝑘)]
𝐿𝑖 𝑖

−

]𝑇 [𝜌𝑖+1 (𝑘) − 𝜌𝑖 (𝑘)]
+ 𝜉𝑖V (𝑘) .
𝜏𝐿 𝑖
𝜌𝑖 (𝑘) + 𝜅

(4)

(3) Stationary speed equation is
1 𝜌 (𝑘) 2
V𝑒 (𝜌𝑖 (𝑘)) = V𝑓 exp [ ( 𝑖
) ].
2
𝜌𝑐𝑟

(5)

(4) Flow equation is
𝑞

𝑞𝑖 (𝑘) = 𝜌𝑖 (𝑘) ⋅ V𝑖 (𝑘) + 𝜉𝑖 (𝑘) ,

(6)

where 𝑇 (in hour) is the discretized time step, 𝐿 𝑖 (in km) is the
length of Link 𝑖, 𝜌𝑖 (𝑘) (in veh/km/lane) is the traffic density of
the Link 𝑖 at the time interval 𝑘, 𝑞𝑖 (𝑘) (in veh/h) is the traffic
flow of the Link 𝑖 at the time interval 𝑘, 𝑖𝑖 (𝑘) (in veh/h) is
the ramp inflow of the Link 𝑖 at the time interval 𝑘, 𝑜𝑖 (𝑘) (in
veh/h) is the ramp outflow of the Link 𝑖 at the time interval
𝑘, V𝑖 (𝑘) (in km/h) is the space mean speed of the Link 𝑖 at the
time interval 𝑘, 𝜏, ], 𝛿, and 𝜅 are model parameters, and all
links share the same value of these parameters, 𝜉𝑖V (𝑘) is zeromean Gaussian white noise in the speed equation, V𝑒 (𝜌𝑖 (𝑘))
(in km/h) is the average corresponding speed according to
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density, V𝑓 (in km/h) is the free low speed, 𝜌𝑐𝑟 (in veh/km/h)
𝑞
is the critical density, and 𝜉𝑖 (𝑘) denotes zero-mean Gaussian
white noise in the flow equation.
3.2. Measurement Model and Date Synchronization. According to the characteristics of the multisource measurements, a set of measurement equations are established as
follows.
3.2.1. Cellphone Density Measurement Equation. The conditional function (2) shows the relationship between UCC
and the traffic state variables (flow and density) under
different traffic conditions. Based on the relationship among
flow, density, and speed, this relationship model could be
transformed as follows:
𝑚𝑖𝑐 (𝑘)
{
{
{
V𝑐
{
{ 𝜃 (𝑘) ⋅ 𝑚𝑖 (𝑘)
𝜌𝑐
𝑚𝑖 (𝑘) = {
{ 𝑚𝑐 (𝑘)
{
{
{ 𝑖
{ 𝜑

𝑚𝑖V𝑐 (𝑘) ≥ V𝑐𝑟
(7)
𝑚𝑖V𝑐 (𝑘) < V𝑐𝑟 ,

𝜌𝑐

where 𝑚𝑖 (𝑘) (in veh/km/h) denotes the transferred density
from UCC at Link 𝑖 at the time interval k.
Afterwards, the cellphone density measurement model is
set up as
𝜌𝑐

𝜌𝑐

𝑚𝑖 (𝑘) = 𝜌𝑖 (𝑘) + 𝜂𝑖 (𝑘) ,

(8)

3.2.4. Flow Measurement Equation of Microwave Sensor.
Consider a microwave sensor installed in the middle Link 𝑖,
as illustrated in Figure 2. For the flow measurement, we have
𝑞𝑚

𝑚𝑖 (𝑘) × (

60
𝑞𝑚
) = 𝑞𝑖 (𝑘) + 𝜂𝑖 (𝑘) ,
TI

(11)

where TI (in min) is the time interval to collect the flow
measurements.
𝑞𝑚
𝑚𝑖 (𝑘) (in veh/TI) is the flow measurement from the
microwave sensor located at Link 𝑖 during the time interval
𝑘.
𝑞𝑚
𝜂𝑖 (𝑘) denotes the corresponding flow measurement
noise.
Considering the relation in flow equation (6), the traffic
density can be calculated from the measurements of flow and
speed. Accordingly, (11) can be transferred as follows, except
for the measurement 𝑞0 .
𝑞𝑚

𝑞

𝑞𝑚

𝜉 (𝑘) + 𝜁𝑖 (𝑘)
𝑚𝑖 (𝑘) × (60/TI)
= 𝜌𝑖 (𝑘) + 𝑖
.
V𝑚
𝑚𝑖 (𝑘)
𝑚𝑖V𝑚 (𝑘)

(12)

4. Design of PEKF-Based Estimator
4.1. State-Space Model. Based on the traffic flow model and
measurement model mentioned above, a state-space model
is set up with the state vectors x, u, 𝜉, and 𝜂c , 𝜂m defined as
follows:
𝑇

where 𝜂𝑖 (𝑘) is the measurement error of UCC.

x = [𝜌1 V1 𝜌2 V2 ⋅ ⋅ ⋅ 𝜌𝑁 V𝑁] denotes the density-speed state vector.

3.2.2. Cellphone Speed Measurement Equation. The speed
measurement equation could directly apply (1) in Section 2.

u = [𝑞0 V0 𝜌𝑁+1 𝑖1 ⋅ ⋅ ⋅ 𝑖𝑁 𝑜1 ⋅ ⋅ ⋅ 𝑜𝑁] denotes
the boundary state vector.

𝜌𝑐

𝑇

𝑞

3.2.3. Speed Measurement Equation of Microwave Sensor.
Speed measurements from the microwave sensors are average
spot speeds, that is, the time mean speed. It is known that
there is the difference between the time mean speed and space
mean speed. In the model-based estimation, it is the space
mean speed required. Rakha and Zhang [25] formulated
the conversion between these two kinds of speeds. This
formulation works when the variance of time mean speeds
is known. However, it is difficult to achieve this variance
some times. According to the analysis in Section 2, it is
found that the speed measurements from the microwave
sensors are more stable and reliable than the PS under the
free-flow condition, because the PS are oscillating under the
low-speed condition. Therefore, this study proposed the following conditional function using the two-source speeds as
follows.
If 𝑚𝑖V𝑚 (𝑘) conflicts with 𝑚𝑖V𝑐 (𝑘) under the low-speed or
congested condition, then
𝑚𝑖V𝑚 (𝑘) = 𝑚𝑖V𝑐 (𝑘) = V𝑖 (𝑘) + 𝜂𝑖V𝑐 (𝑘) .

(9)

Otherwise,
𝑚𝑖V𝑚 (𝑘) = V𝑖 (𝑘) + 𝜂𝑖V𝑚 (𝑘) ,

(10)

where 𝜂𝑖V𝑚 (𝑘) is the noise of speed measurements from the
microwave sensor.

𝑇

𝑞

V
𝜉 = [𝜉1 𝜉1V ⋅ ⋅ ⋅ 𝜉𝑁 𝜉𝑁
] denotes the vector of the
process noise.
𝜌𝑐

𝜌𝑐

𝑇

V𝑐
𝜂c = [𝜂1 𝜂1V𝑐 ⋅ ⋅ ⋅ 𝜂𝑁 𝜂𝑁
] denotes the vector of the
measurement noise from CA data.
𝑞𝑚
𝑞𝑚
V𝑚 𝑇
] denotes the vector of
𝜂m = [𝜂1 𝜂1V𝑚 ⋅ ⋅ ⋅ 𝜂𝑁 𝜂𝑁
the measurement noise from microwave sensors.

Then the macroscopic flow model and measurement
model are rewritten to a compact state-space form including
a process function (13) and two measurement functions (14)
and (15) as follows:
x (𝑘) = f [x (𝑘 − 1) , u (𝑘) , 𝜉 (𝑘 − 1)]

(13)

zc (𝑘) = hc [x (𝑘) , 𝜂c (𝑘)]

(14)

zm (𝑘) = hm [x (𝑘) , 𝜂m (𝑘)] ,

(15)

where the process function relates to (3), (4), (5), and (6). The
measurement functions relate to (8), (1), (10), and (12). f, hc ,
and hm are nonlinear differential vector functions. The vector
zc consists of all available measurements from CA data and
zm contains the measurements from the microwave sensors.
In the application, the measurements will be transferred via
function (7) and (10). The random variables 𝜉(𝑘), 𝜂c (𝑘),
and 𝜂m (𝑘) represent the process and measurement noise,
respectively. 𝑘 is the number of time steps.
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initial state x(0) and covariance p(0) are determined by the
historical data.

Inputs of initial state

Step 1 (time update). State estimate extrapolation is as follows:
̂
̂ − = f[x(𝑘
− 1), u(𝑘), 0]
x(𝑘)
Error covariance extrapolation is

Time update (‘‘Predict’’)

Is the traffic low speed
(or congested)?

No

⋅ W (𝑘)𝑇 ,

Yes
Transform the UCC to density

Transform the UCC to volume

Determine the suitable
measurement model for the
microwave sensors
Measurement update (with the
multisource data) (‘‘Correct’’)

No

P (𝑘)− = A (𝑘) ⋅ P (𝑘 − 1) ⋅ A (𝑘)𝑇 + W (𝑘) ⋅ Q (𝑘 − 1)

Is it the
preset time
Periods?
Yes

Outputs of the estimated results

Figure 3: The operation of the Progressive Extended Kalman Filter
estimator.

(16)

where P(𝑘) is the error covariance at the time step 𝑘.
Step 2 (measurement update)
Step 2.1. Identify the traffic state based on the rules in
Section 2.2.
Step 2.2. Transform UCC to traffic density according to the
traffic state using the conditional (7).
Step 2.3. Make a decision on the speed measurement model
for the microwave sensor according to the traffic state by the
conditional (10).
Step 2.4. Update the input measurement matrix h.
Step 2.5. Measurement update using (14) and (15) is as follows.
Kalman gain calculation is
K (𝑘) = P (𝑘)− ⋅ H (𝑘)𝑇

4.2. The PEKF Estimator for Multisource Data. The statespace model contains the nonlinear equations, and, thus,
this study set up the estimator based on the Extended
Kalman Filter (EKF) technique. As the exploration in the
previous sections, the relationship between the multisource
measurements and the traffic state variables highly relies on
the judgment of the traffic condition. Therefore, we make
some adjustments to the traditional EKF estimator, and
the updated estimator is nominated as the progressive EKF
(PEKF) estimator. The operation diagram of PEKF estimator
is shown in Figure 3. The adjustments are mainly shown
in the measurement update step. The purposes of these
adjustments are to integrate the multisource data from the
wireless communication records and microwave sensors in
this study. As shown in Figure 3, the adjustments include the
following contents. First, speeds from the microwave sensors
(named as m-speed in the following description) and PSs are
used to identify the traffic condition as shown in Section 2.
Second, based on the identified traffic condition, the UCC
are transformed to the corresponding traffic state variables
via (7). Consequently, the speed measurement model can be
decided via (10). Similar to the traditional EKF estimator, the
partial derivatives of the process function and measurement
function, transformed using the Jacobian matrix, are used to
linearize the model [23, 26]. The proposed estimator includes
the following steps.
Step 0 (initialization). Set time interval 𝑘 = 1, and let
̂ and 𝐸[(x(0) − x(0))
̂ 2 ] = p(0), where the
𝐸[x(0)] = x(0),

−1

⋅ (H (𝑘) ⋅ P (𝑘)− ⋅ H (𝑘)𝑇 + V (𝑘) ⋅ R (𝑘) ⋅ V (𝑘)𝑇 )

(17)

̂ = x(𝑘)
̂ − + K(𝑘) ⋅
State estimate update is as follows: x(𝑘)
−
̂ , 0)), where z could be zc or zm and h could be
(z(𝑘) − h(𝑥(𝑘)
c
m
h or h depending on which source data is using.
Error covariance update is as follows: P(𝑘) = (I − K(𝑘) ⋅
H(𝑘)) ⋅ P(𝑘)− .
Step 3. Let 𝑘 = 𝑘 + 1 and go back to Step 1 until the preset time
periods end, where 𝐼 is the identity matrix.
A and W are the Jacobian matrix of partial derivatives of
f with respect to x and 𝜉, respectively:
A (𝑘) =

𝜕f ̂
(x (𝑘 − 1), u (𝑘) , 0)
𝜕x

W (𝑘) =

𝜕f ̂
(x (𝑘 − 1), u (𝑘) , 0) .
𝜕𝜉

(18)

H and V are the Jacobian matrix of partial derivatives of h
with respect to x and 𝜂. h is the updated measurement matrix
stemming from the multiple sources. 𝜂 is the corresponding
noise matrix compounding 𝜂c and 𝜂m :
H (𝑘) =

𝜕h ̂
(x (𝑘), 0)
𝜕x

V (𝑘) =

𝜕h ̂
(x (𝑘), 0) .
𝜕𝜂

(19)
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Table 1: Parameter settings.

Microwave sensor
Link 1
(M1)
Link 2
Link 3
Link 4
Link 5
Link 6
Link 7
Link 8
Link 9
Link 10
Link 11
Link 12
Link 13
Link 14
Link 15
Link 16
Link 17
Link 18
Microwave sensor
(M19)

Link 19

Figure 4: The test bed, part of Ning-Hu freeway, and a northbound
segment. Note. The background photo is from Google Earth.

5. Test and Results
5.1. A Test Freeway Segment and Data Collection
5.1.1. Freeway Test Bed. The test bed is a 19 km, four-lane
northbound segment of Ning-Hu freeway connecting Wuxi
and Suzhou, China, which is part of the busiest freeway in
China, as shown in Figure 4. Two microwave sensors (M1 and
M19) are located near the ends of the segment. According
to the freeway-division rules, the segment is divided into
19 links with uniform lengths of 1 km each. The links are
labelled Link 1 to Link 19 from north to south opposite to
the traveling direction. Microwave sensors are within Link 1
and Link 19, respectively. The segment is almost geometrically
homogeneous without any lane drops.
5.1.2. Data Collection. The multisource data for the field
test was provided by the Jiangsu Freeway Operation Center
and was collected on September 30, 2014. Both collection
methods (i.e., the microwave sensors and the CA data-based
method) integrated their measurements by a time interval
of ten minutes starting from 00:00, September 30, 2014. The
spatial coverage of the microwave sensor is limited to Link 1
and Link 19, while the cellular signal covers all links.
In addition to these two data sources, there is a traffic
incident/accident report which could be used in the following
evaluation of the estimation results. The report indicates that
an incident occurred on Link 4 at about 11:12 AM. The traffic
was also quite heavy. These two traffic phenomena together

Parameter
𝜏
𝜅
V𝑓
]
𝜌𝑐𝑟

Value
0.02 h
40 veh/km
100 km/h
24 km2 /h
120 veh/km

lead to the traffic moving slowly from Link 1 to Link 10 as
well as the nearby affected links. The report also shows that
the traffic moved slowly from 10:00 to the late evening of
that day due to the heavy traffic. The cause is the China
National Day Holiday which begins from October 1 and the
free tolling policy on freeway that works during this holiday,
and, thus, it attracts tremendous traffic. Therefore, the traffic
flow climbs high when it is closing to the midnight of the test
day. Consequently, the high traffic flow triggered the speed
drop and the large density.
5.2. Model Parameters
5.2.1. Parameters about Time. The time step T of the estimator
is 10 seconds to meet the requirement that 𝑇 < 𝐿/V𝑓 =
1 km/100 (km/h) = 36 seconds. The time interval for
measurement update is 10 minutes. The estimator works
when the measurements are available. It means that the
time update and measurement update will work 60 steps
(10 min/10 sec) using the same measurements.
5.2.2. Parameters about Links and Boundaries. Although
there are 19 links, the measurements from the microwave
sensors are only available on two links (Link 1 and Link 19).
Our recent work found that the traffic features (UCC and
PS) extracted from the wireless communication records on
Link 6, Link 10, Link 14, and Link 18 had the closest relation
with the traffic variables [1]. This study uses the UCC and PS
from these links for the sake of high accuracy. Besides, the
PSs on Link 1 and Link 19 are also used under the low-speed
or congested condition, because these PSs are more reliable
than the microwave speeds under this condition as discussed
in Section 2. To avoid the impact of inaccurate boundary
inputs, Link 1 and Link 19 are regarded as the boundary links,
and, thus, the measurements on these links are used as the
boundary variables.
5.2.3. Parameters in the Macroscopic Traffic Flow Model. The
empirical parameters are set as Table 1. And the models of
all links shared the same values. This study uses the value
suggested in the work of Wang et al. [6] as the process noise.
5.2.4. Parameters in the Measurement Model. The coefficients
in the measurement model for the UCC were calibrated using
the historical data as follows [1]. The constant parameter 𝜑
approximately equals 8.5 for all links (Link 6, Link 10, Link
14, and Link 18). The time-varying parameter 𝜃(𝑘) is valued as
follows: from the time 00:00 to 05:00, it approximately equals
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Figure 5: The estimation results. (a) The density estimates. (b) The speed estimates.

0.3; from 05:00 to 07:30, it gradually increases from 0.3 to
1.0; from 07:30 to the rest of a day, it approximately equals a
constant 1.0 under the free-flow condition. Another critical
parameter in the measurement update step is the critical
speed for the identification of traffic condition. It is valued
empirically as 50 km/h.
The measurement noise should be the standard deviation of measurements from cellphone activity data and
microwave sensors. However, it is difficult to value the
noise when there is no sufficient ground-truth data. Some
existing studies indicate that the Extended Kalman Filter was
found to have a slight sensitivity to the standard deviationbased measurement noise, which guaranteed the estimator’s
performance even with poor foreknowledge of model noise
[3, 7]. Therefore, the deviation was set as a small value; that
is, the density deviation was 1 veh/km and the speed deviation
was 1 km/h for both sources.

on Link 4 at about 11:00, but the estimation results on Link
4 have a small delay. Since the measurements are available
only on Link 1 and Link 6 and the distance between two links
is 6 km long, it is understandable for such a small delay. In
Figure 5(a), the density on Link 1, Link 2, and Link 3 decreases
when the incident happens. Since Link 1, Link 2, and Link
3 are downstream links of Link 4, this decline phenomenon
reflects the propagation of a shock wave. Another incident
record is about the heavy traffic later that day which induces
the low speed. From Figure 5(b), we can see the large area
of red later that day which validates the correctness of the
estimation results. And the changing color in Figure 5(a)
shows the variation of density which reflects the oscillation
of traffic under the low-speed traffic condition. Roughly, the
estimation results efficiently integrated the measurements
from the multiple sources and exhibit the dynamic and realtime traffic state.

5.3. Estimation Results. Figure 5 shows the estimation results
via the proposed PEKF-based method. The gradual changes
in the color represent the variations in the traffic state. The
blue represents the low-density and high-speed condition,
while the red indicates the high-density and low-speed
condition. As shown in Figure 5, both the estimated speeds
and densities are changing among the free-flow, dense, and
congested conditions. For instance, the speeds of the entire
freeway segment during 00:00 to 10:00 AM are rarely red as
shown in Figure 5(b). With the color getting red, it means
that the traffic slows down. When the color is dark red, the
traffic speed is quite low which indicates a congestion. In
Figure 5(a), the density is lower than 40 veh/km from 00:00
to 7:00 showing in the blue. It is reasonable that there is little
traffic on the freeway at the midnight of a working day and
the traffic increases in the day time.
On the other hand, the incident/accident report data
are used to qualitatively evaluate the accuracy of results for
lacking the “ground-truth” speeds and density. Figure 5(b)
shows that the speed drops firstly on Link 1 and Link 2 at
about 11:00 AM. Consequently, this phenomenon happens
on Link 3 and Link 4 quickly. And speeds on Link 5 and
Link 6 also decrease around that time. The variation of speed
indicates that the estimation results exhibit the influence of
traffic incidents. However, the reported incident happened

5.4. Evaluation. An evaluation of the proposed PEKF-based
estimator is conducted by making a comparison between
the results from multisource data and single-source data. We
applied the estimation results from the previous work [1],
which estimated the traffic state using the wireless communication data and EKF-based data assimilation method. Since
the distance between the microwave sensors is extremely
sparse, the data generated from these sensors is not qualified
for the application of a model-based approach. Hence, the
direct measurements from microwave sensors are used for
the comparison. To make a precise comparison, the absolute
difference (AD) is chosen as the performance measure. It can
be calculated by the following equation:


AD (𝑘) = 𝑥𝑠 (𝑘) − 𝑥𝑓 (𝑘) ,

(20)

where AD(𝑘) is the absolute difference at the time interval
𝑘, 𝑥𝑠 (𝑘) is the state estimates (density or speed) from single
data source at the time interval 𝑘, 𝑥𝑓 (𝑘) is the state estimates
(density or speed) from multiple sources at the time interval
𝑘.
The iteration process of the progressive EKF-based estimator shows that the measurements from microwave sensors
are usually taken as the more precise value compared with
the traffic features from the wireless communication records.
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Figure 6: The AD results. (a) The ADs of density on Link 1. (b) The ADs of speed on Link 1. (c) The ADs of density on Link 19. (d) The ADs
of speed on Link 19.

ADs between estimates from multisources and wireless communication data and ADs between estimates from multisources and measurements from microwave sensors in different links are present in Figure 6. Obviously, the progressive
EKF-based method generated estimates which are more close
to the more accurate measurements from microwave sensors.
Generally, it will improve the total precision of estimation by
fusing multisource data.

6. Conclusions
This paper proposed a Progressive Extended Kalman Filter
(PEKF) method to estimate the freeway traffic state and
integrate the heterogeneous data from the wireless communication data and the microwave sensors. The challenges in the
application of these two data sources are the heterogeneities
in the spatial coverage and the semantic of measurements. Via
the characteristic analysis of the multisource data, we set up
the relations between the measurements and traffic state variables and propose some rules to solve the conflicts between
two data sources. The state-space model is constructed
accordingly. The EFK technique is applied to establish the
estimator, and it is improved to fit the multisource data and is
nominated as the PEKF estimator. The test with the field data
indicates that the proposed method successfully integrates
the heterogeneous data, especially the new combination of
measurements from the wireless communication records
and microwave sensors. Moreover, the estimation results
indicated that the PEKF is able to track the dynamic traffic
conditions. The qualitative analysis between the estimates and

traffic incident reports validates the accuracy of the proposed
method roughly. The final comparisons indicates the advantages of the proposed methods; that is, it has larger coverage
compared with the microwave sensors, and it is more accurate
than the estimates from wireless communication data.
This study makes an effort to use the limited, heterogeneous, and multisource data for the traffic state estimation,
but there are still plenty of works before the field application.
The most urgent task is to validate the method with the
ground-truth data. Second, the test on other freeway links is
required due to the spatial characteristic of the traffic features
from the wireless communication data.
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Urban rail transit plays an increasingly important role in urbanization processes. Communications-Based Train Control (CBTC)
Systems, Passenger Information Systems (PIS), and Closed Circuit Television (CCTV) are key applications of urban rail transit
to ensure its normal operation. In existing urban rail transit systems, different applications are deployed with independent train
ground communication systems. When the train ground communication systems are built repeatedly, limited wireless spectrum
will be wasted, and the maintenance work will also become complicated. In this paper, we design a network virtualization based
integrated train ground communication system, in which all the applications in urban rail transit can share the same physical
infrastructure. In order to better satisfy the Quality of Service (QoS) requirement of each application, this paper proposes a virtual
resource allocation algorithm based on QoS guarantee, base station load balance, and application station fairness. Moreover, with
the latest achievement of distributed convex optimization, we exploit a novel distributed optimization method based on alternating
direction method of multipliers (ADMM) to solve the virtual resource allocation problem. Extensive simulation results indicate
that the QoS of the designed integrated train ground communication system can be improved significantly using the proposed
algorithm.

1. Introduction
With the city expansion and urban population explosion, the
traditional road traffic facilities cannot satisfy the demand of
modern society. Energetically developing urban rail transit
system and improving the speed and capacity of rail transit
have become desirable all over the world. Studies of urban rail
transit have become a research focus among engineers and
researchers all over the world.
The train ground communication is a key technology to
ensure the normal operation of urban rail transit [1]. Most of
the urban rail transit applications, such as CommunicationsBased Train Control (CBTC) Systems [2], Passenger Information Systems (PIS), and the Closed Circuit Television
(CCTV), need train ground communication systems. In
existing urban rail transit systems, CBTC, PIS, and CCTV
adopt WLAN that use unlicensed spectrum as their train

ground communication technology [3]. The construction and
management work of train ground communication systems
for each application are independent in existing urban rail
transit systems. It is a huge waste of limited wireless spectrum
and other social resources to invest and build new communication infrastructures for each application. Maintaining these
infrastructures will also become a great burden. In order to
ensure the safety of urban rail transit operation, integrating all
these communication system into a whole is quite desirable
for urban rail transit systems.
The major opportunities and challenges in train ground
communication systems are summarized in [4]. Lots of
researchers have studied issues related to urban rail transit
train ground communication recently. Literature [5] aims to
present a comprehensive tutorial, as well as a survey of the
state-of-the-art of CBTC and the role of radio communication in it. A summary of the evolution of the communication

2
technologies used for modern railway signalling, best practices in the design of a CBTC radio network, and the measures
to optimize its availability are discussed as well. In [6], a
MIMO-assisted handoff (MAHO) scheme for CBTC systems
is proposed to reduce transmission and handoff delay. In [7],
the Markov model of redundant and nonredundant CBTC
train ground communication system structure is established
to analyze the system reliability and availability. The effect
of different system redundancy and the relationship between
the availability of CBTC train ground communication system
and the speed of train are also discussed. Channel modeling
in CBTC train ground systems is intensively studied in [8,
9]. Combining Artificial Intelligence- (AI-) based decisionmaking and learning algorithms, Amanna et al. [10] present
a railroad-specific cognitive radio (rail-CR) with softwaredefined radio (SDR). Based on periodical signal quality
changes, the authors of [11] propose a scheduling and resource
allocation mechanism to maximize the transmission rate for
LTE based train ground communication system. For the
handoff problem in train ground communication system, a
seamless handoff scheme based on a dual-layer and duallink system architecture is proposed in [12] to reduce communication interruption time. In our previous work, crosslayer handoff designs have been studied extensively in [13] for
WLANs based CBTC train ground communication systems.
These above works study urban rail transit train ground
communication system performance and analyze the influence of rail transit environment on system performance.
However, most of the works only focus on independent applications. Few studies take all the train ground applications
into consideration. Our previous works test an LTE based
integrated train ground communication system performance
[14–16]. We also study the handoff design in existing integrated train ground communication systems [3]. However,
the problem of improper system wireless spectrum allocation
is largely ignored in these works.
In the paper, we design a network virtualization based
integrated train ground communication system for urban rail
transit systems. With a variety of applications, the designed
system can be updated from the existing system. This kind
of design not only reduces construction and operational
costs but also improves the spectrum utilization efficiency.
In order to better meet the QoS requirement of applications
in the designed system using wireless network virtualization
technology [17], this paper proposes a virtual resource allocation algorithm based on QoS guarantee, base station (BS)
load balance, and application station fairness. Meanwhile, we
define a QoS satisfaction level (QoSL) parameter to reflect
the application satisfaction. The final optimization goal is
to ensure CBTC application reliability and maximize QoS
satisfaction of all the application stations.
In addition, with the further development of distributed
convex optimization, we develop a distributed wireless virtual
resource allocation algorithm based on alternating direction
method of multipliers (ADMM) [18] to solve the virtual
resource allocation problem. Simulation results indicate that
the QoS of the designed integrated train ground communication system can be remarkably improved with the proposed
method.
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The rest of the paper is organized as follows. In Section 2,
the integrated train ground communication system architecture is introduced. Section 3 describes the system model
and problem formulation. The virtual resource allocation
problem transformation and solution using ADMM are
discussed in Sections 4 and 5, respectively. Simulation results
are given in Section 6. Finally, the conclusion is given in
Section 7.

2. The Designed Integrated Train Ground
Communication System Architecture
In this section, we first introduce the QoS requirement of different applications in train ground communication and then
present the basic structure of the designed integrated train
ground communication system. Next, we study how each of
the virtualization characteristics are conducted in a physical
BS. Finally, we depict the use of network virtualization in the
designed system.
2.1. Applications in Urban Rail Transit Systems. Nowadays,
there are mainly three applications in urban rail transit systems. They are Communication Based Train Control (CBTC)
systems, Closed Circuit Television (CCTV), and Passenger
Information Systems (PIS).
As shown in Figure 1, in CBTC systems, continuous
bidirectional wireless communications between the ground
base station (BS) and each onboard application station are
used instead of the traditional track circuit based train control
system. Trains will get the state of the front train and other
obstacles from the Zone Controller (ZC). It will compute a
braking curve, so as to stop at a proper position. Theoretically,
the distance between two trains can be just a few meters, if
both trains can get the real time position of the front train
and both trains have the same speed and braking capability.
However, as explained in [19], when the train behind
does not get the real time position of the front train due to
train ground communication delay, it will trigger the brake
to stop before entering a danger zone. This process will have
a significant negative impact on CBTC system performance.
Therefore, the most important QoS measure of train ground
communication system is transmission delay. Typical values
of required transmission delay and other suggested QoS
measures in CBTC system are illustrated in Table 1.
In urban rail transit system, the other two crucial applications are PIS and CCTV. Taking advantages of advanced communication and multimedia techniques, diverse multimedia
information such as weather forecast, train arriving time, and
advertisement will be provided to passengers on trains and
in stations through PIS. CCTV is a crucial additive means to
guarantee train secure operation. By using CCTV, the urban
rail control center can monitor the train carriage, station, and
other essential zones through continuous train ground video
transmission. For the PIS and CCTV application, throughput
and jitter delay are the direct performance measure, since the
high quality video needs higher throughput and less jitter
delay.
The suggested values of transmission data rate and other
suggested QoS measures in PIS and CCTV are illustrated in
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Braking curve of train 1

3

Braking curve of train 2

SA

SA

Train 2

Train 1

ZC
Backbone network

Figure 1: A typical CBTC system.
Table 1: The QoS requirement of different applications in urban rail transit systems.
Number
1
2
3

Application
CBTC
CCTV
PIS

Throughput
100 kbps
1 Mbps
4 Mbps

Packet loss rate
Less than 0.005
None
None

Table 1. We get this table by consulting several urban rail
operation corporations in China. The data in Table 1 is not
absolute performance requirement standard. As a matter of
fact, urban rail operation corporations (especially corporations in different cities) have different communication QoS
requirement for train ground applications. The performance
requirement in this table is obtained by synthesizing various
data from different corporations. We need to point out that
the proposed optimization algorithm in our designed integrated train ground communication system is not dependent
on the data in Table 1. Once we get more authoritative
performance requirement parameters, they can be used in
our optimization model and more accurate simulation results
can be obtained.
The construction and management works of train ground
communication system for each application are independent
in existing urban rail transit system. It is a huge waste
of limited wireless spectrum and other social resources to
invest and build new communication infrastructures for each
application. Recently, engineers try to design a system that
combines all the applications together. The system architecture is shown in Figure 2. In order to improve CBTC system
reliability, two independent ground infrastructures are used.
There are two CBTC application stations on the train, which
are installed on its nose and tail, and they are connected
to different ground infrastructures. Two independent train
ground infrastructures are allocated with constant spectrum.
The PIS and CCTV application stations only connect to one of
the ground infrastructures and share wireless spectrum with
CBTC systems.
One disadvantage of the above system is the improper
spectrum resource allocation scheme. The designed system

Transmission delay
150 ms
500 ms
500 ms

Jitter delay
None
30 ms
30 ms

Reliability
High
Intermediate
Intermediate

using two independent ground infrastructures guarantees the
CBTC system reliability. However, the spectrum allocated to
urban rail transit systems is limited, and all the channels used
by different applications share the same spectrum. Channels
needed by different applications are dynamically changing,
and allocating constant channels to different applications will
waste limited spectrum resource.
In order to better satisfy the QoS requirement of different
applications, we design an integrated train ground communication system for urban rail transit system using wireless
network virtualization techniques, which will be introduced
in the next subsections.
2.2. Architecture of the Designed Integrated Train Ground
Communication System. The designed system architecture is
shown in Figure 3. Different from the existing system, in our
designed system, the two infrastructures can be connected by
PIS and CCTV application stations as well as both the two
CBTC application stations.
The proposed integrated train ground communication
system architecture is shown in Figure 4. For a certain
railway line, it is assumed that there is only one physical
infrastructure provider (PiP), which provides three different
network services to the train with three different application
stations. According to the general wireless network virtualization definition, the proposed architecture can be divided
into two separate layers: the control and management layer
(CML) and the virtualization layer (VL).
The main responsibility of CML is resource management.
The main functions of CML are realized by several virtual network controllers and a hypervisor. Every virtual network has
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Figure 2: Existing integrated train ground communication systems.

Base stations with 3 virtual base
stations for CBTC1, PIS, and IMS

CBTC2 PIS IMS CBTC1
Location A

Location B

Base stations with 3 virtual base
stations for CBTC2, PIS, and IMS

Figure 3: The proposed integrated train ground communication system.

its own network controller, which is responsible for scheduling application stations, determining their QoS requirement,
and informing the hypervisor of them. The hypervisor can
flexibly allocate the virtual resources to virtual networks
under different circumstances according to the feedback
information (transmit power, e.g., and available spectrum)
and different QoS requirements. The whole network has one
hypervisor. By using wireless network virtualization, each
application station could be served via the same PiPs and
different spectrum resources.
The VL is accountable for the abstraction, programmability, and isolation of physical resources in a certain physical
base station (BS). Using various VL functions, the PiP will
be able to broadcast beacons for virtual BSs of various
applications. In addition, each of the virtual networks should
have independent control of settings in their virtual BSs.
They can set different attributes for virtual BSs, such as
various security policies, broadcast domains, and IP settings.
Furthermore, the virtual BSs can be isolated by different
wireless spectrum.
The VL also provides the CML with the interfaces needed
to control virtualized resources (spectrums, transmission

power, etc.). With VL, both the PiP and the wireless resources
are virtualized and shared by various virtual networks.
The virtual resource allocation is one key issue in the
above system. Physical and wireless virtual resources should
be dynamically allocated to the CBTC, PIS, and CCTV
according to their requirement. If the virtual resource allocation scheme is not carefully designed, the normal CBTC
system function will not be ensured. The video transmission
quality of PIS and CCTV will degrade. This will have a
significant negative impact on urban rail transit system. To
this point, we will study virtual resource allocation schemes
in the following sections.

3. System Model and Problem Formulation
In the designed system, we define N as the base station (BS)
sets, N = {1, 2, . . . , 𝑁}. The integrated system is virtualized
into multiple virtual BSs (VBSs) for different services. The
system has a set K of VBSs, K = {1, 2, . . . , 𝐾}. For each
VBS 𝑘, 𝑘 ∈ K, V𝑘 is the set of application stations of VBS
𝑘, and V𝑘 is one of application stations served by VBS 𝑘,
V𝑘 ∈ V𝑘 . In the integrated system, a wireless channel is a
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Figure 4: A framework of using wireless network virtualization in the proposed system.

granularity of physical wireless resources for the hypervisor.
Each VBS needs a certain amount of subchannels to complete
the QoS requirement for applications. We define 𝑚𝑛 as a
subchannel of BS𝑛. M𝑛 is the set of all available channels
of physical BS𝑛, given the legal frequency spectrum. We
assume power is evenly distributed in each channel. The
hypervisor can accurately obtain the Channel state Information (CSI), available spectrum, and the QoS requirement
of application stations. In order to improve the utilization
of spectrum resource, each subchannel can adopt different

max
𝛼,𝛽

s.t.

∑

log (

∑

𝑘∈𝐾,V𝑘 ∈𝑉𝑘 𝑛∈𝑁,𝑚𝑛 ∈𝑀𝑛

∑ 𝛼V𝑘 𝑛 = 1,

𝑛∈N

∑
𝑘∈K,V𝑘 ∈V𝑘

modulation mode according to the channel state information.
The virtual resource allocation optimization can be
described as maximizing the total application satisfaction
on the condition of system constraints. The strictly concave,
monotonically increasing, and continuously differentiable
logarithmic utility function [20] is used to ensure proportionally fair resource allocation. The Opt-U1 formulations are
given as follows:
Opt-U1:

Γ𝑃 (𝛼V𝑘 𝑛 , 𝛽V𝑘 𝑚𝑛 )
Ψ𝑃

+

Γ𝐼 (𝛼V𝑘 𝑛 , 𝛽V𝑘 𝑚𝑛 )
Ψ𝐼

𝛼V𝑘 𝑛 ∈ {0, 1} , ∀𝑘 ∈ K, ∀V𝑘 ∈ V𝑘

+

Γ𝐶 (𝛼V𝑘 𝑛 , 𝛽V𝑘 𝑚𝑛 )
Ψ𝐶

)

(1)

𝛽V𝑘 𝑚𝑛 = 1, 𝛽V𝑘 𝑚𝑛 ∈ {0, 1} , ∀𝑛 ∈ N, ∀𝑚𝑛 ∈ M𝑛

𝜏VCBTC
≤ 𝑇req ,
𝑘
where Γ𝑃 (𝑥), Γ𝐼 (𝑥), and Γ𝐶(𝑥) are the reward function
for applications with virtual resource association strategies

𝛼V𝑘 𝑛 and 𝛽V𝑘 𝑚𝑛 and Ψ𝑃 , Ψ𝐼 , and Ψ𝐶 denote the suggested
performance value for different applications. 𝛼V𝑘 𝑛 and 𝛽V𝑘 𝑚𝑛
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are assignment indicators. If application station V𝑘 is assigned
to BS 𝑛 and subchannel 𝑚 is assigned to user V𝑘 , 𝛼V𝑘 𝑛 =
1, and 𝛽V𝑘 𝑚𝑛 = 1; otherwise 𝛼V𝑘 𝑛 = 0, and 𝛽V𝑘 𝑚𝑛 = 0.
An application station is only served by one BS, and one
subchannel is not assigned to multiple application stations.
The inequality reflects the fact that the transmission delay 𝜏V𝑘
of CBTC application station cannot exceed its requirement
threshold 𝑇req .
When we define QoS satisfaction level (QoSL) of application station SLV𝑘 as
SLV𝑘 =

∑𝑛∈𝑁,𝑚𝑛 ∈𝑀𝑛 Γ𝑋 (𝛼V𝑘 𝑛 , 𝛽V𝑘 𝑚𝑛 )
Ψ𝑋

, 𝑋 = 𝑃, 𝐼, 𝐶,

(2)

the optimization functions can be transformed as follows:
Opt-U2:
max
𝛼,𝛽

∑
𝑘∈K,V𝑘 ∈V𝑘

log (SLV𝑘 ) .

(3)

For the PIS and CCTV application, our objective is to
maximize their data transmission throughput and minimize
their jitter delay. Therefore, the reward function for these two
applications can be defined as
Γ𝑃 (𝛼V𝑘 𝑛 , 𝛽V𝑘 𝑚𝑛 ) = Γ𝐼 (𝛼V𝑘 𝑛 , 𝛽V𝑘 𝑚𝑛 ) = 𝛼V𝑘 𝑛 𝛽V𝑘 𝑚𝑛 RV𝑘 𝑚𝑛

(4)

Γ𝑃 (𝛼V𝑘 𝑛 , 𝛽V𝑘 𝑚𝑛 ) = Γ𝐼 (𝛼V𝑘 𝑛 , 𝛽V𝑘 𝑚𝑛 ) = 𝛼V𝑘 𝑛 𝛽V𝑘 𝑚𝑛 ΞV𝑘 𝑚𝑛 ,

(5)

or

where RV𝑘 𝑚𝑛 is the achievable data rate between the subchannel 𝑚𝑛 and user V𝑘 . It is a function of the subchannel available
bandwidth 𝐵𝑚𝑛 , the SNR 𝜉, and the bit error rate BER and can
be computed as follows [21]:
RV𝑘 𝑚𝑛 = 𝐵𝑚𝑛 ∗ log2 (1 +

−1.5 ∗ 𝜉
ln (5 ∗ 𝑃VBER
)
𝑘

).

(6)

ΞV𝑘 𝑚𝑛 is the jitter delay when subchannel 𝑚𝑛 is used for
user V𝑘 .
For the CBTC application, it is important to maintain the
quick response time between the train and ground. Therefore,
the reward function that reflects the transmission delay can
be defined as
Γ𝐶 (𝛼V𝑘 𝑛 , 𝛽V𝑘 𝑚𝑛 ) = 𝛼V𝑘 𝑛 𝛽V𝑘 𝑚𝑛 ΥV𝑘 𝑚𝑛 ,

(7)

where ΥV𝑘 𝑚𝑛 is the achievable data transmission delay.
Combined with small-scale fading and large-scale fading,
we get the received SNR 𝜉 as
𝜉 = 𝑃𝑡 − 𝑃loss + 𝜒 + 10 log10 (𝜗) + 𝐺𝑡 + 𝐺𝑟 − 𝑃noise ,

(8)

where 𝑃𝑡 is the transmitted power, 𝑃loss is the large-scale path
loss, 𝜗 is a Rayleigh random variable with a mean of 1 when we
use Rayleigh distribution to describe the fading envelope, 𝜒 is
a Gaussian random variable with a variance of 𝜍 and a mean
of 0, 𝐺𝑡 and 𝐺𝑟 are the antenna gains for the transmitter and

receiver, respectively, and 𝑃noise is the noise power. The path
loss value 𝑃loss is dependent on the working frequency and
transmission environment. In this paper, we use the path loss
model described in [21].
The BER is determined by the suggested packet loss rate
PLR given in Table 1. This is because, given the link BER, the
Frame Error Rate FER and PLR are computed as
FER = 1 − (1 − BER)𝐿 ,

(9)

PLR = FERMR ,

where 𝐿 is the packet length and MR is the maximum
transmission time.
In this paper, we take LTE link layer as an example
to compute the end to end transmission delay. LTE is a
new generation of wireless communication technology, and
it has become the dominant train ground communication
technology for next-generation CBTC systems [15]. In LTE
systems, Hybrid Automatic Repeat Quest (HARQ) is used
as an error control code. Given a retransmission time 𝑅, the
transmission delay can be computed as
ΥV𝑘 𝑚𝑛 (𝑅) = 𝑇data + 𝑅 × 𝑇RTT ,

(10)

where 𝑇data is the packet transmission time dependent on
transmission rate.
𝑇RTT is the Round Trip Time (RTT), which is approximately computed as
𝑢
𝑑
+ 𝑇data
+ 𝑇process ,
𝑇RTT = 𝑇data

(11)

𝑢
𝑑
where 𝑇data
and 𝑇data
are the uplink and downlink data
transmission delay, and 𝑇process is the process time at BS and
application stations.
Given the retransmission time with 𝑅 times retransmission, the average transmission time with maximum retransmission time MR can be computed as
ave
= (1 − FER) ∗ ΥV𝑘 𝑚𝑛 (0) + FER (1 − FER)
𝑇MR

∗ ΥV𝑘 𝑚𝑛 (1) + ⋅ ⋅ ⋅ + FERMR−1 (1 − FER)

(12)

∗ ΥV𝑘 𝑚𝑛 (MR − 1) .
The jitter delay is considered as the standard deviation of
transmission delay at any slot. Therefore, with the maximum
retransmission time MR, the jitter delay can be computed as
JDMR
2

2

ave
ave
= √ (ΥV𝑘 𝑚𝑛 (0) − 𝑇MR
) + ⋅ ⋅ ⋅ + (ΥV𝑘 𝑚𝑛 (MR) − 𝑇MR
).

(13)

4. Problem Transformation
It is hard to solve problem Opt-U1 based on the following
reasons. First, too many constraints make the problem
becomes complex. And next, due to the Boolean value of
{𝛼V𝑘 𝑛 } and {𝛽V𝑘 𝑚𝑛 }, both the objective function and the feasible
set of Opt-U1 are not convex.
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According to the method in [22], the binary variables of
{𝛼V𝑘 𝑛 } and {𝛽V𝑘 𝑚𝑛 } can be relaxed (i.e., we assume that 0 ≤
𝛼V𝑘 𝑛 ≤ 1 and 0 ≤ 𝛽V𝑘 𝑚𝑛 ≤ 1, for all 𝑘, 𝑛). We define 𝜔V𝑘 𝑛 =
𝛼V𝑘 𝑛 𝛽V𝑘 𝑛 , and
𝛽V𝑘 𝑛 = ∑ 𝛽V𝑘 𝑚𝑛 ,

(14)

𝑚𝑛 ∈M𝑛

where 𝛽V𝑘 𝑛 ∈ [0, 1] is used to denote the proportion of
wireless resource allocated by BS𝑛 to user V𝑘 . Then the
problem Opt-U2 obtains an equivalent transformation as
follows:
Opt-U3:
∑ 𝛼V𝑘 𝑛 log (

∑

max
𝛼,𝛽

RV𝑘 𝑛 𝜔V𝑘 𝑛

𝑘∈K,V𝑘 ∈V𝑘 𝑛∈N

RV𝑘 𝑛 𝜔V𝑘 𝑛

ΞV𝑘 𝑛 𝜔V𝑘 𝑛

+

Ψ𝐼 𝛼V𝑘 𝑛

Ψ𝑃 𝛼V𝑘 𝑛

∑ 𝛼V𝑘 𝑛 = 1,

s.t.

𝑘∈K,V𝑘 ∈V𝑘

Ψ𝐼 𝛼V𝑘 𝑛

+

ΥV𝑘 𝑛 𝜔V𝑘 𝑛
Ψ𝐶𝛼V𝑘 𝑛

)

(15b)

𝛼V𝑘 𝑛 ∈ {0, 1} , ∀𝑘 ∈ K, ∀V𝑘 ∈ V𝑘 (15c)

𝑛∈N

∑

ΞV𝑘 𝑛 𝜔V𝑘 𝑛

+

(15a)

Ψ𝑃 𝛼V𝑘 𝑛

𝜔V𝑘 𝑛 ≤ 1,

Observed from the above two formulas, to get the optimal
allocation scheme, the centralized algorithm must obtain the
achievable rate RV𝑘 𝑛 of all users at time 𝑡 and the average
satisfaction level 𝜕𝑈V𝑘 (SLV𝑘 )/SLV𝑘 of all users at time 𝑡 − 1.
This results in a relatively large amount of calculation for the
high speed urban rail transit system. In order to overcome
it, we use ADMM to solve the convex problem. ADMM is
a computing framework for optimization. It is suitable for
solving distributed convex optimization problem, especially
the statistical learning problems [18].
In order to use ADMM to solve the convex optimization, local copies of the global assignment indicators are
introduced. Roughly speaking, each local variable can be
interpreted as the information owned by each BS about the
corresponding global assignment indicators variable.
To drive the local copies into consensus, we use
distributed consensus ADMM method [18]. Let Δ =
{𝛼V𝑘 𝑛 , ∀V, 𝑘, 𝑛} denote the vector of assignment indicators
and 𝜀𝑛 denote the local copy of Δ at BS𝑛. To the consensus
constraints, we introduce an auxiliary variable 𝜀V𝑘 𝑛 which
represents the local copies of our assignment indicators as
equality constraints:
𝜀V𝑘 𝑛 = 𝛼V𝑘 𝑛 , ∀V, 𝑘, 𝑛.

∀𝑛 ∈ N.

(15d)

Obviously, when 𝛼V𝑘 𝑛 = 0, we have 𝛽V𝑘 𝑛 = 0, which means
that the application station is not associated with any BS.
Literature [23] gives the proof of the convexity for problem
(14).

Given the local vectors Ω𝑛 = {𝜀𝑛 , ∀𝑛} and ℓ𝑛 = {𝜔𝑛 , ∀𝑛},
we define a feasible local variable set for each BS𝑛 ∈ N. The
constraints in (15b) can be decomposed into 𝑁 independent
convex sets as
{
}
Λ 𝑛 = {Ω𝑛 , ℓ𝑛 |
∑ 𝜔V𝑘 𝑛 ≤ 1, ∀𝑛 ∈ N}
𝑘∈K,V𝑘 ∈V𝑘
{
}

5. Virtual Resource Allocation Using ADMM
As a general solution, the CVX tool can be used to solve
the convex program in (14). Given the optimal association
indicator matrix 𝑋∗ = {𝛼V𝑘 𝑛 } and the optimal resource
allocation indicators matrix 𝑌∗ = {𝛽V𝑘 𝑛 } at time 𝑡, the
corresponding allocation scheme can be described as
∗

𝑋 = arg max
𝛼
⋅(

RV𝑘 𝑛 𝛽V𝑘 𝑛
Ψ𝑃

+

∑

Ψ𝑃

⋅(

RV𝑘 𝑛 𝛼V𝑘 𝑛

+

Ψ𝑃

ΥV𝑘 𝑛 𝛽V𝑘 𝑛
Ψ𝐶

RV𝑘 𝑛 𝜔V𝑘 𝑛
{
) Ω𝑛 ,
{− ∑ 𝜀V𝑘 𝑛 log ( req
𝛾V𝑘 𝜀V𝑘 𝑛
= { 𝑘∈K,V𝑘 ∈V𝑘
{
{∞

min

∑

+

ΥV𝑘 𝑛 𝛽V𝑘 𝑛
Ψ𝐶

RV𝑘 𝑛 𝛼V𝑘 𝑛

ΞV𝑘 𝑛 𝛽V𝑘 𝑛

).

Ψ𝐼

∑ 𝑢𝑛 (Ω𝑛 , ℓ𝑛 )

+

Ψ𝑃

(20)

s.t. 𝜀V𝑘 𝑛 = 𝛼𝑘𝑖 𝑛 ,

)
(16)

𝜕𝑈V𝑘 (SLV𝑘 )
SLV𝑘

(19)

otherwise.

𝑛∈N

Ψ𝐼

∑

ℓ𝑛 ∈ Λ 𝑛

Using (17) and (18) and the auxiliary variable 𝜀V𝑘 𝑛 , we can
compactly write the global consensus problem (14) as

SLV𝑘

𝑘∈𝐾,V𝑘 ∈𝑉𝑘 𝑛∈𝑁

+

𝑢𝑛

Ψ𝐼

ΞV𝑘 𝑛 𝛽V𝑘 𝑛

(18)

and an associated local utility function as

RV𝑘 𝑛 𝛽V𝑘 𝑛

+

𝑌∗ = arg max
𝛽

∑

𝑘∈𝐾,V𝑘 ∈𝑉𝑘 𝑛∈𝑁

+

ΞV𝑘 𝑛 𝛽V𝑘 𝑛

𝜕𝑈V𝑘 (SLV𝑘 )

(17)

∀V, 𝑘, 𝑛.

Then the augmented Lagrangian function for (19) can be
rewritten as
L𝜌 ({Ω𝑛 , ℓ𝑛 } , {Δ} , {𝜎𝑛 })

+

ΞV𝑘 𝑛 𝛽V𝑘 𝑛
Ψ𝐼

= ∑ 𝑢𝑛 (Ω𝑛 , ℓ𝑛 ) + ∑
𝑛∈N

∑

𝑛∈N 𝑘∈K,V𝑘 ∈V𝑘

𝜎V𝑘 𝑛 (𝜀V𝑘 𝑛 − 𝛼V𝑘 𝑛 )

2
𝜌
+( ) ∑
∑ (𝜀V𝑘 𝑛 − 𝛼V𝑘 𝑛 ) ,
2 𝑛∈N 𝑘∈K,V ∈V
𝑘

𝑘

(21)
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where 𝜎V𝑘 𝑛 is the Lagrange multipliers related to the constraints of consensus in problem (19) and 𝜌 > 0 is a penalty
parameter for adjusting the convergence speed of the ADMM
[18].
The basic idea of ADMM is that convex optimization is
broken into smaller partitions, each of which are then easier

{Ω𝑛 , ℓ𝑛 }𝑛∈N = arg min {𝑢𝑛 (Ω𝑛 , ℓ𝑛 ) +

∑

𝑞+1

{Δ}𝑞+1 = arg min { ∑

∑

𝑛∈N 𝑘∈K,V𝑘 ∈V𝑘

𝑘∈K,V𝑘 ∈V𝑘

to handle. The ADMM method is composed of successive
optimization steps by updating the primal and dual variables
alternately. For optimization, at iteration 𝑞 we need to take the
following steps:

2
𝜌
𝜎V𝑘 𝑛 𝑞 (𝜀V𝑘 𝑛 − 𝛼V𝑘 𝑛 𝑞 ) + ( ) ∑ (𝜀V𝑘 𝑛 − 𝛼V𝑘 𝑛 𝑞 ) }
2 𝑘∈K,V ∈V
𝑘

𝑘

2
𝜌
𝜎V𝑘 𝑛 𝑞 (𝜀V𝑘 𝑛 𝑞+1 − 𝛼V𝑘 𝑛 ) + ( ) ∑
∑ (𝜀V𝑘 𝑛 𝑞+1 − 𝛼V𝑘 𝑛 ) }
2 𝑛∈N 𝑘∈K,V ∈V
𝑘

(22)

𝑘

𝑞+1

{𝜎𝑛 }𝑛∈N = 𝜎𝑛 𝑞 + 𝜌 (Ω𝑛 𝑞+1 − Δ𝑞+1 )

6. Simulation Results and Discussions
In this section, we use MATLAB 2015b to carry out simulation. Simulation results are presented to illustrate the optimal
performance of the proposed algorithm.
In order to simplify the simulation model, we consider
that there are four physical base stations in the integrated
train ground communication system and each physical BS
can be virtualized into three virtual base stations, providing
three services, CBTC, PIS, and CCTV, respectively, as shown
in Figure 5. Among them, the red network base stations
BS1 and BS2 belong to the infrastructure InP1, and the blue
network base stations BS3 and BS4 belong to the infrastructure InP2. BS1 and BS3 or BS2 and BS4 cover the same
geographic area, which forms the redundant coverage and
ensures the reliability of CBTC systems. We assume wireless
virtualization can be used between different InPs. Wireless
spectrum resources can be shared by multiple virtual base
stations virtualized from BS1 and BS3 or BS2 and BS4. For
application stations, there is no obvious difference between
different infrastructures as if all resources are within the same
resource pool (e.g., 𝑓CBTC , 𝑓PIS , and 𝑓CCTV are within the same
resource pool).
In order to illustrate the performance improvement of
our proposed algorithm, we compare it with the existing
algorithm. In the existing algorithm, the application stations
connect base stations providing the maximum received signal
strength (RSS), and each BS carries out wireless spectrum
resource allocation with proportional fairness. We name the
existing scheme as Max-RSS.
As we can observe from Figure 6(a), under the Max-RSS
scheme, some of the application station satisfaction level is
less than zero, which makes the QoS of these application
stations not guaranteed. However, the QoS requirement of all
application stations can be satisfied with the proposed WVRA
scheme as shown in Figure 6(b). This is because there are
more than one application station associated with the same
base station at the same time, but the application stations
connect base stations providing the maximum received signal
strength (RSS) when Max-RSS scheme is adopted, and the
QoS guarantee is not considered. On the contrary, the WVRA

scheme fully considers the QoS guarantee, base station (BS)
load balance, and application station fairness. By taking this
scheme, the QoS requirement of each application station is
guaranteed.
Next, we assess the fairness performance of different
algorithms using fairness index described in literature [24].
If the fairness index is close to 1, it means the algorithm has
a higher degree of fairness, and vice versa. The fairness index
is defined as follows:
2

FI (SLV𝑘 ) =

(∑𝑘=𝐾
𝑘=1 SLV𝑘 )

2
𝐾 ∑𝑘=𝐾
𝑘=1 SLV𝑘

.

(23)

As we can observe from Figure 7, with the gradual
increase of the application stations in the cell, the Max-RSS
algorithm cannot guarantee the fair distribution of virtual
resources. It is mainly because the wireless resources are
limited, and strong competition between applications leads
to the decrease of fairness. However, our proposed algorithm WVRA effectively ensures the fairness of the virtual
resource allocation. Although application stations continue
to increase, the fairness index keeps unchanged, which means
the virtual resources can still be fairly allocated.
In order to verify the jitter delay performance improvement of PIS and CCTV applications, we illustrate the
transmission delay of CCTV application in Figure 8. The
transmission delays of our proposed WVRA scheme are more
volatile compared with the existing scheme, which means the
proposed WVRA scheme performs better in terms of jitter
delay. This is due to the fact that the WVRA scheme fully
considers the QoS requirement of all applications, and one
of the direct optimization objectives is to minimize the jitter
delay of PIS and CCTV. We also notice that WVRA scheme
sacrifices part of transmission delay performance to realize its
optimization objective.
We study the spectrum allocation between virtual base
station of physical base stations and compare each BS load
fluctuation in Figures 9 and 10, respectively. As illustrated
in Figure 9, the spectrum allocated to VBS1 with the CBTC
application is approximately unchanged in each time slot.
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Figure 5: System model with four base stations and three virtual base stations for CBTC, PIS, and CCTV, respectively.
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This is because the optimization objective of CBTC application is not the transmission data rate, and the required
spectrum is relatively stable. As for the other two VBSs that
carry the PIS and CCTV application traffic, we can notice that
the spectrum allocated to them changes at each time slot with
the traffic load. This is due to the fact that maximizing the
transmission throughput needs large amount of spectrums.
In order to verify the load balance performance, we set
up the simulation environment where the BS1 and BS3 give a
higher received signal strength in the overlap zone. Figure 10
shows the change of base station load when the number of
application stations increases in its coverage area. The red line
in the figure represents the effect of the Max-RSS scheme on
the base station load. The blue line represents the effect of
the WVRA scheme on the base station load. The green oval
represents BS1 load fluctuations. The aquamarine blue oval
represents BS2 load fluctuations. The yellow oval represents
BS3 load fluctuation. The final oval represents the BS4 load
fluctuations. As shown in Figure 10, we can observe that, by
using the Max-RSS scheme, the loads of BS1 and BS3 increase
constantly, while the loads of BS2 and BS4 do not change
with the increase of the number of the application stations.
This is due to the fact that application station fairness is not
considered under this scheme. On the contrary, the WVRA
scheme successfully separates part of the load of BS1 and BS3
to the more lightly loaded BS2 and BS4, although BS2 and BS4
offer a lower instantaneous received signal strength than BS1
and BS3.

7. Conclusions
In this paper, we have proposed a framework of using network
virtualization in an integrated train ground communication
system. We have formulated and transformed the QoS-aware
virtual resource allocation problem in the integrated system
to a convex optimization problem. We define the QoS salification level parameter to reflect the application satisfaction.
The final objective is fairness driven optimization function
based on QoS guarantee, base station load balance, and
application station fairness. We use the distributed method
based on ADMM to solve the convex problem. Simulation
results indicate that our algorithm can guarantee the QoS
requirement of all application stations. Meanwhile, the traffic
load of different base stations can be balanced to achieve
better performance of the whole system.

Simulation Parameters
𝜏:
𝑃𝑡 :
𝐺𝑡 , 𝐺𝑟 :
𝐿:
MR:
𝑇process :
𝐷:
V:
𝜍:
𝑃noise :

Slot time, 50 ms
Transmission power, 43 dBm
Antenna gain, 8 dB
Average packet size, 200 bytes
Maximum transmission time, 6
Process time at BS or station, 10 ms
Average base station space, 1000 m
Train speed, 80 km/h
Shadowing fading standard deviation, 8
Noise power, −100 dbm.
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Passenger trains and especially metro trains have been identified as one of the key scenarios for 5G deployments. The wireless
channel inside a train car is reported in the frequency range between 26.5 GHz and 40 GHz. These bands have received a lot of
interest for high-density scenarios with a high-traffic demand, two of the most relevant aspects of a 5G network. In this paper we
provide a full description of the wideband channel estimating Power-Delay Profiles (PDP), Saleh-Valenzuela model parameters,
time-of-arrival (TOA) ranging, and path-loss results. Moreover, the performance of an automatic clustering algorithm is evaluated.
The results show a remarkable degree of coherence and general conclusions are obtained.

1. Introduction
Metro lines are one of the most acknowledged high-density
scenarios, as well as stadiums and other large venues. These
places are a clear target for 5G mobile [1] deployments,
which is intended to provide very large throughputs and
ultra-low latencies in dense environments and sustain a
high number of simultaneous connections, among others.
It is noteworthy that it is possible to have more than 1200
people inside a 120-meter long train, which means around
5 persons/m2 . There are many railway-related applications
like Train-to-Ground, Train-to-Train, Train-to-Car, Train-toSatellite, intratrain communications, and so on, which are
usually grouped under the T2X notation, or perhaps in the
more generic V2X notation, where “V” stands for vehicular.
In this paper we focus on the intratrain channel, which has an
enormous importance to provide connectivity to passengers.
Also, this wireless channel could be used for the internal
communications of the train, which is one of the objectives
of the EU-H2020 Roll2Rail Project [2].

There is still some vagueness in the frequency bands
to be assigned, but some things are clear: there will be 5G
deployments both above and below 6 GHz [3]. This fact
has attracted much attention on millimeter waves (mmwave) in order to have larger bandwidths than in lower
frequencies, where the entire spectrum has been allocated.
For example, in USA both the 28 GHz (27.5–28.35 GHz)
and the 37 GHz band (37–40 GHz) have been licensed for
mobile applications; in both China and the European Union,
the 26 GHz band (24.25–27.5 GHz) is the chosen one. On
the other side, there is no clear direction on which bands
will be allocated for unlicensed use, but the 37 GHz band
(37–37.6 GHz) is perhaps the most promising one. All these
spectrum policies lead to the need of a proper channel model
for 5G-related scenarios in the aforementioned bands.
There are many papers related to channel measurements
and modeling in railway scenarios but, as far as we know,
only very few of them are focused on mm-wave for intratrain
environments (i.e., the work carried out by ETRI in Korea
[4]). Regarding the Train-to-Ground link for high-speed
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(a)

(b)

Figure 1: Rolling stock used in the measurements campaign. (a) The train interior and (b) the exterior are shown.

Figure 2: Top and lateral view of one car of the s3000 rolling stock.

trains, a very complete reference is [5] but it is focused
on frequencies below 6 GHz; for tunnels which are a very
common scenario in railways, there are many papers, like
[6, 7]; inside metro stations there are many research papers
like [8]; and for mm-wave research in railways there are
some ray-tracing simulations in mm-wave and THz [9]. For
intratrain link, there are some recent papers but below 6 GHz
[10, 11].
The structure of the paper is the following: in Section 2 we
will describe the experiment setup, covering the environment
details, the measurement setup, and the processing of the
data; in Section 3 we will explain all the results obtained from
the measurements, and, finally, in Section 4 a conclusion and
some discussion are provided.

2. Experimental Setup
2.1. Environment. The environment for the measurement
campaign is the train interior of a metro train. It is depicted in
Figures 1 and 2. This vehicle under test is a Madrid Metro train
of the s3000 series. It has the capacity to carry 442 persons in
the four-car consist, which amounts to 132 persons on each
car.
The maximum dimensions of the train are 2.3 × 3.6 ×
59.7 meters, but the interior of the train has a maximum
section of 2.2 m × 2.2 m. As usual in this type of trains,
there are many handholds, seats, and other furniture. The
seats are resin-coated reinforced with glass fiber and both the
handholds and the roof are made of stainless steel covered
with a 500 micrometers thick yellow painting. The floor is
made of stratified rubber, the windows are made of laminated
glass and the doors are of aluminum and glass like the
windows’ one. This layout and materials are very common in

modern subway trains, with very small differences between
them.
2.2. Measurement Setup. The measurements were carried out
using an Agilent 8722ES Vector Network Analyzer (VNA).
The approach for this VNA-based measurement is the usual
one: connecting the transmitter to port 1 and the receiver
to port 2, measure the s21 parameter, which is a good
approximation for the channel transfer function 𝐻(𝑓) [12].
The connection of both antennas to the VNA ports was done
using phase stable RTK040 wires. The length of this wire was
18 m and we used 2.4 mm connectors.
All the measurements but one were carried out using horn
antennas (see Figure 3), model 22240 by FLANN, which is
an antenna designed to be used in the 26.5–40 GHz, which
is the band where our experiment was focused on. The gain
of this antenna is 20 dB, and the variations of this parameter
are bounded to 2 dB in the band of interest, which gives us
a great stability. In the last measurement an omnidirectional
antenna (Vivaldi, see Figure 3) was used in the receiver as a
replacement of the horn antennas mentioned before.
The measured positions for the receiver (the transmitter
was fixed) are depicted in Figure 2. We measured at five
different transmitter-receiver distances 𝑑 = {2, 4, 6, 9.5, 17} m,
moving only the receiver (in the last one the receiver is
in the next train car). The height of both the transmitting
and the receiving antennas was 1 m over the train floor.
Both the transmitter and the receiver were placed inside
the train at all time, as well as the VNA. In the measurement setup the number of dots in the 13.5 GHz wideband
(26.5–40 GHz) was 1601. The processing of the data was done
offline with MATLAB. As we explain in a more detailed
form later in this paper, we decided to employ an automatic
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(a)

(b)

Figure 3: (a) Measurement setup (from the receiver’s point of view). (b) Both horn antennas are shown.
Table 1: Path loss [dB].
Distance [m]

∘

0
29.37
36.77
40.62
45.52
54.94

2.0
4.0
6.0
9.5
17.0

∘

∘

45
61.71
61.24
60.86
53.98
54.97

90
63.19
61.69
61.23
65.84
66.48

clustering algorithm instead of identifying them by visual
inspection.

3. Channel Model
3.1. Path-Loss. The path-loss is obtained from the measured
data in the VNA. This result is the average in the entire
frequency range (26.5–40 GHz) [13]. 𝑁 equals 1601 which is
the number of dots
PL = 10 log10 (

1 𝑁 
−2
∑ 𝐻 (𝑓𝑖 ) ) .
𝑁 𝑖=1 

(1)

The obtained values are detailed in Table 1.
The path-loss increases together with the distance, both
the average path-loss and the LOS (𝜃 = 0∘ ) scenario, as it was
expected. Regarding the influence of the angle (𝜃), for 𝜃 = 0∘
the received power is the maximum one for every measured
distance, and we can see a great increase in the path-loss
when we misalign the antennas {𝜃 = 45∘ , 90∘ , 135∘ , 180∘ }. This
increase is more significant at lower distances. For example,
the average path-loss increases 31.46 dB at 𝑑 = 2 m and only
8.84 dB at 𝑑 = 17 m. This is because at higher distances the
multipath is less severe and the impact of reflections on
handlers and other diffuse scatters is significantly lower (the
so-called Waveguide Effect).
The variation of the path-loss for the different angles
(given a fixed distance) is more or less random. However, at
the highest distances {𝑑 = 9.5, 17 m} the angle that experiences

𝜃

135∘
60.70
60.78
62.58
64.67
66.71

180∘
57.72
62.75
62.26
65.23
66.93

PL
54.54
56.65
57.51
59.05
62.01

a lower path-loss is clearly 𝜃 = 45∘ . The reason for this is the
same as before: the Waveguide Effect. To properly assess the
Waveguide Effect, we have calculated the path-loss exponent
(𝑛) for 0∘ . The obtained value is 1.6, which is below the freespace one (𝑛 = 2) so, under this premises, we can conclude
that we are experiencing this effect inside the train at this
frequency band. The whole one-slope model is shown in
𝐿 𝑥 = 𝐿 0 + 10𝑛 log10 (

𝑑
) = 29 + 16.0 log10 (𝑑) ,
𝑑0

(2)

where 𝐿 𝑥 is the total losses in dB, 𝑑0 is the reference distance,
𝐿 0 is the losses at the reference distance, 𝑛 is the path-loss
exponent, and 𝑑 is the distance.
We also measured the path-loss at a given distance
(𝑑 = 9.5 m) with six people moving around between the
transmitter and the receiver. This impact is an average pathloss 2.28 dB higher and some fading 30 dB deep.
3.2. Ranging. If we measure the time of arrival (TOA) we can
easily estimate the distance between the transmitter and the
receiver
𝑑̃ = 𝑐 ⋅ 𝜏,

(3)

where 𝜏 is the time for the first peak in the PDP (i.e., the first
path that arrives to the receiver) and 𝑐 is the speed of light.
In Table 2 we can see the estimated distances using this TOAbased technique to estimate the distance between transmitter
and receiver. The estimation based on the LOS path is the
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Table 2: Estimated distances for TOA-based method (m).
𝜃

Distance [m]

0

∘

∘

2.11
4.18
6.13
9.47
16.89

2.0
4.0
6.0
9.5
17.0

∘

45

90

135∘

180∘

2.02
6.42
7.02
10.00
16.89

2.51
6.38
6.40
10.49
17.47

2.51
13.16
8.69
10.91

14.09
5.02
11.20
9.8
19.24

Farfield Gain Abs (Phi = 90)
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Figure 4: Radiation patterns at 25 GHz for E-plane (a) and H-plane (b) for the Vivaldi antenna. (c) The antenna is shown being installed near
the top of one of the handholds of the train.

most accurate (5.56% error in the worst case and 0.35% in
the best one); for 𝜃 = 45∘ it is slightly worse and for the other
angles we have large errors. This method seems to be more
accurate when the distance increases (for 𝑑 = 17 m, the error
is lower than 3% for 𝜃 = 0∘ , 45∘ , and 90∘ and 13.20% for 𝜃
= 180∘ ). The reason behind this good performance at higher

distances is because the impact of reflections from handlers
and other furniture is less significant than at lower distances.
3.3. Power-Delay-Profiles and Clustering. Regarding the
Power-Delay Profiles (PDP) we have computed them for all
the scenarios described in Section 2. In Figures 5–9 we can
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Figure 5: Power-Delay Profile and cluster identification for 𝑑 = 2 m. (a) 𝜃 = 0∘ . (b) 𝜃 = 45∘ . (c) 𝜃 = 90∘ . (d) 𝜃 = 180∘ .

see the PDPs for 𝑑 = {2, 4, 6, 9.5, 17} m and an extra one for
the omnidirectional antenna at a distance of 𝑑 = 4 m.
Multipath components are clustered according to SalehValenzuela [14] model and the estimation of the clusters
that these multipath components form has been done using
the automatic algorithm proposed in [15]. This algorithm
takes into account both the amplitude and time delay to
form the clusters. The usual approach to identify multipath
component clusters is the visual inspection [15] but we
found preferable to use an automatic algorithm. The main
advantage of this algorithm is that it allows us to do a fast
estimation of the clusters, and that it takes into account both
time and amplitude values. Therefore, the clustering process
is very dependent on the thresholds we propose (as it is
acknowledged in [15]), but after some iterations, it seems
to have a good performance if we look to Figures 5–11. In
these figures we have highlighted in red the clusters that this

algorithm has identified (dots in red are the first ray from a
cluster).
For 𝑑 = 2 m (Figure 5) we can see that the number of
clusters increases with 𝜃. For 𝜃 = 90∘ the number of clusters
increases significantly, and for 𝜃 = 180∘ it decreases. This
is an expectable result, because as we go towards a pure
NLOS scenario, with many scatters between transmitter and
receiver, this leads to different times of arrival (i.e., clusters).
Regarding the 𝑑 = 4 m scenario (Figure 6) the number
of clusters does not increase significantly from the previous
scenario, but we have more or less the same dependence to 𝜃.
The difference between 𝜃 = 0∘ and 𝜃 = 45∘ is small if we visually
inspect both PDPs, but for 𝜃 = 180∘ we have more clusters
in the receiver. In our opinion, this is attributable to the
layout of the train that makes this PDP possible for this angle.
If we employ an omnidirectional antenna in the receiver
(Figure 11) we can see that we are able to see a significantly
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Figure 6: Power-Delay Profile and cluster identification for 𝑑 = 4 m. (a) 𝜃 = 0∘ . (b) 𝜃 = 45∘ . (c) 𝜃 = 90∘ . (d) 𝜃 = 180∘ . For the 𝜃 = 0∘ setup there
is almost no room for reflections to arrive to the receiver. As we increase 𝜃, many more clusters surge.

higher number of clusters. This is an expected result because
the wider radiation pattern allows more different directions
of arrival to the receiver. We still have a strong first cluster,
associated with the LOS direct link plus four more clusters
for the reflection through the train car.
In Figure 7 we can see the PDPs for 𝑑 = 6 m. The number
of clusters remain stable and similar to 𝑑 = {2, 4 m} for 𝜃 =
0∘ . For 𝜃 = 45∘ we see more clusters for the same reason as
before: losing the LOS link leads to more reflections due to
the presence of obstacles inside the train. This is coherent with
the fact that for 𝜃 = {90∘ , 180∘ } the number of clusters does not
increase.
For 𝑑 = 9.5 m (Figure 8), the estimated number of clusters
is stable (and lower than before) for both 𝜃 = {0∘ , 45∘ } because
we are experiencing a significant Waveguide Effect and there
are many rays that are suppressed. For 𝜃 = {90∘ , 180∘ } we

have the same increase in the number of clusters experienced
before. So the pattern does not change from the 𝑑 = 6 m
scenario. Nevertheless, for this distance we also measured
the channel with people moving randomly inside the train
(between transmitter and receiver). The result can be seen in
Figure 10, and the number of clusters increases significantly
from any other angle at the same distance. The reason is the
expected one: people act as supplementary scatters, so the
PDP changes (we have more clusters, obviously). This result
is very important because intratrain-based applications will
work on trains with people onboard.
Finally, for 𝑑 = 17 m (Figure 9), if we inspect visually
the PDPs for the four angles considered, we can see that it
does not change significantly, but the algorithm estimates
2, 6, 3, and 4, clusters for 𝜃 = {0∘ , 45∘ , 90∘ , 180∘ }. This is
perhaps the most debatable outcome of the algorithm. In this
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Figure 7: Power-Delay Profile and cluster identification for 𝑑 = 6 m. (a) 𝜃 = 0∘ . (b) 𝜃 = 45∘ . (c) 𝜃 = 90∘ . (d) 𝜃 = 180∘ . At this distance, the
clustering algorithm behaves in a very similar manner as for 𝑑 = 2 m, but for 𝜃 = {90∘ , 180∘ } there are fewer clusters than in 𝑑 = 2 m.

case, the distance is significantly higher than in the other
scenarios, where the Waveguide Effect is dominant and the
PDP is smoother (which means fewer clusters). It is also
the scenario where we have less differences between angles
(together with 𝑑 = 2 m, where there were almost no scatters
between transmitter and receiver). An expected result is that,
at a distance like this, the power is mostly concentrated on the
first cluster of rays that arrives to the receiver (this is easy to
see in the 𝜃 = 0∘ , obviously). This is another consequence of
the “Waveguide Effect.”
3.4. Saleh-Valenzuela Parameters. The classical Saleh-Valenzuela (SV) model is intended for indoor scenarios and we
have chosen it for its statistical nature and simplicity: it
describes the channel with only four parameters (𝜆, Λ, 𝛾, and
Γ). Λ is the cluster arrival rate, which is assumed to follow

a Poisson distribution [14], the same distribution as the ray
arrival rate “𝜆”; “𝛾” is the exponential decay within a cluster;
and “Γ” is the exponential decay for the whole PDP. In Table 3
we have included our estimation of these four SV parameters
for all the scenarios that we have measured.
If we look at the average SV parameters in the column
on the right of Table 3, we can see that we have a “slow”
decay. This is because the distance between the objects that
reflect the signal is very low, and all of them are very similar
(metallic surfaces). That is for the “overall decay” (parameter
Γ). If we look inside the clusters, we can see that they decay
rapidly (parameter 𝛾), which means a higher attenuation (due
to the high frequencies) and very few reflections (apart from
the first one). Anyway, this is coherent because the clustering
algorithm that we chose is adequate, because the calculation
of SV model parameters is very dependent on the clustering
algorithm.
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Figure 8: Power-Delay Profile and cluster identification for 𝑑 = 9.5 m. (a) 𝜃 = 0∘ . (b) 𝜃 = 45∘ . (c) 𝜃 = 90∘ . (d) 𝜃 = 180∘ . We still have many
clusters, especially in the angles different to 0∘ .

Explaining properly all the estimated SV parameters
would take a lot of time, so here we will discuss some of the
most significant parameters. First of all, it is noteworthy that
𝜆 (ray arrival rate) has small variations no matter in which
scenario we are. This parameter is very dependent on the
limitations of the measurement devices, so perhaps with a
different device able to increase the number of resolvable rays
this parameter could experience higher variations. The main
difficulty to improve this is that the VNA employed is a stateof-the-art device, so it will take some time to achieve a better
resolution in this parameter.
The cluster arrival rate (Λ) has a direct relation with the
number of clusters and we have gone through this parameter
in Section 3.3. Regarding the overall decay rate (Γ), it is
generally higher than the cluster decay rate (𝛾), which is
an expected result. Moreover, the clustering algorithm does

not allow negative slopes (if it resolves a cluster with a
negative slope; that cluster is joined to the next one) which
increases—in general terms—the values of 𝛾. If we look at
some particular results, we can see that the Γ for the shortest
distance (𝑑 = 2 m) and LOS scenario has the smallest value
calculated. For higher distances and angles, the Γ increases,
but the general trend is to decrease (but for 𝑑 = 2 m), which
is an expected result. It is hard to find a clear pattern in the
angle variation, but a possible reason behind this behavior is
that the first ray of the cluster is not always the one with more
power [15]. This could lead to an underestimation of the Γ
parameter.
We also took two more measurements: with people
moving around inside the train (𝑑 = 9.5 m) and also using
an omnidirectional antenna (𝑑 = 4 m). The Saleh-Valenzuela
model parameters for the omnidirectional antenna are 𝛾 =
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Figure 9: Power-Delay Profile and cluster identification for 𝑑 = 17 m. (a) 𝜃 = 0∘ . (b) 𝜃 = 45∘ . (c) 𝜃 = 90∘ . (d) 𝜃 = 180∘ . The automatic algorithm
identifies very few clusters for the 𝜃 = 0∘ , but many more rise if we misalign the antennas.

0.187; Γ = 0.208; 𝜆 = 3.800; Λ = 0.277. This is similar “𝛾” and
“𝜆” for horn antenna in the receiver at the same distance.
The apparent invariability of “𝜆” was discussed before and
for “𝛾” it could be an impact of the clustering algorithm,
which prevents higher variations inside a cluster, which leads
to an approximately constant “𝛾.” The number of clusters is
significantly different, as the parameter “Γ” highlights, so this
is coherent with the “conservative” nature (regarding “𝛾”) of
the clustering algorithm.
If we consider the difference between having people in
motion between transmitter and receiver (the SV parameters
are 𝛾 = 0.134; Γ = 0.188; 𝜆 = 3.745; Λ = 0.277) and not,
using horn antennas and the same distance, equal to 9.5 m,
we can see that we have a lower “Λ” when we have people
in motion, and also a lower “Γ.” It is also noteworthy that
the average parameters using horn antennas (this is 𝜃 = {0,

45∘ , 90∘ , 180∘ }) are a good approximation of the scenario
with an omnidirectional antenna. This is a coherent result
because using an antenna like this is the same as we average
the contributions from all directions. However, as we can see
in Figure 4, the radiation pattern of the Vivaldi antenna is not
perfectly omnidirectional, so this “averaging” process is not as
precise as it could be otherwise.

4. Conclusion
The SV model can be applicable directly to an intratrain
scenario, as it is an indoor scenario (the scope of the SV
model). It is only necessary to estimate the parameters of
the model to each environment. In particular, intratrain
communications at high frequency are a high multipath
environment, where SV model is intended to work.
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Table 3: Saleh-Valenzuela parameters.

Distance [m]

Angle [∘ ]

Parameter

∘

0
0.058
0.046
3.944
0.152
0.236
0.323
3.600
0.100
0.116
0.173
3.929
0.101
0.090
0.136
3.700
0.200
0.145
0.203
3.700
0.150

𝛾
Γ
𝜆
Λ
𝛾
Γ
𝜆
Λ
𝛾
Γ
𝜆
Λ
𝛾
Γ
𝜆
Λ
𝛾
Γ
𝜆
Λ

2.0

4.0

6.0

9.5

17.0

∘

PDP d = 9.5 Ｇ; ＮＢ？Ｎ； = 0∘ ; horn antennas; with people

0

90∘
0.264
0.448
3.728
0.302
0.198
0.249
3.742
0.152
0.199
0.206
3.476
0.101
0.351
0.395
4.115
0.251
0.200
0.158
3.539
0.152

45
0.172
0.196
3.728
0.151
0.256
0.338
3.563
0.151
0.173
0.209
4.000
0.250
0.118
0.140
3.576
0.201
0.117
0.163
3.513
0.301

Average

180∘
0.124
0.139
4.065
0.201
0.104
0.129
3.965
0.201
0.221
0.248
3.800
0.100
0.315
0.429
3.650
0.250
0.187
0.208
3.800
0.100

0.155
0.207
3.866
0.202
0.199
0.260
3.718
0.151
0.177
0.209
3.801
0.138
0.219
0.275
3.760
0.226
0.162
0.183
3.638
0.176

PDP d = 4 Ｇ; Vivaldi antenna in the receiver
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Figure 10: Power-Delay Profile for 𝑑 = 9.5 m, 𝜃 = 0∘ ; using horn
antennas and people moving around between transmitter and
receiver. The effect of people increases the number of clusters and
impacts the overall PDP.

The intratrain link is one of the most likely scenarios
to require high throughputs, ultra-dense networks, and
very low latencies. These three requirements are the core
of 5G technologies. In this paper we have assessed this
link in a region of the spectrum related to future 5G
developments (26.5–40 GHz), providing estimations for the
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Figure 11: Power-Delay Profile for 𝑑 = 4 m, with the Vivaldi antenna
in the receiver. The automatic algorithm identifies 5 clusters.

path-loss, Power-Delay Profile and Saleh-Valenzuela model
parameters. We have seen the dependence of all these results
on distance and angle; moreover, we have seen the impact
of people moving around and also the differences coming
from the radiation pattern of the receiving antenna (using an
omnidirectional antenna instead of the horn antennas used in
all measurements but one). The performance of the clustering

Wireless Communications and Mobile Computing
algorithm is remarkable (with some limitations, as we have
discussed) and the obtained SV parameters are coherent as
well.
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Vehicle-borne battery condition is an important factor affecting the efficiency of the maglev train operation and other connected
ones. To effectively eliminate the influence of the battery condition and improve the operation efficiency of the connected maglev
trains, an operation control strategy is proposed to guarantee train operation safety. First, based on Internet of Things, a sensor
network is designed to monitor vehicle-borne battery condition in each vehicle of the train. Second, the train Operation Control
System collects battery data of all vehicles in a maglev train by Train Communication Network. Third, all connected maglev trains
share the battery data via a 38 GHz directional Radio Communication System and adjust operation control strategy accordingly.
Simulation results indicate that the proposed strategy can guarantee the operation safety of the connected maglev trains.

1. Introduction
After the introduction of high-speed maglev train Transrapid-08
into Shanghai in 2002 and with the operations of both Airport
Line of Changsha in 2016 and S1 Line of Beijing in 2017,
maglev transportation system has received more and more
attention in China [1, 2]. Compared with the conventional
wheel-rail transportation systems, the maglev transportation
system has many excellent features such as low environmental
noise, small turning radius, high climbing slope ability, strong
weather resistance, low maintenance cost, and long life-span
[3].
Normally, based on five speed curve limits including the
minimum speed-up limit, the minimum levitation limit, the
maximum safety braking limit, the maximum speed running
limit, and the maximum speed limit, the train Operation
Control System (OCS), which has four subsystems including
Central Control System (CCS), Decentralization Control
System (DCS), Vehicle Control System (VCS), and 38 GHz
directional Radio Communication System (RCS), formulates
an operation control strategy real-timely to guarantee train
operation safety [4].
However, for construction cost consideration, only station decentralizations and Auxiliary Stopping Area (ASA) of
section decentralizations are equipped with Power Rail (PR),

making it discontinuous. In case of emergency, VCS requests
DCS to shut off the Propulsion Power-Supply System (PPS)
and then the train-borne batteries are the only energy source
for all train-borne electrical equipment to keep the train
running to the next ASA. Unfortunately, the train cannot run
again after it stops in the track without PR [5].
In the routine operation, the running speed is around
200 km/h for the medium-speed train and about 400 km/h
for the high-speed train; the Vehicle Electrical Grid (VEG)
is supplied by the vehicle-borne linear generator because of
high power-generating efficiency at high speed. However,
when the train speed decreases to 100 km/h or lower, the
power-generating capacity of the linear generator drops too
much to supply enough power to VEG. In this case, the trainborne batteries provide supplementary energy to VEG. For
safety, during pull-in and departure station, the train speed
is relatively low (lower than 100 km/h); VEG has to depend
on the train-borne batteries. Hence, the battery conditions,
especially the remaining capacity, are crucial to the train
operation safety.
When the maglev train stops in the station or ASA in the
section decentralization, vehicle-borne collectors will charge
batteries through PR and the vehicle-borne batteries are in
the high current mode, resulting in performance degradation
easily. Therefore, it is of great significance to monitor the
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battery condition to prolong the battery life [6, 7] and adjust
the operation strategy dynamically. Moreover, during the
following operation for the connected trains, the following
train has to adjust the operation control strategy in real-time
according to both its self-condition and that of the leading
one to prevent it from crashing.
In these years, with the rapid development of wireless
communication and network technique, a wide range of
Internet of Things (IoT) applications has been found in many
areas such as smart cities [8], spatial crowdsourcing [9], and
crowd dynamics management [10]. IoT is expected to achieve
intelligent information processing, pervasive sensing, and
efficient resource management in sensor network [11–14].
The Train Communication Network (TCN) standard was
approved by the International Electrotechnical Commission
(IEC) and the IEEE in 1999 to warrant interoperability of
train and equipment. TCN encompasses two serial masterslave buses: the Wire Train Bus (WTB) and the Multifunction
Vehicle Bus (MVB). Nowadays, TCN is widely used in highspeed rail trains and metro trains [15–19].
Recently, several fault detection methods have been presented to enhance the safety of the maglev train. A Bayesian
network based detection method has been conducted [20, 21]
to investigate acceleration sensor failures and analyse the
multistate of the braking system. For maglev train, a risk
modelling method of the failure event tree is given to detect
the failure of levitation control system in [22].
In this paper, using IoT, a sensor network architecture
is designed to monitor the vehicle-borne battery condition
data in each vehicle; all these data in the train are collected
by OCS through TCN and connected trains share them via
RCS. Further, a new operation control strategy is proposed
to guarantee the safety of the following operation for the
connected maglev trains.
The main contributions of this paper are as follows.
(1) For existing operation control strategies, it is assumed
that the train-borne batteries have full capacity all the time.
The proposed operation control strategy regards the battery
conditions as variable states and formulates strategy in realtime according to the conditions of the batteries.
(2) Comparing with existing operation control strategies,
the proposed strategy takes other connected trains into
consideration and adjusts the operation control strategy
dynamically.
The rest of this paper is organized as follows. In Section 2,
we analyse main resistance and energy consumption of the
maglev train briefly. Section 3 is dedicated to designing a
sensor network for the connected maglev trains to monitor
battery conditions and exchange related information. In
Section 4, based on battery condition data, an operation
control strategy is proposed to guarantee the train safety
in both station and section decentralizations. Section 5 is
devoted to the simulation evaluation of the proposed scheme.
Finally, conclusions are presented in Section 6.

2. Dynamic Analysis of the Maglev Train
Generally, the maglev train can be regarded as a rigid body
when we study the operation control strategy. The total
resistance 𝑓sum mainly comes from the air, rail line, magnetic
force, eddy current braking force, and other additional forces.
The total resistance 𝑓sum (unit is KN, the same below) can be
described as
𝑓sum = 𝑓air + 𝑓mag + 𝑓eddy + 𝑓motor + 𝑓skid + 𝑓𝑖 + 𝑓𝑟 ,

(1)

where 𝑓air is the air resistance, 𝑓mag is the magnetic resistance,
𝑓eddy is the eddy current braking resistance, 𝑓motor is the linear
motor braking resistance, 𝑓skid is the gliding skid braking
resistance, 𝑓𝑖 is the curve resistance, and 𝑓𝑟 is the gradient
resistance.
The intrinsic resistance includes air resistance and intrinsic magnetic resistance [11]. Without considering the wind
condition, the air resistance and magnetic resistance are given
by
𝑓air = 2.8 × 10−3 × (0.265𝑁 + 0.3) V2 ,
𝑓mag = 1.86𝑁 (1 − 𝑒−V/108 ) ,

(2)

where 𝑁 is the number of train vehicles and V is the train
speed.
For the maglev train, the braking force is mainly from
the reverse braking, the resistance braking, the eddy current
braking, the wearing plate braking, and the gliding skid
braking.
Normally, the linear motor makes maglev train slow
down by reverse braking and energy consume braking. The
braking force 𝑓motor is given as
𝑓motor
0,
(V < 10 km/h)
{
{
{
{
{
(10 km/h < V < 70 km/h)
= {2.03𝑁,
{
{
{
{𝑁 ( 146 − 0.2) , (V > 70 km/h) .
V
{

(3)

In case of emergency, VSC sends blocking propulsion
power request to DCS to shut off PPS and the eddy current
braking is initiated. The force of the eddy current braking is
as follows:
𝑓eddy = 𝑓eddy 𝑥 + 𝑓plate ,

(4)

where 𝑓eddy 𝑥 is the eddy current braking resistance in
running direction and can be described as follows:

2
−V/30
)
{2.28𝑞𝑁 (0.014𝐼 + 0.004𝐼) ⋅ (1 − 0.6𝑒
𝑓eddy 𝑥 = {
2
0.032𝑞𝑁𝐼
{

(10 km/h < V < 150 km/h)
(V > 150 km/h) .

(5)
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When the speed decreases to 130 km/h or lower, the
wearing plate braking is initiated to make attractive force
between the eddy current electromagnet and the side rail of
the line increase gradually; 𝑓plate is described as
𝑓plate = 𝑁 (0.0027V2 − 0.92V + 74) .

Once the speed of the maglev train decreases to 10 km/h
or lower, the gliding skid braking is initiated to make the train
stop.
𝑓skid = 𝜇skid 𝑁𝑚𝑔 (1 −

𝑖
),
1000

(7)

where 𝑖 is the gradient per millage, 𝑚 is train weight, 𝑔 is
gravitational acceleration, and 𝜇skid is friction coefficient of
the gliding skid braking and is given by
𝜇skid = (0.123 × 10−5 V2 − 0.0025V + 0.2642) .

(8)

Moreover, the gradient line forms an additional resistance
to the train. The additional gradient resistance 𝑓𝑖 is
𝑓𝑖 =

𝑖𝑁𝑚𝑔
.
1000

(9)

In addition to the above-mentioned resistances, the curve
line adds another additional curve resistance that can be
described as follows:
𝑓𝑟 =

600𝑁𝑚𝑔
.
𝑅

(10)

The train-borne equipment energy 𝐸 is
𝐸 = 𝐸lev + 𝐸brake + 𝐸equip ,

(11)

where 𝐸lev is levitation energy, 𝐸brake is emergency braking
energy, and 𝐸equip is vehicle-borne equipment consumption
energy.
The train levitation power is
𝑃lev = 0.1049V + 1.006𝑚.

(12)

Although the whole deceleration process of the train is
variable, the deceleration in a short differential time within
Δ𝑡 š [𝑡𝑖 , 𝑡𝑖+1 ] can be assumed to remain constant. During
[𝑡𝑖 , 𝑡𝑖+1 ], the deceleration is 𝑎(V𝑖 ). Therefore, the running
distance 𝑆 can be obtained by
V𝑖+1 = V𝑖 + 𝑎 (V𝑖 ) Δ𝑡,
𝑆𝑖+1 = 𝑆𝑖 + 𝑎 (V𝑖 ) Δ𝑡 + 0.5𝑎 (V𝑖 ) (Δ𝑡)2 .

Station B

Station A

(6)

(13)

3. Vehicle-Borne Battery Condition Sensor
Network for Connected Maglev Trains
In this section, the impact of battery conditions on the
operation and the monitored battery parameters are analyzed
briefly. To share battery conditions for the connected maglev
trains, a sensor network and a data exchange method are
designed in detail.

Station area
Speed-up/slow-down area

No PR district
APA (with PR)

Figure 1: The sketch of a typical maglev transportation line.

3.1. The Impact of Battery Conditions on Maglev Train Operation. The line for the maglev train is divided into four types
including station, speed-up area, track with ASA and PR, and
track without PR, as shown in Figure 1.
As is shown in Figure 2(a), the train speed is usually lower
than 100 km/h in the station and vehicle-borne collectors
provide the energy from PR for levitation and vehicle equipment including batteries and other electrical loads. When
departing the station, with the power from PR, the train
accelerates quickly to exceed the minimum levitation limit.
In case of emergency, the train has to be braked to stop within
either station or speed-up area. In this case, two possibilities
should be evaluated by OCS: (1) if the train can still stop
within the speed-up area, an emergency braking should be
initiated; (2) if the train can only stop beyond the speed-up
area, current operation strategy is kept for certain time and
then train is braked to run to the next ASA in the section
decentralization.
During section decentralization operation, when train
speed is higher than 100 km/h, the vehicle-borne linear generators supply the levitation energy, as shown in Figure 2(b).
However, when its speed is lower than 100 km/h, the vehicleborne batteries provide the levitation energy because vehicleborne linear generators cannot supply enough energy, as
shown in Figure 2(c). Moreover, a stop-point-stepping
method is employed to make the train run through ASA
until forwarding to next station according to the arranged
speed curves. In case of emergency, similar to the situation in
the station, two possibilities should be considered: (1) if the
train has to stop immediately because of some unexpected
emergencies like a maintenance vehicle ahead, the train has
to brake with the maximum deceleration; (2) otherwise, the
running state and the deceleration process should be adjusted
accordingly to make train stop in the next ASA.
3.2. Vehicle-Borne Battery Condition Monitoring. The normal
working ranges of lithium batteries in the maglev train are
shown in Table 1.
(1) Battery Temperature Monitoring. When discharging rate
is too high, battery temperature increases quickly and forms
hot air to rise in the tank. Therefore, the temperature sensors
should be placed on the upper part of the box to obtain
the actual temperature information easily. Using MicaZ
modules of MEMSIC Inc., the temperature values and their
corresponding conditions are described in Table 2.
(2) Battery Remaining Capacity Monitoring. The voltage and
current of the battery are obtained from Vehicle Diagnosis
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(c) Energy supplied by vehicle-borne batteries

Figure 2: Power supply modes for the maglev train.

Table 1: Lithium battery operating characteristics.
Parameters
Temperature
Voltage
Current

Normal working range
−20∘ C to +55∘ C
(The maximum relative humidity below 95% RH)
DC 440 V (±20 V)
DC 0 A–40 A

Table 2: Temperature values and corresponding conditions.
Temperature values
Lower than −20∘ C
−20∘ C to 55∘ C
Higher than 55∘ C

Condition
Too low
Normal
Too high

Computer (VDC), and the remaining capacity of the battery
can be evaluated to realize the real-time monitoring of
remaining capacity. The relationships between remaining
capacity and corresponding conditions are shown in Table 3.
(3) Battery Visible Flame Monitoring. In the practical operation, the battery temperature often exceeds the normal
limits. Unfortunately, VDC cannot tell whether there is fire
or not. The flame sensors can be used to detect the visible
battery flame. The relationships between the visible flame and
corresponding conditions are shown in Table 4.
3.3. Vehicle-Borne Battery Sensor Network. The parameters
indicating the conditions of the vehicle-borne battery include
temperature, voltage, and current [23–26]. During the train
operation, in order to prevent the batteries from overheating,
their temperature ought to maintain a safe range. Meantime,
voltage and current of each battery should keep at an appropriate level to guarantee the remaining energy for vehicleborne equipment and train levitation. When a maglev train
stops in the station or ASA, its batteries must be checked
to remain enough energy to provide its levitation to the

next ASA and can perform an emergency braking before its
departure.
Each vehicle of the maglev train has eight batteries including four 440 V and four 24 V. Except for emergency-lighting
depending on 24 V batteries, almost all train-borne systems
including levitation and direction, braking, air-conditioning,
and other ones are supplied by four 440 V batteries. Here, we
only take four 440 V batteries into consideration. For a typical
maglev train with six vehicles, a sensor network based on
IoT to monitor vehicle-borne battery condition is shown in
Figure 3. The network includes two Vehicle Safety Computers
(VSCs) and two Mobile Radio Control Units (MRCUs) for
two terminal vehicles and one Data Acquisition Unit (DAU)
for each vehicle. In a vehicle, DAU gathers batteries condition
data and sends them to VSCs; the master VSC formulates
the operation control strategy accordingly (the master VSC
is active and the slave one is in hot standby state).
Both head and tail vehicles have 2 directional antennas on
top of them to form redundancy communication channels.
Connected maglev trains exchange condition data via existing RCS, whose base stations are located along the rail line, as
shown in Figure 4.

4. Operation Control Strategy for the
Connected Maglev Trains
Considering the train-borne battery conditions, an operation
control strategy for the independent maglev train is given
in this section. Further, for the connected trains, based on
five speed limits as shown in Figure 5, an operation control
strategy for the following operation of the connected trains is
discussed in detail.
Curve (1) is a minimum speed-up limit used to reach
minimum speed, curve (2) is a minimum levitation limit
considering running resistance and slope influence, curve (3)
is a maximum safety-brake limit considering safe braking
characteristics and slope influence, curve (4) is a maximum
speed running limit, curve (5) is a maximum speed limit
considering the train structure and all line conditions, and
curve (6) is actual running speed limit.
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Table 3: Remaining capacity and corresponding condition.
Condition

Remaining capacity

Battery exhausted

Not enough to provide energy for levitation and emergency braking
Enough to provide energy for levitation and emergency braking, but cannot provide extra energy
for vehicle-borne equipment
Meets all the vehicle energy requirements

DAU1

VSC

DAU2

Sufficient electricity

DAU6
VSC
MRCU

MRCU

+
−
Battery1

No enough energy

TCN
+
−
Battery4

+
−
Battery1

+
−
Battery4

+
−
Battery1

+
−
Battery4

Figure 3: An IoT based sensor network scheme for the maglev train.

Fiber network
Directional antennas

Directional antennas
VSC

VSC
MRCU

MRCU

Figure 4: Data exchange scheme for connected maglev trains.

Visible flame
Yes
No

Condition
On fire
No fire

4.1. Battery Conditions Based Operation Strategy. Based on
the battery parameters including temperature, voltage, current, and visible flame, different operation control strategies
are employed to ensure the train operation safety. The battery
remaining capacity can be calculated with battery voltage
and current [23]. The battery parameters and corresponding
operation control strategies are shown in Tables 5–7.
4.2. Operation Control Strategy for Departure and Pull-In.
When the train departs from the station, the energy for
levitation and vehicle-borne equipment is supplied by the
collectors that are connected to PR. In order to run to the next
ASA, all the vehicle-borne batteries have to be evaluated. The
operation control strategy is to satisfy the minimum capacity
requirement for levitation and emergency braking (at least
once). Once the train speed is lower than the minimum

Speed (km/h)

Table 4: Visible flame and corresponding condition.
400

(5)
(6)

(4)

100
(1)

(2)

(3)

Running direction
Distance (km)
Speed-up/slow-down area
Station area

No PR track
APA (with PR)

Figure 5: Speed limits for the maglev train.

levitation limit, PPS will be shut off, making the train float
to the nearest ASA in levitation state.
In the pull-in deceleration area, the operation control
strategy is to use kinetic and potential energy to run into the
station, as shown in Figure 6. During approaching the station,
if the initial speed V1 > 100 km/h, the gliding distance 𝑆V1
and the operation mode switching point (see point A: from
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Table 5: The temperature related strategies.

Temperature

Operation control strategies

Lower than −20∘ C

Pump hot air into the battery box

−20∘ C to 55∘ C

Run normally
(1) VDC sends the high-temperature alarm to OCS to increase the cooling fan.
(2) VDC sends battery failure to OCS when the alarm keeps for over 3 minutes.
(3) If the temperature continues to rise but does not reach the limit of combustion, all passengers get off
after the train stops.
(4) If the temperature reaches the limit of combustion, VDC releases fire alarm, the train stops in the
nearest ASA.

Higher than 55∘ C

Table 6: The remaining capacity related strategies.
Remaining capacity

Operation control strategies
Turn off air conditioners and other vehicle-borne equipment.
The train is not allowed to run unless the required capacity is
charged.

Not enough to provide energy for levitation and emergency
braking
Enough to provide energy for levitation and emergency
braking, but cannot provide enough energy for vehicle-borne
equipment

Turn off the vehicle-borne equipment to keep safe levitation
to the next ASA for recharging.

Meets all the vehicle energy requirements

Run normally

Running direction

Visible flame
Yes
No

Operation control strategies
Perform an emergency braking
Run normally

speed (km/h)

Table 7: The visible flame related strategies.

(5)

400
Following train
(6)
Following
interval

Speed (km/h)

1

A

Leading train

(4)

Safety
margin
distance (km)

Figure 7: The following operation of connected maglev trains.

100
B

2
S1

S2
Distance (km)

Figure 6: The lowest power consumption in the pull-in.

constant speed coasting mode to braking deceleration mode)
are determined firstly according to (1)–(8) and (13), making
the batteries supplied energy minimum in the distance 𝑆V1 .
On the other hand, when the initial speed V2 < 100 km/h,
the energy for levitation and other equipment is supplied by
the train-borne batteries; the gliding distance with kinetic
and potential energy is only 𝑆V2 from the switching point B
obtained in the same way of switching point A. In such case,
the operation control strategy is to cut off the power for other
train-borne equipment to guarantee the energy supply for
levitation and emergency braking.
4.3. Section Operation Control Strategy for the Connected
Trains. When connected trains run with the same direction

in the same line, the location and speed of the leading
train can affect the following train according to the mobile
blocking principle. In this case, the leading train is treated as a
mobile obstacle for the following train. As shown in Figure 7,
to guarantee the safety of the following operation, together
with the mobile blocking method and the leading train state,
the operation control strategy for the following train is to
formulate a speed limit (i.e., speed limit 6) that can satisfy
the following interval and also leave a safety margin.
Normally, the following train runs behind the leading
one for more than the safety distance. If the leading train
decelerates or performs an emergency braking, the following
one performs corresponding strategy to prevent it from
crashing into the leading one. In the extreme case, when the
leading train stops on the line for some reasons, the operation
control strategy for the following train is to stop in the ASA
that is behind the leading train for at least one safe ASA.
As is shown in Figure 8, during the following operation,
if the train-borne batteries of the leading train break down to
bring an emergency braking, the following train can obtain
the related data through RCS. In this case, two operation
control strategies can be formulated to save battery energy
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Running direction

Table 8: Parameters of the experimental line.

Speed (km/h)

400

Numerical
value
62 (terminal)
64.5 (middle)
27 (terminal)
24.5 (middle)
6
382
153
400

Parameters

(B)

Total weight of single full load vehicle, 𝑚 (t)
(A)
Following train

Leading train
S０２n Sn０２M S０２(n+1)

Distance (km)

Figure 8: The operation control strategy for following train.

Figure 9: Map of the scenario for the experiment.

of the following train: (1) if the following interval is long
enough and the following train cannot stop in the next ASA
because of high speed, the following train can accelerate to the
maximum speed, coast for a specific distance, and then brake
to stop in the ASA that is behind the leading train (see curve
(B)); (2) if the current speed is relatively low, the following
train is braked to stop in the next ASA (see curve (A)).

Length of single vehicle, 𝐿 veh (m)
Number of vehicles, 𝑁
Total train weight, 𝑚𝑇 (t)
Total train length, 𝐿 trn (m)
Maximum speed, Vmax (km/h)
Total capacity of four sets of batteries per
vehicle, 𝐸btry (kwh)

70.4

Braking power 𝑃𝑏 (kW)
Vehicle equipment power, 𝑃𝑒 (kW)
Average propulsion acceleration, 𝑎ac (m/s2 )
Average propulsion deceleration, 𝑎dc (m/s2 )
Platform length, 𝐿 𝑠𝑡𝑛 (m)
Shortest length of departure PR, 𝑆dprt (m)
Shortest length of pull-in PR, 𝑆pi (m)
The length of the first departure track without
PR, 𝑆𝑛PR1 (m)
The length of first approaching track without
PR, 𝑆𝑛PR𝑧 (m)
The length of the longest track without PR in
the section decentralization, 𝑆𝑛PR𝑀 (m)
The length of PR in section decentralization,
𝑆PR (m)

109
105
0.9
0.8
210
2648
1718
551
420
6025
455

Platform

5. Simulation and Experimental Results
In this section, a simulation is carried out and an experiment
is performed to verify the effectiveness of the proposed
operation control strategy and illustrate the applicability of
the obtained results. The map of the scenario and the line
sketch are shown in Figures 9 and 10; the parameters of the
maglev train and the line are described Table 8.
The resistance and corresponding deceleration of the
train at different speeds are shown in Figure 11. It can be seen
that total deceleration is higher than 1 m/s2 . When the train
speed is lower than 10 km/h, the deceleration is mainly from
the gliding skid. When 10 km/h < V < 140 km/h, the eddy
current braking provides the main resistance for the train.
However, the air resistance and the eddy current braking
supply the resistance for the train when V > 140 km/h.
The remaining capacity of the vehicle-borne battery
is a key factor that affects the operation control strategy
formulating. The speed-distance and energy-distance curves
under the emergency braking and intrinsic resistance braking
are shown in Figures 12 and 13. From Figure 12, the minimum
running point and the related energy for levitation and other
vehicle-borne equipment can be obtained. When the initial
speed is 400 km/h, the braking distance is 2.65 km and the
minimum battery capacity for levitation and other train
equipment is 4.38 kWh. Meanwhile, the maximum running

Sn０２z

SＪＣ

L stn

S＞ＪＬＮ

Sn０２1

S０２

Sn０２M

Running direction

Figure 10: The sketch of the experimental line.

speed and the corresponding energy can be obtained from
Figure 13. During the operation control strategy formulating,
any ASA within these two points can be chosen to stop the
train.
During the running, if a vehicle-borne battery related
emergency happens, based on our proposed operation control strategy, the train can run for a given distance at the
constant speed and then the emergency braking is performed
to stop the train quickly to consume the battery energy as
little as possible. From Figure 14, it can be seen that the
train consumes less vehicle-borne battery energy and total
running time is shorter at a higher initial speed. In our
simulation, the initial speed is supposed to be 400 km/h
and the distance from the train location to the stop-point
is 2774.5 m according to Table 8. From (1)–(8) and (13), the
distance for emergency braking with initial speed 400 km/h is
2651.3 m, leaving 123.2 m for the train running with constant
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300
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400

Running distance (m)
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consumption
Vehicle equipment
energy consumption

Resistance brake
Skid brake
Total brake force

Figure 13: Speed-distance and energy-distance of a train under
intrinsic resistance.
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400

4

350
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300

3

250

2.5

200

2

150

1.5

100

1

0

Energy consumption (kWh)
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Figure 11: Deceleration of train at different speeds.

50

0.5
0

300 600 900 1200 1500 1800 2100 2400 2700

0

Running distance (m)
Total energy
consumption
Vehicle equipment
energy consumption
Levitation energy
consumption

Levitation energy
consumption
Train speed

Emergency brake
energy consumption
Train speed

Figure 12: Speed-distance and energy-distance curves of the train
under emergency braking.

speed at 400 km/h and the total running time is 54.8 s. From
(11) and (12), the total energy consumption is 4.47 kWh.
As is shown in Figure 15, during the following operation
for the connected trains, if the leading train performs an
emergency or decelerates for some reasons, the following
train should adjust the operation strategy to prevent it from
crashing. Suppose the distance between the two trains is
15 km. Because the minimum braking distance for the initial
speed 400 km/h is 2.65 km and the minimum capacity of
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Figure 14: The running time and the energy consumption versus the
initial speed.

the train-borne battery is 4.38 kWh, the operation control
strategy for the following train is to speed up to 400 km/h, run
for about 9.45 km, and then perform a maximum braking to
run to an ASA that is behind the leading train for about 3 km
(here considering the safety margin of about 3 km). Thus, the
safety of the following operation for the connected trains can
be guaranteed.
For the connected trains, in case of shutting-off PPS for
the following train, the operation control strategy for the
following train is to evaluate whether the following interval
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40

trains. The condition information of the vehicle-borne battery temperature and remaining capacity is gathered by IoT
and collected by OCS via TCN; the connected trains share the
condition data through RCS. The following train formulates
the operation control strategy in real-time according to trainborne battery conditions and the operation state of the
leading train. The simulation and experiment are given to
demonstrate the effectiveness of the proposed strategy.
Further investigations could be concerned with operation control strategy formulation for the connected trains
considering the state of other vehicle-borne equipment and
combining these constraints together.
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Figure 16: The floating running for the following train without PPS.

between the two trains is larger than the floating distance
and the train-borne battery capacity is enough to supply the
levitation for the floating. If true, the following train can float
to the next ASA. As is shown in Figure 16, the energy for
floating running of the following train is about 54 kWh, and
the floating distance is about 6.6 km. Because the following
interval is larger than the floating distance, the following
train can float to the ASA between the train location and the
farthest floating point.

6. Conclusions
In this paper, considering the vehicle-borne battery condition
monitoring, an operation control strategy is proposed to
guarantee the operation safety of the connected maglev
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A novel length adaptive method is proposed for time domain equalizer by taking the channel attenuation ratio between different
multipath components into account in UAV-UAV and UAV-ground channels. Then, considering received image quality, the
minimum bit error ratio (MBER) criterion is exploited to design adaptive equalizers for both amplify-and-forward (AF) and
decode-and-forward (DF) relaying systems by the proposed length adaptive method. Results show that proposed MBER adaptive
equalizers outperform the traditional ones in both AF relaying and DF relaying as channel attenuation ratio in UAV-ground channel
increases. Moreover, DF outperforms AF as channel attenuation ratio in UAV-UAV channel increases. Furthermore, bit error ratio
(BER) and peak signal-to-noise ratio (PSNR) performances in both AF and DF are evaluated to show the enhancement by the
proposed MBER adaptive equalizers.

1. Introduction
With the explosive growth of using unmanned aircraft vehicle (UAV) for various applications, there is a tremendous
demand for image wireless transmission in UAV remote
sensing system [1, 2]. The performance of traditional direct
UAV-to-ground communication is severely degraded by the
fading of the wireless channel and can be easily shadowed
by buildings in urban areas or by mountains in rural areas,
leading to drop in the quality of the received images. Thus it
is imperative to develop the future communication schemes
to mitigate the impact caused by the fading and shadowing.
Relaying as an approach to increase the reliability and
extend the coverage area of the UAV remote sensing system,
as depicted in Figure 1, has attracted a huge interest [3–5].
In [3], UAVs are deployed as flying relays between aerial and
ground mesh networks in an emergency scenario. Reference
[5] investigated how to deploy UAVs as flying relays to
increase coverage in the wireless network. Generally, there
are mainly two widely used relaying schemes: amplify-andforward (AF) and decode-and-forward (DF). In AF, the relay
amplifies and retransmits the received signal from the source

to the destination. In DF, the relay decodes the signal and then
forwards it to the destination.
According to recent measurement campaign and literatures [6–8], UAV-to-ground and UAV-to-UAV channels, two
kinds of channels widely used in UAV-based relaying systems,
can be typically modeled as frequency-selective multipath
channels whose dispersive nature can easily cause the intersymbol interference (ISI), leading to inevitable performance
degradation. Additionally, channel taps of UAV-ground
channel are larger than those of UAV-UAV channel [9–11].
Reference [7] found that the UAV-ground channel in over-sea
scenarios can be well modeled by the two-ray model plus an
intermittent multipath component. UAV-ground channels in
hilly/mountainous and suburban/near-urban scenarios can
be modeled by nine-tap multipath channels [8, 11]: line-ofsight (LoS) component as the first tap, Ground Reflection (GR)
component as the second tap, and seven intermittent components.
High-speed single-carrier wideband transmission systems are widely used in aeronautical communication due to
severe size, weight, and power (SWAP) of drones [12], and
ISI caused by multipath propagation tends to be the main
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Figure 1: UAV remote sensing system.

factor limiting the reliability of these systems. Thus, time
domain equalizer plays an important role mitigating ISI in
aeronautical communication [12]. Zero-forcing (ZF) and
minimum mean-squared error (MMSE) equalizers are proposed for single-hop aeronautical communication in [13].
In traditional terrestrial relaying systems, [14] designed
the minimum bit error ratio (MBER) equalizer for AF relaying. A new detector for AF relaying is proposed in [15] using
a minimum symbol error ratio (MSER) equalizer. MMSE and
MBER equalizers are proposed and investigated in [16] for
nonorthogonal AF relaying.
Different from terrestrial relaying systems, LoS communication links can always be established in UAV-based relaying systems. In particular, UAV-ground channel has some
unique features due to the GR multipath component which
can more easily cause severe ISI [9]. To the best of our knowledge, there is lack of works dealing with equalizer design for
UAV-based relaying systems that take the characteristics of
UAV-UAV and UAV-ground channels into account in previous literatures.
The main contributions of this work are the following:
(i) A length adaptive method for equalizer design is proposed according to channel attenuation ratio between
different multipath components.
(ii) For image wireless transmission in UAV-based relaying systems, MBER criterion is exploited to design
equalizers in both AF and DF relaying systems, since
MBER, rather than the widely used MMSE, is more
suitable to reflect image quality with high fidelity
[17, 18].
(iii) Bit error ratio (BER) and peak signal-to-noise ratio
(PSNR) performances of AF and DF relaying with
MBER adaptive equalizers are evaluated in relation to
critical system parameters like the number of training
symbols, defined complexity penalty parameter of DF,
and average signal-to-noise ratio (SNR), which are
important for practical application in UAV remote
sensing system.
Notation. Bold uppercase and lowercase letters denote matrices and vectors, respectively. The superscript (⋅)𝐻 denotes the

As depicted in Figure 2, we consider a three-node relaying
system consisting of a monitoring UAV (M-UAV) as the
source node, a ground station (GS) as the destination node,
and a relay UAV (R-UAV) as the relay node without direct
path between M-UAV and GS (e.g., due to shadowing or
large separation). Each node is equipped with only one
antenna and operates in the half-duplex mode. Two UAVs are
assumed to have the same height ℎ𝑈. Thus, the three-dimensional (3D) coordinates of M-UAV, R-UAV, and GS can be
denoted as s = (𝑥𝑠 , 𝑦𝑠 , ℎ𝑈), r = (𝑥𝑟 , 𝑦𝑟 , ℎ𝑈), and d = (𝑥𝑑 , 𝑦𝑑 ,
ℎ𝐺), respectively.
The image bit stream is sent to GS from M-UAV via
R-UAV using AF or DF relaying. In AF relaying, M-UAV
transmits image bit stream to R-UAV in the first time slot
and then R-UAV amplifies and retransmits the received bit
stream to the GS in the second time slot. In DF relaying, MUAV transmits the image bit stream to R-UAV in the first
time slot and R-UAV decodes and retransmits the image bit
stream in the second time slot. In AF relaying, the equalizer
is considered only at GS; in DF relaying, two equalizers are
considered at both R-UAV and GS.
2.1. UAV-UAV Channel Model. Considering UAV-UAV channel as a discrete-time Rician multipath channel, the channel
outputs at R-UAV for both AF and DF can be expressed as
𝑟𝑘𝐴 = 𝑟𝑘𝐷 = ℎ0𝑈𝑈𝑥𝑘 + ℎ1𝑈𝑈𝑥𝑘−1 + 𝑛.

(1)

𝑥𝑘 ∈ {±1} is 𝑘th BPSK data symbol, which is coded and
modulated from image bit stream. 𝑛 denotes additive white
Gaussian noise (AWGN). ℎ0𝑈𝑈 and ℎ1𝑈𝑈 denote the channel
attenuation of LoS and scattered components, respectively.
The channel attenuation of LoS component in dB can be
expressed as [6]
ℎ0𝑈𝑈 = 10𝛼 log (

4𝜋𝑓𝑐 𝑅LoS
) + 𝜓LoS ,
𝑐

(2)

where 𝛼 is path loss exponent, 𝑓𝑐 is the carrier frequency, 𝑐 is
the speed of light, and 𝑅LoS denotes the range of LoS component. 𝜓LoS ∼ 𝑁(𝜇LoS , 𝛿LoS ) is the shadow fading with normal
distribution in dB for LoS link. The channel attenuation of
scattered components in dB can be expressed as
ℎ1𝑈𝑈 = ℎ0𝑈𝑈 − 𝐾,

(3)

where 𝐾 in dB is the Rician K-factor for UAV-UAV channel.
2.2. UAV-Ground Channel Model. Considering the discretetime UAV-ground multipath channel based on the recent
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Figure 2: System model.

works [7, 8, 11], the channel outputs at GSs for AF and DF can
be expressed as
𝐶𝑈𝐺

𝐴
+ 𝑛,
𝑦𝑘𝐴 = ∑ ℎ𝑖𝑈𝐺𝑟̂𝑘−𝑖

(4)

𝑖=0

2

𝑅LoS = √(ℎ𝑈 − ℎ𝐺) + 𝑑2 ,

(8)

2

𝐶𝑈𝐺

𝐷𝑅
𝑦𝑘𝐷 = ∑ ℎ𝑖𝑈𝐺𝑥̂𝑘−𝑖
+ 𝑛,

(5)

𝑖=0

respectively. 𝐶𝑈𝐺 ≥ 3 denotes the channel taps for UAVground channel. The value of these channel taps depends on
environment; for instance, 𝐶𝑈𝐺 = 3 in the over-water scenarios, while 𝐶𝑈𝐺 = 9 in the mountainous and hilly scenarios [7,
11]. ℎ0𝑈𝐺 denotes the channel attenuation of LoS component
and can be expressed the same as (2):
ℎ0𝑈𝐺 = 10𝛼 log (

Assuming a UAV-ground channel geometry as depicted
in Figure 3 [10, 19], the ranges of LoS and GR components in
UAV-ground channel can be calculated as

4𝜋𝑓𝑐 𝑅LoS
) + 𝜓LoS .
𝑐

(6)

Similarly, ℎ1𝑈𝐺 denotes the channel attenuation of the GR
component and can be expressed as
ℎ1𝑈𝐺 = 10𝛼 log (

4𝜋𝑓𝑐 𝑅GR
) + 𝜓GR ,
𝑐

(7)

where 𝜓GR ∼ 𝑁(𝜇GR , 𝛿GR ) is the shadow fading with normal
distribution in dB for GR link and 𝑅GR denotes the range of
GR component.

𝑅GR = √(ℎ𝑈 + ℎ𝐺) + 𝑑2 ,
where 𝑑 denotes the distance between R-UAV and GS in the
horizontal plane.
For simplicity, the channels between all nodes are assumed to be constant during the transmission time of one
image (moving distances of nodes can be negligible within
this period, since UAV datalink speed, whose carrier frequency usually uses L-band (960-997 MHz) or C-band (50305091 MHz) [9], can reach 10 Mbps [20]).

3. MBER Adaptive Equalizer Design for
Relaying System
3.1. Length Adaptive Mechanism. For example, in (1), the
desired received signal component for 𝑘th symbol is ℎ0𝑈𝑈𝑥𝑘 ,
but the component ℎ1𝑈𝑈𝑥𝑘−1 , also called ISI, could have an
influence on the received signal decision performance due
to the delay transmission of (𝑘 − 1)th symbol 𝑥𝑘 over the
channel ℎ1𝑈𝑈. This decision performance depends on some
system parameters. One of them is the channel attenuation
ratio between LoS and GR components in UAV-ground
channel or scattered components in UAV-UAV channel. For
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The proposed optimal equalizer length can be rewritten
as
𝐿 = 𝑓 (𝛾) =

ℎU

𝑦̂𝑘𝐴
ℎG



(12)

3.2. Equalizer Design for AF. The equalizer at GS in AF relay𝑇
ing can be described by the vector w𝐴𝐷 = {𝑤1𝐴𝐷 ⋅ ⋅ ⋅ 𝑤𝐿𝐴𝐷
𝐴 } and
equalizer outputs can be expressed as

LoS
Ground
reflection

𝛾 − 𝛾min
(𝐿
− 𝐿 min ) + 𝐿 min .
𝛾max − 𝛾min max

𝐿𝐴

𝐴
= ∑𝑤𝑖𝐴𝐷𝑟̂𝑘−𝑖
+ 𝑛,

(13)

𝑖=1

where 𝐿𝐴 denotes the optimal length of equalizer at GS in AF
relaying and can be calculated by


d

𝐿𝐴 = 𝑓 (𝛾𝑈𝐺) .

Figure 3: UAV-ground channel geometry.

The equalizer outputs are then passed to the decision
device and the decision can be expressed as

example, in (1), if the magnitude of component ℎ0𝑈𝑈𝑥𝑘 is much
larger than that of component ℎ1𝑈𝑈𝑥𝑘−1 , the ISI influence on
decision performance is very limited; otherwise, the decision
performance could be severely degraded.
Generally, the reliability performance of equalizers aiming at mitigating ISI increases with the equalizer length but at
the cost of more training time. Considering equalizer performance as well as training time, traditional fixed length equalizers have limited adaptive performance: equalizers with large
length could generate severe signal processing delay due to
more training time, while the one with small length could
not mitigate ISI as much as possible.
Thus, the proposed length adaptive mechanism is that
equalizer can adjust its length to optimal ISI mitigation performance according to the channel attenuation ratio between
different multipath components:
𝛾 − 𝛾min
𝐿 − 𝐿 min
=
,
𝐿 max − 𝐿 min 𝛾max − 𝛾min

(9)

where 𝐿 denotes the equalizer length using proposed method.
𝐿 min = 2 is the minimal equalizer length. 𝐿 max is the maximal
equalizer length depending on the calculating resources of
receivers.
In UAV-ground channel, the channel attenuation ratio in
dB between LoS and GR components can be expressed as
𝛾𝑈𝐺 = ℎ1𝑈𝐺 − ℎ0𝑈𝐺.

(14)

𝑥̂𝑘𝐴

𝐴
{+1 Re (𝑦̂𝑘 ) ≥ 0,
={
−1 Re (𝑦̂𝑘𝐴) ≤ 0.
{

(15)

Then, based on (1), (4), (13), and (15), the end-to-end
signal transmission over the whole link can be expressed as
𝑥̂𝑘𝐴 = sgn (Re (𝑦̂𝑘𝐴))
𝐻

= sgn (Re ((w𝐴𝐷) H𝐴2 𝐺H𝐴1 x𝑘𝐴 + 𝑛))

(16)

where x𝑘𝐴 = {𝑥𝑘 , 𝑥𝑘−1 , . . . , 𝑥𝑘−(𝐿𝐴 +2+𝐶𝑈𝐺 −1) }𝑇 is a vector of
channel inputs from M-UAV. 𝐺 = √1/((ℎ0𝑈𝑈)2 + (ℎ1𝑈𝑈)2 ) is

ideal amplifying gain at R-UAV for each received symbol. H𝐴2
is the 𝐿𝐴 × (𝐿𝐴 + 𝐶𝑈𝐺) Toeplitz convolution matrix; H𝐴1 is the
(𝐿𝐴 + 𝐶𝑈𝐺) × (𝐿𝐴 + 𝐶𝑈𝐺 + 2) Toeplitz convolution matrix. H𝐴2
and H𝐴1 can be expressed as

H𝐴2

ℎ0𝑈𝐺 ℎ1𝑈𝐺 ⋅ ⋅ ⋅ ℎ𝐶𝑈𝐺
0
𝑈𝐺
[
[
[ 0 ℎ𝑈𝐺 ℎ𝑈𝐺 ⋅ ⋅ ⋅ ℎ𝑈𝐺
0
1
𝐶𝑈𝐺
=[
[
[
[
𝑈𝐺
ℎ1𝑈𝐺
[ 0 ⋅ ⋅ ⋅ 0 ℎ0
ℎ0𝑈𝑈 ℎ1𝑈𝑈

(10)

We assume that the position of R-UAV is known by GS by
control signals at first; then 𝛾𝑈𝐺 can be calculated using (6)
and (7) at GS. Thus the length of equalizer at GS can be adjusted using (9).
In UAV-UAV channel, this ratio is also related to Rician
K-factor:
1
(11)
𝛾𝑈𝑈 = .
𝐾
𝛾min and 𝛾max denote the maximal and minimal channel
attenuation ratio, respectively. The values of 𝛾min and 𝛾max
depend on the environment [7, 8, 11].

=

sgn (Re (𝑦̂𝑘𝐴 ))

H𝐴1

[
[
[ 0
=[
[
[
[
[ 0

ℎ0𝑈𝑈

0

⋅⋅⋅

ℎ1𝑈𝑈

0
d

⋅⋅⋅

0

⋅⋅⋅
0
d

0

]
.. ]
. ]
],
]
]
]

⋅ ⋅ ⋅ ℎ𝐶𝑈𝐺
𝑈𝐺 ]

0

(17)

]
.. ]
. ]
].
]
]
]

ℎ0𝑈𝑈 ℎ1𝑈𝑈]

The BER for AF relaying after equalizer w𝐴𝐷 can be defined as
𝑃𝐸𝐴 = Pr (𝑥̂𝑘𝐴𝑥𝑘 < 0)
0

=∫

−∞

𝑝 (w𝐴𝐷, Re (𝑦̂𝑘𝐴)) 𝑥𝑘 𝑑 (Re (𝑦̂𝑘𝐴)) ,

(18)
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where 𝑝(w𝐴𝐷, Re(𝑦̂𝑘𝐴 )) denotes the probability density function (PDF) of Re(𝑦̂𝑘𝐴 ) and is also the function of w𝐴𝐷. Then,
the tap coefficient vector for MBER adaptive equalizer at GS
for AF relaying can be expressed as
w𝐴𝐷 = arg min
𝑃𝐸𝐴 (w𝐴𝐷) .
𝑤

𝑦̂𝑘𝐷

𝐿𝐷𝑅

𝐷
= ∑ 𝑤𝑖𝐷𝑅 𝑟𝑘−𝑖
+ 𝑛,

(20)

𝑖=1

𝐿𝐷𝐷

𝐷
= ∑ 𝑤𝑖𝐷𝐷𝑦𝑘−𝑖
+ 𝑛,

H𝐷2

(19)

3.3. Equalizer Design for DF. Equalizers at R-UAV and GS
𝑇
can be described by the vectors w𝐷𝑅 = {𝑤1𝐷𝑅 ⋅ ⋅ ⋅ 𝑤𝐿𝐷𝑅
and
𝐷𝑅 }
𝐷𝐷
𝐷𝐷
𝐷𝐷 𝑇
= {𝑤1 ⋅ ⋅ ⋅ 𝑤𝐿𝐷𝐷 } , respectively. Then, the equalizer
w
outputs at R-UAV and GS can be expressed as
𝑟̂𝑘𝐷

ℎ0𝑈𝐺 ℎ1𝑈𝐺 ⋅ ⋅ ⋅ ℎ𝐶𝑅𝐷
𝑈𝐺

[
[
[ 0
=[
[
[
[
[ 0

H

𝐷1

(23)

=

sgn (Re (𝑦̂𝑘𝐷))

𝐷
{+1 Re (𝑦̂𝑘 ) ≥ 0,
={
−1 Re (𝑦̂𝑘𝐷) ≤ 0.
{

(24)

Similar to the equalizer design in AF, the end-to-end
signal transmission at R-UAV and GS in DF can be rewritten
as

𝐻

⋅⋅⋅
0
d

⋅⋅⋅

0

0

]
.. ]
. ]
].
]
]
]

(28)

ℎ0𝑈𝑈 ℎ1𝑈𝑈]

(29)

w𝐷𝐷 = arg min
𝑃𝐸𝐷𝐷 (w𝐷𝐷) ,
w
where 𝑃𝐸𝐷𝑅 (w𝐷𝐷) and 𝑃𝐸𝐷𝐷(w𝐷𝑅 ) can be expressed as

0

=∫

𝑝 (w𝐷𝑅 , Re (̂𝑟𝑘𝐷)) 𝑥𝑘 𝑑 (Re (̂𝑟𝑘𝐷)) ,

0

𝑝 (w𝐷𝑅 , Re (𝑦̂𝑘𝐷)) 𝑥𝑘 𝑑 (Re (𝑦̂𝑘𝐷)) .

3.4. Adaptive Equalizer Algorithm. We first consider the optimal equalizer coefficients for AF. To obtain optimal equalizer
coefficients w𝐴𝐷, the PDF of Re(𝑦̂𝑘𝐴 ) is necessary. It is seen
that PDF of Re(𝑦̂𝑘𝐴 ) is Gaussian mixture and can be estimated
using nonparametric estimation [21]. Parzen window method
is good at estimating PDF with relatively short data, which is
efficient for equalizer training [21].
Given the training symbols {𝑥𝑘 , y𝑘𝐴}𝑁
𝑘=1 and using Parzen
window function method, the PDF of Re(𝑦̂𝑘𝐴 ) can be expressed as

(25)
𝑝 (𝑡) =
(26)

respectively. x𝑘 = {𝑥𝑘 , 𝑥𝑘−1 , . . . , 𝑥𝑘−(𝐿𝐷𝑅 +2−1) }𝑇 and x̂𝑘𝐷𝑅 =
𝐷𝐷
𝐷𝐷
𝑇
{𝑥̂𝑘𝐷𝐷, 𝑥̂𝑘−1
, . . . , 𝑥̂𝑘−(𝐿
are two vectors of channel
𝐷𝐷 +𝐶 −1) }
𝑈𝐺
inputs from M-UAV and R-UAV. H𝐷2 and H𝐷1 are 𝐿𝐷𝑅 ×
(𝐿𝐷𝑅 + 𝐶𝑈𝐺) and 𝐿𝐷𝐷 × (𝐿𝐷𝐷 + 2) Toeplitz convolution
matrices, respectively. These two matrices can be expressed
as

(30)

𝑃𝐸𝐷𝐷 = Pr (sgn (Re (𝑦̂𝑘𝐷)) 𝑥𝑘 < 0)
−∞

=

𝑥̂𝑘𝐷𝐷 = sgn (Re ((w𝐷𝐷) H𝐷2 x̂𝑘𝐷𝑅 + 𝑛)) ,

ℎ0𝑈𝑈 ℎ1𝑈𝑈

−∞

𝐷
{+1 Re (̂𝑟𝑘 ) ≥ 0,
={
−1 Re (̂𝑟𝑘𝐷) ≤ 0,
{

𝐻

0

(27)

ℎ0𝑈𝐺 ℎ1𝑈𝐺 ⋅ ⋅ ⋅ ℎ𝐶𝑈𝐺
𝑈𝐺 ]

𝑃𝐸𝐷𝑅 (w𝐷𝑅 ) ,
w𝐷𝑅 = arg min
w

(22)

sgn (Re (̂𝑟𝑘𝐷))

𝑥̂𝑘𝐷𝑅 = sgn (Re ((w𝐷𝑅 ) H𝐷1 x𝑘 + 𝑛)) ,

0

]
.. ]
. ]
],
]
]
]

Following the same approach as carried out to obtain
(19), the optimal tap coefficient vectors for MBER adaptive
equalizers at R-UAV and GS for DF relaying can be expressed
as

=∫

𝑥̂𝑘𝐷𝐷

⋅ ⋅ ⋅ ℎ𝐶𝑈𝐺
0
𝑈𝐺

0

𝑃𝐸𝐷𝑅 = Pr (sgn (Re (̂𝑟𝑘𝐷)) 𝑥𝑘 < 0)

The two equalizer outputs are then passed to the decision
devices and the decisions can be expressed as

𝑥̂𝑘𝐷𝑅

⋅⋅⋅

[
[
[ 0
=[
[
[
[
[ 0

(21)

𝐿𝐷𝑅 = 𝑓 (𝛾𝑈𝑈) ,
𝐿𝐷𝐷 = 𝑓 (𝛾𝑈𝐺) .

⋅⋅⋅

d

ℎ0𝑈𝑈 ℎ1𝑈𝑈

𝑖=1

respectively. 𝐿𝐷𝑅 and 𝐿𝐷𝐷 denote the optimal equalizer
lengths. Similar to (14), these two lengths can be calculated
by

ℎ0𝑈𝐺 ℎ1𝑈𝐺

0

𝑁
𝐴 2
2
1
∑ 𝑒−|𝑡−Re(𝑦̂𝑘 )| /2𝜌𝑛 ,
√
𝑁 2𝜋𝜌𝑛 𝑘=1

(31)

where 𝑁 is the length of training symbols and 𝜌𝑛 is the
window width. Substituting (31) in (18), the BER for AF
relaying can be rewritten as
𝑃𝐸𝐴

sgn (𝑥𝑘 ) Re ((w
1 𝑁
= ∑𝑄 (
𝑁 𝑘=1
𝜌𝑛

𝐴𝐷 𝐻 𝐴
) y𝑘

+ 𝑛)

),

(32)
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where 𝑄 is the Gaussian error function. Then the gradient of
𝑃𝐸𝐴 can be given as
∇𝑃𝐸𝐴 = −

1
√
2𝑁 2𝜋𝜌𝑛
(33)

𝑁

−|Re (w𝐴𝐷 )𝐻 y𝑘𝐴 |2 /2𝜌𝑛2

× ∑𝑒
𝑘=1

sgn (𝑥𝑘 ) y𝑘𝐴.

Then, the solution to optimize equalizer coefficients w𝐴𝐷 is
described as
𝐻

𝐴𝐷
𝑦̂𝑘𝐴 = (w𝑘−1
) y𝑘𝐴,
𝐴𝐷
w𝑘𝐴𝐷 = w𝑘−1
+𝜇

sgn (𝑥𝑘 ) −|Re (w𝐴𝐷 )𝐻 y𝑘𝐴 |2 /2𝜌𝑛2 𝐴
𝑒
y𝑘 ,
2√2𝜋𝜌𝑛

(34)

where 𝜇 is the step size that has to be set to balance the
convergence rate and the steady-state BER.
Following the same approach as carried out to solve
𝐷 𝑁
(19), given the training symbols {𝑥𝑘 , r𝐷
𝑘 , y𝑘 }𝑘=1 for relay and
destination, respectively, and using Parzen window function
method, the BER for DF relaying at relay and destination can
be given as
𝑃𝐸𝐷𝑅

sgn (𝑥𝑘 ) Re ((w
1 𝑁
= ∑𝑄 (
𝑁 𝑘=1
𝜌𝑛

𝑃𝐸𝐷𝐷

sgn (𝑥𝑘 ) Re ((w
1 𝑁
= ∑𝑄 (
𝑁 𝑘=1
𝜌𝑛

𝐷𝑅 𝐻 𝐷
) r𝑘

+ 𝑛)

𝐷𝐷 𝐻 𝐷
) y𝑘

+ 𝑛)

),

),

(35)

(36)

respectively. Then, the solution to optimize equalizer coefficients w𝐷𝑅 and w𝐷𝐷 for DF relaying at relay and destination
can be described as

𝑦̂𝑘𝐷

=

sgn (𝑥) −|Re (w𝐷𝑅 )𝐻 r𝐷𝑘 |2 /2𝜌𝑛2 𝐷
𝑒
r𝑘 ,
2√2𝜋𝜌𝑛

𝐷𝐷 𝐻 𝐷
(w𝑘−1
) y𝑘 ,

𝐷𝐷
w𝑘𝐷𝐷 = w𝑘−1
+𝜇

(37)

sgn (𝑥𝑘 ) −|Re (w𝐷𝐷 )𝐻 y𝑘𝐷 |2 /2𝜌𝑛2 𝐷
𝑒
y𝑘 .
2√2𝜋𝜌𝑛

3.5. Performance Comparison. The end-to-end BER ratio of
AF and DF with MBER adaptive equalizers can be defined as
𝜂=

𝑃𝐸𝐴
,
𝛼𝑃𝐸𝐷

Parameter
𝜌𝑛
𝜇
𝑓𝑐
𝐿 max
𝛾𝑈𝑈
SNR
𝛼
𝜎𝑛2
𝑐
𝐶𝑈𝐺
𝐿 min
𝛾𝑈𝐺
𝑁

Value
4𝜎𝑛2 [21]
0.05 [23]
2 GHz
12
2
15 dB
1
−120 dBm
3 × 108 m/s
3
2
6
20000

than AF relaying. In this case, 𝛼 ≥ 1 can be considered as
the penalty to DF relaying. On the other hand, DF can be
implemented directly using the traditional transceiver, while
AF requires the additional transceiver design, since the relay
needs to amplify the received signals. In this case, 0 ≤ 𝛼 ≤ 1
can be considered as the reward to DF relaying. The value of 𝛼
depends on the energy assumption, network setup, and QoS
requirement.
Note that, following (34) and (37), the equalizer coefficients can be calculated using the training symbols. Then,
substituting (32) and (24) into (38), the ratio can be rewritten
as a function of complexity parameter and training symbols:
𝑁

𝑁

𝐷
𝜂 (𝛼, {𝑥𝑘 , y𝑘𝐴}𝑘=1 , {𝑥𝑘 , r𝐷
𝑘 , y𝑘 }𝑘=1 )
𝐻

=𝛼

𝐴𝐷
) y𝑘𝐴 + 𝑛) /𝜌𝑛 )
∑𝑁
𝑘=1 𝑄 (sgn (𝑥𝑘 ) Re ((w
𝐻

𝐷𝐷 ) y𝐷 + 𝑛) /𝜌 )
∑𝑁
𝑛
𝑘=1 𝑄 (sgn (𝑥𝑘 ) Re ((w
𝑘

(39)
.

Given a complexity parameter 𝛼 and training symbols,
the BER ratio between AF and DF with MBER adaptive
equalizers can be calculated.

𝐻

𝐷𝑅
𝑟̂𝑘𝐷 = (w𝑘−1
) r𝐷
𝑘,
𝐷𝑅
+𝜇
w𝑘𝐷𝑅 = w𝑘−1

Table 1: Simulation parameters.

(38)

where 𝛼 denotes the complexity penalty parameter of DF,
which represents the complexity of DF relaying technology.
On one hand, DF relaying has more complexity in signal
processing, leading to more delay and resource consumption

4. Numerical Results
4.1. Simulation Setup. The experimental UAV images, with
the size of 1392 × 1040 pixels [22], are captured by a mediumaltitude UAV that can cruise at an altitude of 1000 m. The
M-UAV plans to transmit the image to GS via R-UAV. The
distance between M-UAV and R-UAV and that between
R-UAV and GS are both assumed to be 5 km. Antenna
heights of UAVs and GS are assumed to be 1000 m and
10 m, respectively. Thus, the coordinates of the three nodes
are d = (𝑥𝑑 , 𝑦𝑑 , ℎ𝐺) = (0, 0, 10), r = (𝑥𝑟 , 𝑦𝑟 , ℎ𝑈) =
(5000, 0, 1000), and s = (𝑥𝑠 , 𝑦𝑠 , ℎ𝑈) = (10000, 0, 1000).
Simulation parameters, unless explicitly mentioned, are listed
in Table 1.
4.2. Results and Discussion. First, we characterize the BER
performance of proposed adaptive MBER equalizer against
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Figure 4: BER performance against channel attenuation ratio in
UAV-ground channel.
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Figure 5: BER performance against channel attenuation ratio in
UAV-UAV channel.

channel attenuation ratio between different multipath components in both UAV-ground and UAV-UAV channels. Considering fixed channel attenuation ratio 𝛾𝑈𝑈 = 5 in UAV-UAV
channel, Figure 4 shows the BER performance of traditional
fixed length and proposed length adaptive equalizers in both
AF relaying and DF relaying. It can be seen from this figure
that the proposed method has similar BER performance to
traditional one in low 𝛾𝑈𝐺 region but achieves better performance in high 𝛾𝑈𝐺. The reason is that proposed length adaptive method can adjust the GS’ equalizer length according to
the channel attenuation ratio of UAV-ground channel. Additionally, BER performance in DF relaying is better than that
in AF relaying. Performance comparison with attenuation
ratio in UAV-UAV channel is illustrated in Figure 5 with fixed
attenuation ratio 𝛾𝑈𝐺 = 5 in UAV-ground channel. It can be
seen that BER performance of proposed method in DF
relaying stays constant, while the performance of that in AF
relaying decreases when 𝛾𝑈𝑈 increases. This is because length
adaptive method can adjust the R-UAV’s equalizer length
according to 𝛾𝑈𝑈 in DF relaying, avoiding the drop of BER
performance.
Next, we compare the BER performance of AF relaying
and DF relaying with the proposed adaptive MBER equalizers against number of training symbols and complexity
penalty parameter of DF. BER performance against number
of training symbols is shown in Figure 6. Note that these
two scenarios should be compared with each other under the
same total number of training symbols, resulting in the same
end-to-end delay due to training process. Thus, number of
training symbols in AF only denotes the symbol number
of GS’s equalizer. In DF, however, this number denotes the
sum of training symbol numbers of R-UAV and GS. Simply
assuming that R-UAV and GS in DF relaying use the same

BER

10−1

10−2

10−3

0

0.5

1

1.5
2
2.5
3
Number of training symbols

3.5

4
×10 4

AF
DF

Figure 6: BER performance of equalizers against number of training
symbols.

amount of training symbols, that is, half of training symbols
of GS in AF relaying, DF relaying can still achieve better BER
performance than AF relaying but with the slower convergence speed. Figure 7 shows the BER ratio against complexity
penalty parameter. It can be seen that DF relaying achieves
much better BER performance compared to AF relaying
when 𝛼 is between 0 and 1 and worse BER performance than
AF relaying when 𝛼 is larger than 1. This phenomenon indicates that AF relaying and DF relaying can be selected based
on resource consumption, network setup, and QoS requirement of practical application.
Finally, we examine the quality of received images in both
AF relaying and DF relaying with adaptive MBER equalizers
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Figure 7: BER ratio of AF and DF relaying with adaptive MBER equalizers against complexity penalty parameter.
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Figure 8: Images in different relaying schemes with adaptive MBER equalizers against SNR: (a) original images at M-UAV, (b) after equalizer
in AF relaying at GS, and (c) after equalizer in DF relaying at GS.

against SNR. From Figure 8, we can see that images have very
poor quality even after equalizers in the low SNR region. This
is because relaying schemes perform poorly in the low SNR
region as noted in [21]. Images after equalizers in DF relaying
perform better than those in AF relaying at the same SNR.

The average PSNRs of received images at GSs for AF relaying
and DF relaying with MBER adaptive equalizers are presented
in Figure 9. It is shown that the average PSNR performances
in AF relaying and DF relaying schemes increase with SNR.
Furthermore, the average PSNR performance in DF relaying
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Figure 9: Average PSNR performance comparison of received
image between AF and DF relaying with adaptive MBER equalizers
against SNR.

is better than that in AF relaying across the whole SNR regions and the performance gap significantly increases with
SNR.

5. Conclusion
In this paper, MBER equalizers with length adaptive method
are designed for both AF and DF in UAV-based relaying system. The results show that proposed length adaptive method
can achieve better BER performance as channel attenuation
ratio between different multipath components increases.
Moreover, DF relaying performs better than AF relaying as
the channel attenuation ratio in UAV-UAV channel increases.
Additionally, results show that the quality of received images
is largely improved by proposed adaptive MBER equalizers in
both AF relaying and DF relaying.
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The communication system that is presently applied in the European Train Control System can only support data exchange between
vehicles and ground, but the direct vehicle-to-vehicle communication is not available. The details of interlocking information and
other vehicles’ movements are invisible to drivers who are the last defense to prevent unsafe scenarios. As connected vehicles have
been envisioned to enhance transportation efficiency and improve safety, the direct vehicle-to-vehicle communication network is
involved in this paper to increase the safety of railway transport. In this paper, a new train movement authority (MA+) is proposed.
Apart from a wireless communication unit, this system does not require any other infrastructure. With the assistance of vehiclecentric communication technology, MA+ can detect the condition of switches and trains within a certain scope. In this paper, the
system structure of MA+ is proposed. Additionally, different implementation scenarios are also discussed. The detection range is
estimated and validated based on mathematical calculation and experimental equations. An application demo of MA+ is presented
on the Driver Machine Interface of the onboard equipment. The results indicate that MA+ can be a flexible and scalable system for
furthering the improvement of railway safety.

1. Introduction
To guarantee railway transport safety, various technologies
have been applied. The latest European Train Control System
(ETCS), which is based on the moving block principle, safely
optimizes the maximum capacity of the rail network. Different kinds of data are submitted to the Centralized Traffic
Control (CTC) system, such as the interlocking information,
train position, and train diagram. Hence, CTC has a “God’s
view” of all trains and interlocking details [1]. The Radio
Block Center (RBC) transfers the movement authority (MA)
to the trains in its scope of jurisdiction. The train vehicles can
only passively move based on the MA. Once the MA is a fault,
it may lead to a risk scenario, which results in catastrophic
consequences.
For instance, in the 2016 Berlin Tram-Crash, two commuter trains collided on a single-track stretch of railway in
Germany; additionally, there was a head-on collision involving two passenger trains in southern Italy; two cargo trains

collided in Finland; the 7.23 Yongwen line train collision and
the Shanghai Metro Line 10 collision in China are further
examples [2]. As shown in Figure 1, even though the latest
technologies have been implemented, accidents happened all
the same. Hence, we should not be lulled by the guarantee of
the train control system safety.
Based on the technology trends, the train control system should weaken the proportion of ground faculties and
provide trains with more information than in the past [3].
Some projects based on the vehicle-centric communications
have been carried out in these years [4]. For instance,
Alstom offered a train-centric communications-based train
control (CBTC) system. This system can carry out direct
train-to-train communication and control the switch by the
train. With implementing this system, the maintenance costs
have been decreased by 20% and energy has been saved
up to 30% [5]. Publication [6] introduces a train collision
avoidance system, which is based on the Global Navigation
Satellite System (GNSS) to obtain the location data; potential
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Figure 1: Numbers of events and victims of train collisions and
derailments in Europe from 2006 to 2013.

collisions are avoided in the future. Publication [7] proposed
a direct vehicle-to-vehicle distance measurement system in
railways, and the system availability is validated by using
colored Petri nets.
Varying from the systems mentioned in publications [5–
7], in this paper, we propose a system that requires no additional position and speed measurement system. The essential
information is collected using the internal wireless packets
generated by ETCS’s onboard equipment. The vehicle-tovehicle data exchange is implemented via a vehicle-centric
communication link.
Improving transport safety requires numerous suitable
methods. Reducing transitions to hazardous operations and
increasing transitions to safer operations are the most effective implementation methods [8]. Limiting movement violation is one of the most efficient and innovative methods to
reduce accidents, such as train-to-train and train-object collisions. This paper intends to provide researchers with a new
movement authority (MA+), which combines advantages of
the vehicle-centric communication with current movement
authority (MA) mechanisms.
MA+ works as a supplementary part of the ETCS. When
the ETCS is working normally and there is no potential risk,
MA+ will remain silent. Otherwise, MA+ outputs a warning
or alarm. It is important to know that MA+ cannot replace
the statue of the current MA. This is mostly due to the fact
that the safety of MA+ cannot achieve an equivalent security
level as compared with the ETCS in its infancy. Furthermore,
any modifications of this current system require a substantial
amount of discussion and verification. This paper focuses on
such a proposal and the system description.
The remainder of the paper is organized as follows:
Section 2 is dedicated to discussing the system’s structure and
different application scenarios. The feasibility of proposing
a new movement authority, which is based on the vehiclecentric communication, is also further discussed in Section 3.
In Section 4, an MA+ interface demo is introduced on the
Driver Machine Interface (DMI), which can be utilized for
the further simulation or practical application in the actual
system. Finally, Section 5 presents the conclusion and further
works.

As defined in ETCS-2, the MA contains the distance information, by which the train is authorized to move forward
[9]. However, no surrounding details are available for the
train. The MA+ proposed in this paper can obtain extra
information by applying the vehicle-centric communication
method. The extra information includes but is not limited
to other trains’ speed and position and switch’s position
and situation. In this section, the system structure, logical
model, and data exchange process are presented; different
implementation scenarios are then further discussed.
2.1. MA+ Structure and Logical Model Description. Except for
the existing infrastructures in ETCS-2, there are two main
components in the structure of MA+. As shown in Figure 2,
the vehicle-centric communication architecture is installed in
each train, and this architecture permits internal and external data exchange. The switch announcement architecture
repeatedly broadcasts the switch’s location and situation.
The communication link between vehicles and switches
is shown in Figure 3. In the vehicle-centric communication
architecture, the MA+ algorithm collects the train messages
from the onboard equipment and transmits the information
via the Transceiver Unit. These messages provide the train’s
MA, speed, position, direction, and vehicle ID number. The
Transceiver Unit is also in charge of receiving the train
messages sent by other vehicles and switch messages from
the switch announcement. After obtaining the MA and
localization data, the MA+ algorithm matches the digital map
and displays which particular track the train is on through
the DMI. When there are potential hazardous scenarios, the
MA+ algorithm will output alarms.
Before the communication link between vehicles and
switches is established, MA+ works in a surveillance mode
(Smod). As shown in Figure 4, there are no switches and
trains in its detection range; the blue line and the yellow
line represent the original MA data and the MA route,
respectively. The system continuously detects the situation of
potential nearby switches and trains.
The overall logical model of the MA+ algorithm is shown
in Figure 5. MA+ starts from IDLE and turns into Smod after
obtaining the train message data. Combining with the digital
map, the MA+ shows which track the train is on (MA+ T).
Once the information is sufficient to be updated, the MA+
turns into corresponding modes (T, V, and S represent
track, vehicle, and switch, resp.). For instance, MA+ T S
displays the track and switch details once the MA+ obtains
the information broadcasted by the switch announcement
architecture. Some specific situations trigger shortening MA
(SMA), and the MA will be updated based on a new end of
authority (EOA). In the following section, the logical details
are discussed based on different scenarios, which are used to
describe how MA+ is implemented.
2.2. MA+ Implementation Scenarios. A switch can lead a
train onto a different path. Hence, obtaining the position and
situation of the approaching switch is essential in the MA+
implementation. Vehicle-to-switch communication provides
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fundamental vector information. The following procedures
are involved: surveillance, detection and appropriate avoidance, and output results:
(i) Surveillance: the local MA+ works in a monitoring mode. The switch announcement continuously
broadcasts its location and position
(ii) Detection and appropriate avoidance: once the connection between the switch announcement and the
local vehicle-centric communication architecture is
established, the local system turns to the appropriate
avoidance mode
(iii) Output results: after obtaining the position and situation of the approaching switch, the system’s output
results vary depending on different scenarios
In the appropriate avoidance procedure, the switch conditions are described as shown in Figure 6. In this section, four
different combinations of the switch conditions are discussed
to do the illustration. The red line represents the SMA. The

blue and yellow rectangles indicate the normal and reverse
switch positions, respectively. The switch’s name turns into
green or yellow depending on the switch position.
In the normal operation the switch position can be shown
as Figures 6(a) and 6(b), which represent the situation that the
switch is in normal and reverse positions, respectively. When
the switch is in an uncertain position, it will be marked with
red-dotted lines as shown in Figures 6(c) and 6(d).
It is important to note that situations 3 and 4 do not
exist when the interlocking system is working correctly. The
ETCS is a critical safety system, and the MA generation obeys
specific fault-safety strategies. Under the scenario illustrated
in Figure 6(c), switch split is likely to occur along with derailments and side collisions. Hence, among these four different
scenarios, only this one can trigger the SMA. Additionally, to
reduce the frequency of false alarms, the following condition
is considered. When the original MA is available and the
database shows that there is an approaching switch but the
vehicle-to-switch connection is not established, the system
ignores this scenario and no SMA is required.
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Different like the vehicle-to-switch communication, more
information has to be taken into consideration when the
vehicle-to-vehicle communication is established. If train A
detects another train B in its detection range, train A
communicates with train B and obtains the MA+ details of
train B. In general, the scenarios can be divided into two main
parts:
(i) There is no overlap of the two MA, as shown in
Figure 7(a). The green part is the available extension
area for the detected trains’ MA. Under this scenario,
train A’s EOA can be reached without a risk for a
hazardous situation (the train position is calculated
based on the train’s head position; the absolute real
length of the train should be considered when SMA
is triggered).
(ii) If the routes of train A and train B have an overlap
as shown in Figure 7(b), both of them have to activate
the SMA based on their speed and position to prevent
collisions as shown in Figure 7(c).
The practical situations are the combinations of aforementioned scenarios of switches and trains. When drivers
are required to take responsibility, they can have an extended
version of the surrounding switches and trains in a certain
distance with the assistance of MA+. For drivers, the benefit
of MA+ implementation is that it helps them understand

better the surrounding environment of tasks they have to
perform, especially in special scenarios where the drivers
have to make sure the situation of the train ahead is safe.
For instance, the onboard equipment works in modes as ON
SIGHT (OS), ISOLATION (IS), and so on. Hence, MA+ is
an efficient way to extend drivers’ ability and improve the
operational safety.
The contemporary control system has a high safety level.
However, if the signal system fails, the “driver see and avoid”
will be activated. MA+ can output alarm and shorten the MA
automatically; furthermore, it should be kept in radio silence
if there is no potential accident. Otherwise, MA+ can also
be turned on manually. Hence, it is clear that MA+ will not
increase drivers’ responsibility and workload. Additionally, it
can also provide additional communication other than just
the communication between trains and ground.

3. MA+ Detection Range Estimation
Any theoretical proposal should be put forward in engineering implementation, and then the proposal makes
sense. Before the practice using, a suitable simulation based
on an existing technology is essential. For the vehiclecentric communication, different kinds of communication technologies are available, such as Global System for
Mobile Communications (GSM), Code Division Multiple
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Figure 6: MA+ operates with approaching switch scenarios.

Access (CDMA), Wideband Code Division Multiple Access
(WCDMA). In recent years, the evolution of the data communication technology promotes the application of wireless
communication in rail transportations, for the Long-Term
Evolution (LTE) as an example [10]. Based on the high
capacity and speed of LTE and less time delay (as shown

in Table 1), direct communications between waysides and
vehicles are possible. This will enhance the safety level of
the previous control method that relied principally on the
information delivered from RBC.
For the vehicle-centric communication, the detection
range is an important assessment target. In this section, the
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Table 1: The maximum time delays comparison of mobile communication system.
Communication system
GSM
CDMA2000
WCDMA
LTE

Maximum time delay (10−6 s)
1.805
0.813
0.130
0.030

distance detection range of MA+ is discussed based on the
path loss calculation.
Different factors have various influences on the signal
quality. One harsh transition environment is that in nonline-of-sight (NLOS) propagation with mountain barrier, for
example, in railway curve lines, as shown in Figure 8. Under
this scenario, the path loss in curve line is treated as a single
round obstacle for mathematical calculations. Here,
ℎ is height of the curve line above the straight line of
the local train and detected train,
𝑅 is the radius of the curve line,
𝑑1 , 𝑑2 are the tangent lines through the local train and
detected train position.
The diffraction loss is influenced by the frequency, curve
radius, and distance. The mathematical calculation is based

Detected object
R
d1
h
R

d2
Local train

Figure 8: The power attenuation simulation in the curve line
application scenario.

on the International Telecommunication Union (ITU) recommendation [11]. The attenuation loss 𝐴 can be calculated
as follows:
𝐴 = 𝐽 (V) + 𝑇 (𝑚, 𝑛) ,

(1)

where 𝐽(V) is the Fresnel-Kirchhoff loss caused by equivalent
blade shape barrier and it can be given by
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= −20 log (

√[1 − 𝐶 (V) − 𝑆 (V)]2 + [𝐶 (V) − 𝑆 (V)]2
2

),

(2)

where 𝐶(V) and 𝑆(V) are the real and imaginary parts
of Fresnel integral, respectively. For the transition with a
barrier blocking the line-of-sight transmission, 𝐽(V) can be
approximately described as follows:
𝐽 (V) = 6.9 + 20 log (√(V − 0.1)2 + 1 + V − 0.1) ,
V = 0.0316ℎ [

2 (𝑑1 + 𝑑2 )
]
𝜆𝑑1 𝑑2

(3)

1/2

,

(4)

where ℎ and 𝜆 are in meters, 𝜆 is the wavelength, and 𝑑1 , 𝑑2
are in kilometers.
𝑇(𝑚, 𝑛) is the additional loss caused by barrier curvature,
which is the curve line radius 𝑅. 𝑚 and 𝑛 are given by (5) and
(6), respectively:
𝑚=
𝑛=

𝑅 [(𝑑1 + 𝑑2 ) /𝑑1 𝑑2 ]
[𝜋𝑅/𝜆]1/3

,

ℎ [𝜋𝑅/𝜆]2/3
.
𝑅

(5)
(6)

When 𝑚𝑛 ≤ 4, 𝑇(𝑚, 𝑛) equals (7); when 𝑚𝑛 > 4, 𝑇(𝑚, 𝑛)
equals (8).
𝑇 (𝑚, 𝑛) = 7.2𝑚1/2 − (2 − 12.5𝑛) 𝑚 + 3.6𝑚3/2 − 0.8𝑚2 , (7)
𝑇 (𝑚, 𝑛) = −6 − 20 log (𝑚𝑛) + 7.2𝑚
+ 3.6𝑚3/2 − 0.8𝑚2 .

1/2

− (2 − 17𝑛) 𝑚

(8)

In Europe, LTE frequencies are bands 1/3/7/8/20. Band 8
is currently used mostly by GSM. Band 8 is attractive from
a coverage point of view due to the lower propagation losses.
The band can be reused for LTE or HSPA. Bands 8 and 20 hold
the uplink frequencies 880–915 MHz and 832–862 MHz. The
downlink frequencies are 925–960 MHz and 791–821 MHz
[12]. Here we choose the frequency 930 MHz to do the
simulation. The result is shown in Figure 9, which indicates

Mountain area
Urban

Figure 10: Receive signal power in different scenarios.

the interrelationship among the diffraction loss, detection
distance, frequency, and radius. The received signal power
should be greater than the sensitivity of a receiver, as shown
in (9).
𝑃𝑟 (𝑑) [dBm] = 𝑃𝑡 [dBm] + 𝐺 − 𝐴 − 𝑃𝐿 Δ ,

(9)

𝐺 = 10 log (𝐺𝑡 𝐺𝑟 ) ,

(10)

where 𝑃𝑟 (𝑑) [dBm] is the received power; 𝑃𝑡 [dBm] is the
transfer power; 𝐺 is the gain; 𝐺𝑡 and 𝐺𝑟 are the gains of
the transfer and receiver antennas, respectively; 𝑃𝐿 Δ is the
attenuation caused by device and feeder cable.
For the received power, some experimental data is available to be referenced. In publication [13], the path loss
measurements at the 930 MHz in the different scenario were
done. The empirical power of received signal models for
suburban area, open area, mountain area, and urban area was
proposed, as shown in (11), (12), (13), and (14), respectively.
The simulation result is shown in Figure 10. As shown in
the result, the received signal power is greater than −90 dBm
within 4000 m. Hence, the detection range is not a limitation
of this system’s practical application. Taking ICE-3 as an
example, the train emergency braking distance is between
2300 and 2800 m depending on the actual speed.
𝑃𝑟 (𝑑) = 21.577 − 28.001 log (𝑑) ,

(11)

𝑃𝑟 (𝑑) = 6.0246 − 21.2261 log (𝑑) ,

(12)

𝑃𝑟 (𝑑) = 38.432 − 35.015 log (𝑑) ,

(13)

𝑃𝑟 (𝑑) = 61.337 − 40.452 log (𝑑) .

(14)

Here we take an actual line as a case study. The minimum
railway curve radius is different in various railway lines, and
several cases are shown in Table 2 [14]. The simulation results
indicate that, under the minimum curve radius of 3350 m
in Köln-Rhein/Mann line, the signal attenuation is 158.2 dB
when the detected distance is 6100 m. In current practice
application, the typical maximum path loss of LTE can be
163.5 dB [15]. In order to make the detection range as further
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Table 2: Symbol form/shape and descriptions.

Symbol No.

Form/shape

Description

SW1
SW2
SW3
SW4

Switch in normal position
Switch in reverse position
Switch in reverse and normal position
Switch in normal and reverse position

TR1

Train without collision risk

TR2
TC1
TC2

Train with collision risk
Operation line
Empty line
Zoom function

−
800

Distance scale

400

Orders and announcements
of track conditions

Hide/show planning information

200

− 0

Speed profile discontinuity
(target at speed zero)

100

22

Planning area speed profile

−
+

Speed profile discontinuity
(speed decrease)

5

Indication marker

Gradient profile
0×

+
Zoom function

+

Train position

Figure 11: Main objects of the planning information.

as possible, many different methods can be used, for instance,
choosing a suitable wireless frequency spectrum according
to the simulation result in Figure 9, increasing transmitter
power, enhancing receiver sensitivity, and building repeater
stations. Both the simulation result and practical results
indicate that the vehicle-centric communication is available
at the technical level. Hence, the detection range is not a
limitation of the MA+ practical application.

4. An Application Demo on the DMI
The MA+ can be merged into the current train control
system. In this section, a demo is proposed on the DMI
of ETCS. The onboard equipment displays the essential
information on the DMI for drivers. MA+ is combined with
the planning information on DMI. On DMI, the orders and
announcements overview displays within the MA and up
to the first target at zero speed. The following aspects are
involved, if any, as shown in Figure 11.
Here we add MA+ information in orders and announcements of track conditions area, and the basic symbols are
shown in Table 3. Symbols or shapes having a certain meaning
in general railway control systems are avoided, and the display
permits no interaction with the driver during the normal
operation.
Operation line and empty line are defined in the local
train’s view. Based on the switch conditions, there are different
MA operation routes. The driver will know which route is
being implemented. As shown in Figure 12, the length of MA

is assumed to be 800 m. The train was transferred from the
current operation line to the empty line through SW2, which
locates at 280 m in front, as shown in Figure 12(b). SW3 and
SW4 are in hazardous conditions; trailed switch accidents
may happen. SW3 will lead the local train to another track
and switch split will occur. Hence, SMA is required and
an alert is triggered. There is no risk of collisions to the
local train under SW4, and no SMA action can be triggered
automatically.
Once other trains are detected and if there is no overlap
between operation lines, the system will show the positions
of other trains as green symbols. The angle shows the
train operation direction. If there are overlaps between two
operation lines, SMA is immediately executed. Then, because
of different train directions, two different scenarios should be
discussed: scenario one: after the new EOA was refreshed,
there is still an overlap of the MA of two trains; both two
trains have to shorten their MA again based on their speed,
distance, and location, as shown in Figure 13(a); scenario two:
if the detected trains and local train have the same route
direction, the new EOA will be updated based on the end of
the detected train, as shown in Figure 13(b).

5. Conclusion and Further Work
In this paper, a new movement authority based on vehiclecentric communication was proposed to increase the safety
level of the railway operation. The structure of the system
was given, and implementation scenarios were also discussed.
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Table 3: Comparison among different curve radiuses.
Organization

JR

JR

DB

DB

SNC

SNCF

CRH

Tokaido Shinkansen Tokyo-Joetsu Hannover-Wrzburg Köln-Rhein/Mann Paris-Sud-Est Atlantique Beijing-Shanghai
Item
Maximum
null
280
300
300
350
380
380
design speed
km/h
Maximum
300
275
250
null
270
300
300
service speed
km/h
Minimum curve
4000
4000
7000
3350
4000
6250
7000
radius m

−
800

−
800

−
800

400

400

400

200

− 0

200

− 0

200

− 0

100

22

100

22

100

22

+

0

−

−

−

+

+

+

5

5

5

+
+

0

(a)

+
+

0

(b)

+

(c)

−
800
400
200

− 0

100

22
−
+
5

+

0

+

(d)

Figure 12: DMI operates with approaching switch scenarios.

With the assistance of vehicle-centric wireless communication, local trains can have an overview of surrounding scenarios. By estimating the detection range based on attenuation
calculation, the results indicated that this vehicle-centric
communication proposal was engineering-feasible. Finally,
a demo for the MA+ application on DMI was presented.
It is clear that similar vehicle-centric technologies can be
widely used in the future to increase the safety level of railway
transport.

In further works, an MA+ prototype machine will be
designed, which can carry out the fundamental functions
proposed in this paper. Given that the current DMI has been
developed with a view to optimizing information provision
and providing drivers with the information they need, any
change to the DMI and information provided should be validated under careful consideration. Hence, in the following
research, we will try to get railway companies support to
revise the system’s industry requirements and provide a more
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Figure 13: DMI with detected trains.

actual analysis. A full function device will be available to be
applied on the actual DMI.
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Nowadays, in urban rail transit systems, train wayside communication system uses Wireless Local Area Network (WLAN) as
wireless technologies to achieve safety-related information exchange between trains and wayside equipment. However, according
to the high speed mobility of trains and the limitations of frequency band, WLAN is unable to meet the demands of future intracity
and intercity rail transit. And although the Time Division-Long Term Evolution (TD-LTE) technology has high performance
compared with WLAN, only 20 MHz bandwidth can be used at most. Moreover, in high-speed scenario over 300 km/h, TD-LTE
can hardly meet the future requirement as well. The equipment based on Enhanced Ultra High Throughput (EUHT) technology
can achieve a better performance in high-speed scenario compared with WLAN and TD-LTE. Furthermore, it allows using the
frequency resource flexibly based on 5.8 GHz, such as 20 MHz, 40 MHz, and 80 MHz. In this paper, we set up an EUHT wireless
communication system for urban rail transit in high-speed scenario integrated all the traffics of it. An outdoor testing environment
in Beijing-Tianjin High-speed Railway is set up to measure the performance of integrated EUHT wireless communication system
based on urban rail transit. The communication delay, handoff latency, and throughput of this system are analyzed. Extensive
testing results show that the Quality of Service (QoS) of the designed integrated EUHT wireless communication system satisfies
the requirements of urban rail transit system in high-speed scenario. Moreover, compared with testing results of TD-LTE which
we got before, the maximum handoff latency of safety-critical traffics can be decreased from 225 ms to 150 ms. The performance
of throughput-critical traffics can achieve 2-way 2 Mbps CCTV and 1-way 8 Mbps PIS which are much better than 2-way 1 Mbps
CCTV and 1-way 2 Mbps PIS in TD-LTE.

1. Introduction
With the rapid development of the city size, the urban rail
transit becomes the main trip mode of human beings which
could provide safe, punctual passenger services within urban
areas and intercity. In order to release the traffic pressure
in urban area, the transit speed and capacity need to be
improved along with more and more urban population. So,
an automated train control system called communicationbased train control (CBTC), which uses high capacity and
bidirectional train-wayside communication, becomes one
of the key subsystems in urban rail transit systems to
guarantee the safe operation of rail vehicles [1]. According

to the open standards and available commercial-off-theshelf equipment [2], the WLANs are often used as the
train-wayside communication in urban rail transit, such as
Singapore North-East Line from Alstom [3] and Beijing
Metro Line 10 form Siemens. However, with the development of urban rail transit, such as high-speed operation
and integrated services including CBTC information, train
state monitor information, passenger information systems
(PIS) video, closed-circuit television (CCTV) video, and
emergency text, WLAN cannot meet the developed safetycritical and throughput-critical requirements of urban rail
transit and QoS of wireless communication system due to
increasing operation density.
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Although TD-LTE obtains some improvement in communication performance comparing with WLAN, the performance of TD-LTE is degraded greatly in high-speed scenario
around 300 km/h, such as reduced throughput and large
communication delay [4]. Therefore, the existing technology
can hardly guarantee the strict QoS requirements of urban
rail transit systems in high-speed scenario over 300 km/h.
Hence, a new technology which can solve the problems
in high-speed scenario needs to be sought. Fortunately, these
problems can be addressed by a new technology named
EUHT. EUHT is a novel wireless communication technology
based on 802.11ac which can achieve the requirements of
5G [5]. The highest throughput of this system can reach
3.48 Gbps which is much larger than the TD-LTE. The
analysis of throughput is described in Section 3. And the
communication delay can be lower than 10 ms normally.
Furthermore, other advantages of EUHT are set as follows:
(i) Frame length of EUHT can be configured according
to different scenarios from 0.5 ms to 10 ms and EUHT
designed configurable pilot for effective channel estimation for high speed scenario.
(ii) EUHT physical frame is the first to use the selfcontained structure, that is, uplink and downlink
resource allocation. downlink data transmission and
the uplink acknowledgment transmission are completed in the same frame, which is considered to be
one of the key technologies of 5G by Qualcomm. The
self-contained frame structure can greatly reduce the
system latency.
(iii) EUHT has designed a special sequence at the header
of frame to enable the receiver to achieve a more
efficient and reliable synchronization process. The
receiver can perform frame detection, automatic
gain control (AGC), and other operations based
on the EUHT header without any other auxiliary
synchronization sources (such as base station, GPS).
Through the optimization design of the synchronization sequence, the receiver can achieve a reliable
estimate of the large frequency deviation at low
cost, thus greatly reducing the requirement of crystal
performance to +/−20 ppm.
Due to these advantages, EUHT has a better performance
than existing WLAN and TD-LTE technology in high-speed
scenario up to 500 km/h.
At present, there are some researches about the communication system based on 802.111ac. Authors propose
delayed dynamic bandwidth channel access scheme with
virtual primary channel reservation in [6]. This scheme
mitigates the performance bottleneck problem as well as a
scalability problem. In [7], an antenna allocation scheme for
a full-duplex communication is proposed in IEEE 802.11ac
WLAN. A set of results from a performance evaluation
study of wireless communication based on the IEEE 802.11ac
standard are proposed to study the performances of IEEE
802.11ac communication system in [8]. These related works
make some contributions on using the 802.11ac technology
in public wireless communication networks, but they do not

consider the integrated urban rail transit traffics in highspeed scenario.
Recently, substantial works have been done on the
wireless communication issues in the railway environment.
Authors of [9] use the cross layer Reliable Mobility Pattern
Aware (RMPA) handover strategy to improve handover
performance for broadband wireless communication in highspeed railway. Not only do He et al. in [10] test the broadband
delay cluster performance at 2.4 GHz in subway tunnel, but
also the analysis of the results are given. In [11], a field
test has been done in Madrid subway to build the radio
channel in tunnels at 2.4 GHz. The authors in [12] give
us a cross-layer admission control scheme for high-speed
railway communication system. Zhu et al. design a cross-layer
handoff method for CBTC wireless communication system in
[13].
Although these aforementioned works consider the
CBTC performance under different railway wireless communication environment, few of them study the integrated urban
rail transit traffics in the same environment. Moreover, the
working frequency of related works is all based on 2.4 GHz or
lower. There are few studies that consider the high working
frequency communication system in high-speed scenario.
In this paper, an integrated EUHT wireless communication
system based on urban rail transit in high-speed scenario is
designed, which works in the 5.8 GHz and includes all the
traffics in CBTC systems.
In this paper, we firstly study the integrated EUHT
wireless communication system based on urban rail transit
in high-speed scenario, which works in the 5.8 GHz. Then,
the theoretical calculation of communication delay without
handoff, handoff latency, and throughput in EUHT wireless communication system based on urban rail transit are
given. In order to get the real integrated EUHT wireless
communication system performance, we set up an outdoor
test scenario in Beijing-Tianjin High-Speed Railway. The test
results show that the QoS performance of integrated EUHT
wireless communication system based on urban rail transit
not only satisfies the requirements of safety-critical traffics
and throughput-critical traffics in high-speed scenario well,
but also has greatly performance improvement comparing
with TD-LTE system.
The remainder of this paper is organized as follows.
Section 2 describes the integrated EUHT wireless communication system based on urban rail transit. In Section 3,
the theoretical calculation of communication delay without
handoff, handoff latency, and throughput are given. The test
scenario in Beijing-Tianjin High-Speed Railway is introduced
in Section 4. The the requirements of all the traffics in CBTC
systems and test results are presented in Section 5. Finally, the
conclusion is given.

2. The Integrated EUHT Wireless
Communication System Based on
Urban Rail Transit
As we can see in Figure 1, the integrated EUHT wireless communication system based on urban rail transit includes the
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Figure 1: System architecture of EUHT wireless communication system based on urban rail transit.

control center subsystem, train station subsystem, trackside
subsystem, and on-board subsystem.
The main task of control center subsystem is to use
plenty of equipment such as EUHT Control Center (ECC),
EUHT Data Center (EDC), CBTC control center, train state
monitor center, CCTV server, radio dispatch server, and
PIS server to control and manage the integrated CBTC
system. Moreover, the backbone network is used to provide the wired communication link between control center subsystem and train station subsystem. As there are
trains operating in the management area of any train
station, the train station subsystem will charge the communication with all trains. The track-side subsystem consists of the EUHT Base-Station Unit (EBU) and EUHT
Antenna (EAT). The EBU is the base station of the EUHT
system and connected to EAT using optical fiber. The
EAT exchanges the information with on-board subsystem
through air interface. The on-board subsystem can be
divided into EUHT Access Unit (EAU), EUHT Service
Unit (ESU), PIS screens, CCTV cameras, onboard CBTC
equipment, train radio dispatch equipment, and train state
sensors. All these types of equipment are connected by
switches.
Moreover, in order to verify whether the integrated
EUHT wireless communication system can satisfy the QoS
requirements of different traffics in urban rail transit, the
theoretical analysis is shown in Section 3 and the details about
test scenario and procedure are presented in Section 4.

EAU
1 ＧＭ

Frame
adjustment

EBU

AGW

Tf-＞Ｆ ms

1 ＧＭ

0.5 ＧＭ

1 ＧＭ

0.5 ＧＭ

1 ＧＭ

0.5 ＧＭ

Ta-＞Ｆ ms
1 ＧＭ

Tf-ＯＦ ms
Ta-ＯＦ ms

1 ＧＭ

Tf-＞Ｆ ms

Figure 2: Transmission delay without handoff.

3. The Theoretical Analysis of Integrated
EUHT Wireless Communication System
In this section, the theoretical analysis of communication
delay, handoff latency, and throughput are analyzed.
3.1. Communication Delay without Handoff. The communication delay without handoff is shown in Figure 2, where
𝑇𝑎-dl and 𝑇𝑎-ul are the downlink and uplink average Automatic

4

Wireless Communications and Mobile Computing

EAU

EBU-S

EBU-D

(a) HM-REQ
(b) HM-RSP

Handoff
measurement

(c) HM-REP

(d) HO-REQ
Handoff
preparation

(e) Handoff decision
(f) HO-CMD
(g) EAU disconnect with EBU-S
Send PN code
Resource allocation CCH

Handoff
execution

RA-REQ
RA-RSP
SBC-REQ
SBC-RSP
RCC

Handoff
completion

ACK
(h) EAU connect with EBU-D

Figure 3: The handoff procedure of EUHT system.

Repeat Request-Round Trip Time (ARQ-RTT), respectively,
and Tf-dl and Tf-ul are the average downlink and uplink frame
adjustment time, respectively. With the analysis, the EUHT
communication delay Commdelay is shown as follows:
Commdelay = 1 + 𝑇𝑓 + 1 + 𝑝 ∗ 𝑇𝑎 ,

(1)

where 𝑇𝑎 and 𝑇𝑓 are the average ARQ-RTT and frame adjustment time.
For our test, the theoretical calculation result with typical
parameters of communication delay without handoff and
retransmission is 4–8 ms. However, there is no ideal wireless
environment of the high speed scenario around 300 km/h.
Therefore, the real communication delay is greater than this
result.
3.2. Handoff Latency. In order to make the best of the
frequency resources and eliminate the intercell interference,
the Interfrequency Handoff (IFHO) is selected by EUHT. The
theoretical analysis of it is set below.
As is shown in Figure 3, the handoff procedure includes
handoff measurement, handoff preparation, handoff execution, and handoff completion. The handoff measurement and

preparation phases are performed without EBU-Destination
(EBU-D), so that the messages in these two phases are directly
exchanged among the EAU and the EBU-Service (EBU-S).
At the beginning, when the Radio Signal Strength Indicator
(RSSI) of EBU-S has been lower than the measurement
threshold for a certain period set before, the EAU will send
the Handoff Measurement Request (HM-REQ) to EBU-S
to apply to starting the handoff measurement. Then, when
the EAU receives the Handoff Measurement Response (HMRSP), it will measure the RSSI of ESU-S and EBU-D and
report the information to EBU-S using a Handoff Measurement Report (HM-REP). When RSSI of the EBU-D has been
stronger than that of the EBU-S for a certain period, the
EAU will decide to execute handoff and initiate the handoff
preparation phase by sending a Handoff Request (HO-REQ)
to the EBU-S. A HO-REQ includes EAU context information,
QoS parameters, and the information of EBU-D candidates.
EBU-S selects an EBU-D from the candidates and replies to
the EAU with a Handoff Command (HO-CMD). Therefore,
the latency for the handoff preparation phase is represented
as follows:
𝑇HO-Prep = 2 ∗ 𝑇EAU-EBU-S + 𝑇con1 + 𝑇dec1 ,

(2)
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where 𝑇EAU-EBU-S indicates the transmission delay between
the EAU and EBU-S, 𝑇con1 is the latency of the measurement frequency conversion of EAU, and 𝑇dec1 represents
the processing delay of the EBU-S, where 𝑇dec1 includes the
processing of EBU-D selection and handoff decision.
The handoff execution phase is most critical on the
handoff performance due to the handoff interruption/disconnection that occurs. The handoff execution phase is
triggered by the EBU-S sending a HO-CMD to the EAU.
Upon reception of the HO-CMD, the EAU disconnects from
the EBU-S and changes the working frequency to be the
same as EBU-D. Then, EAU sends Pseudo-Noise (PN) code
to the assigned EBU-D through the Random Access Channel
(RACH) and attempts to initiate the Random Access (RA)
process. Next, As the EBU-D receives the PN code, it will
allocate the Control Channel (CCH) resources for EAU and
EAU will send RA-REQ message through the CCH. After
receiving RA-REQ message and RAU MAC, the EBU-D will
reply the RA-RSP to EAU. Then, in order to inform EAU
capability parameters to EBU-D, EAU sends the Station Basic
Capability (SBC-REQ) to EBU-D. As EBU-D receives the
request, it will compare the capability parameters of EAU and
EBU-D and reply the SBC-RSP which includes the capability
parameters supported by EBU-D, the allocated EAU ID, and
scheduling information to EAU. The latency for the handoff
execution phase 𝑇HO-Exe is represented as
𝑇HO-Exe = 6 ∗ 𝑇EAU-EBU-D + 𝑇con2 + 𝑇dec2 ,

(3)

where 𝑇EAU-EBU-S indicates the transmission delay between
the EAU and EBU-D, 𝑇con1 is the latency of the measurement frequency conversion of EAU, and 𝑇dec1 represents
the processing delay of the EBU-S, where 𝑇dec1 includes the
processing of EBU-D selection and handoff decision.
During the handoff completion phase, when the EAU
completes the RA process, the EAU informs the EBU-D
by sending a RA Connection Complete (RCC) and the
EBU-D replies to the EAU with an ACK. Finally, the
EAU connects with EBU-D and transmits traffics through
the Uplink/Downlink-Transmission Channel (UL/DL-TCH).
The handoff completion latency is expressed as
𝑇HO-Comp = 2 ∗ 𝑇EAU-EBU-D + 𝑇ACK ,

(4)

where 𝑇ACK is the processing delay of the EBU-D, which
includes the processing of RRC and sending ACK.

So, the total handoff latency is presented below:
𝑇HO = 2 ∗ 𝑇EAU-EBU-S + 8 ∗ 𝑇EAU-EBU-D + 𝑇con1 + 𝑇con2
+ 𝑇dec1 + 𝑇dec2 + 𝑇ACK .

(5)

In our test, given the typical parameters, the handoff
latency without failure is about 20 ms, and with high speed
scenario reaching up to 300 km/h and complex environment
in the field test, the real handoff latency is greater than this.
3.3. Throughput. In this subsection, the throughput with
overhead needs to be calculated at first. According to the
characteristic of 802.11ac [14], the single cell throughput of
EUHT system mainly depends on system bandwidth, length
of OFDM symbol, and Modulation and Coding Scheme
(MCS). Thus, the peak data rate is
Throughput =

𝑁DBPS
,
𝐿

(6)

where 𝑁DBPS is the number of data bits per symbol and 𝐿 is the
length of OFDM symbol, which is 14.4 𝜇s. Moreover, 𝑁DBPS
is represented as
𝑁DBPS = 𝑁BPSCS ∗ 𝑅 ∗ 𝑁SS ∗ 𝑁subcarrier ,

(7)

where 𝑁BPSCS indicates the modulation order, 𝑅 is the code
rate, 𝑁SS represents the number of spatial streams, and
𝑁subcarrier is the number of subcarrier.
However, as is shown in Figure 4, the transmission frame
of EUHT system consists of Short-Preamble (S-P), LongPreamble (L-P), System Information Channel (SICH), CCH,
UL/DL-TCH, Uplink/Downlink-Search Channel (UL/DLSCH), Uplink/Downlink-Guard Interval (U/D-GI), UplinkScheduling Request Channel (UL-SRCH), and UplinkRACH (UL-RACH). Because UL/DL-TCH can only be
used to transmit train-ground communication traffics in
one transmission frame, the uplink and downlink peak
throughput need to be calculated with data bits of carrying
without overhead which contains S/L-P overhead, SICH
overhead, CCH overhead, UL/DL-SCH overhead, U/D-GI
overhead, UL-SRCH overhead, UL-RACH overhead, and
pilot frequency (PF) overhead, over a single wireless frame
time.
In this paper, the length of one frame is 2 ms, which totally
have 139 OFDM symbols and the UL/DL configuration is
1 : 1.2. Moreover, in our test, S/L-P, SICH, CCH, UL/DL-SCH,
U/D-GI, UL-SRCH, UL-RACH, and PF occupy 2, 1, 4, 2, 8,
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Figure 5: Test scenario of Beijing-Tianjin High-Speed Railway.

1, 2, and 9 OFDM symbols in one frame, respectively. So, the
total overhead is 29 OFDM symbols in one frame. The total
overhead of EUHT system in one frame is represented as
OHtotal = OHS/L-P + OHSICH + OHCCH
+ OHUL/DL-SCH + OHU/D-GI + OHUL-SRCH

(8)

+ OHUL-RACH + OHPF .
According to the analysis in this subsection, the downlink
throughput of EUHT which does not include the overhead
can be shown as
Throughpu𝑡DL = Throughput ∗ (1 − OHtotal ) ∗

1.2
.
2.2

(9)

The uplink throughput of EUHT without overhead can be
written as
Throughpu𝑡UL = Throughput ∗ (1 − OHtotal ) ∗

1
. (10)
2.2

For our field test, the bandwidth and maximum MCS
are 80 MHz and 21. So, the maximum uplink and downlink
throughput are 179.06 Mbps and 214.87 Mbps, respectively.
But with high speed scenario reaching up to 300 km/h and
complex environment in the field test, the real throughput is
lower than this.

4. Test Scenario and Parameters
In this section, a field test scenario has been done in the
Beijing-Tianjin High-Speed Railway to make the testing

results more accurate than that in the laboratory. The test
scenario is made up of three parts, obviously, the high-speed
railway, machine room plant, and on-board space. As is
shown in Figure 5, the Beijing-Tianjin High-Speed railway
is located between Beijing and Tianjin and has a length of
115.2 km. It starts from Beijing South Railway Station and
ends at Tianjin Railway Station by way of Wuqing Railway
Station. The high-speed railway is made up of elevated railway
except the area around railway station. So, in most area of the
railway, there is no tall building which can affect the wireless
transmission.
In this field test, in order to guarantee the Quality of
Coverage (QoC), 109 EBUs are deployed along the railway in
total. The distance between every two EBUs is about 1 km.
So, the average RSSI received by onboard EAU is above
−90 dBm which can meet the demand of urban rail transit
wireless communication system. Moreover, every adjacent
EBU works at different frequency point due to IFHO. Thus,
to make the different traffics meet the QoS requirement
described in Table 2, we allocate 160 MHz for the whole
system. Half of the EBUs run in 5560 MHz–5640 MHz
frequency band, and others run in 5725 MHz–5805 MHz
frequency band. These two frequency bands are all possibly used for high-speed railway and urban rail transit
system. Furthermore, because of less use of the frequency
resources in 5.6 GHz–5.8 GHz, there is little wireless interference in this frequency band along the railway. So, the
radio free wave is used in wireless communication system instead of leaky cable and leaky waveguide. What is
more, Table 1 shows the other configurations of this test
scenario.
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Parameters
EBU TX power
Track-side antenna gain
Frequency point
Working bandwidth
Handoff model
Wireless coverage
Maximum train speed
Onboard antenna height
Track-side antenna height

Value
17 dBm
17 dB
120 (5600 MHz), 153 (5765 MHz)
80 MHz
IFHO (interfrequency handoff)
Free wave
300 km/h
3m
5m

As we can see in Figure 5, in the machine room, ECC
is used for controlling the EUHT network. All the data are
analyzed and processed by EDC. The EDU is connected to
the wayside equipment with optical fiber. Four PCs are the
analog servers for CBTC, train state monitor, PIS, CCTV,
and emergency text, respectively. There are also EAU used
for onboard network access and ESU used for analyzing and
processing the data received by EAU, and four PCs connected
with ESU are the analog on-board servers for CBTC, train
state monitor, PIS, CCTV, and emergency text, respectively.
Therefore, one-way CBTC traffic (200 Kbps), two-way CCTV
traffic (2 Mbps), one-way PIS traffic (8 Mbps), one-way emergency text traffic (200 Kbps), and one-way train state monitor
traffic (200 Kbps) are set to be transmitted between the PCs
located at the machine room plant and on-board space.
The test tool used for test is Ixchariot software which can
simulate different urban rail transit traffics. There are also
different IP and traffics set for different pair of PCs. PC11 and
PC21 are for CBTC traffic. PC12 and PC22 are for train state
monitor traffic. PC13 and PC23 are for CCTV traffic. PC14
and PC24 are for PIS traffic and emergency text traffic.

5. Test Results and Discussions
As is shown in our previous works, the requirements of all
the traffics in CBTC systems, such as communication delay,
handoff latency, and throughput, are much stricter than that
in public wireless networks. Thus, the communication delay
and handoff latency must be stipulated less than the trainwayside communication period which is 200 ms in the traditional CBTC systems; otherwise the trains may experience
some serious accidents [15]. Furthermore, the throughput is
related to the performance of the high throughput demand
traffics, such as PIS and CCTV.
Table 2 shows the different requirements for different
traffics in integrated urban rail transit [16]. Therefore, in order
to ensure the safe operation of the trains on the line, the
transmission delay of safety-critical traffics, such as CBTC
information, train state monitor, and emergency text, should
be stipulated less than 150 ms through wireless and wired
transmission whether the handoff happens or not. And the
latency requirement of the other nonsafety critical traffics is
less than 500 ms. In the requirement of throughput, at least
100 kbps should be allocated to CBTC traffic both in uplink

Latency (s)

Table 1: The configurations in Beijing-Tianjin High-Speed Railway.
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Figure 6: Test result of communication delay and handoff latency
based on EUHT.

and in downlink due to the bidirectional transmission of it.
And according to the unidirectional transmission of train
state monitor and emergency text, there are total 200 kbps
allocated to these two traffics. Furthermore, the throughputcritical traffics, such as PIS and CCTV, are required 8 Mbps
in downlink and 4 Mbps in uplink at least, respectively.
Therefore, in this section, some testing results about communication delay, handoff latency, and throughput are shown
to describe whether the integrated EUHT system can satisfy
the requirements of CBTC system in high-speed scenario
firstly. As we know, the most important QoS parameter for
safety critical traffics is transmission delay which include
communication delay without handoff and handoff latency.
Figure 6 shows the communication delay without handoff
and the handoff latency performance for these traffics. As
we can see, when handoff does not happen, the average
communication delay without handoff is 5 ms, 5 ms, and
6 ms for CBTC, train state monitoring traffic, and emergency
text, respectively. The maximum values are 33 ms, 55 ms, and
103 ms for them, respectively. Therefore, the communication
delay without handoff of safety-critical traffics can satisfy
the requirements shown in Table 2 very well in high-speed
scenario.
Moreover, as is shown in Figure 6, comparing with the
communication delay without handoff, the maximum handoff latency of CBTC, train state monitoring, and emergency
text can reach 146 ms, 144 ms, and 150 ms. Even so, all the
handoff latency still satisfy the requirement of CBTC safety
critical traffics in high-speed scenario.
Figure 7 describes the throughput testing results of
throughput critical traffics. In our test, 2-way CCTV analogue
videos, 2 Mbps for each, and 1-way 8 Mbps PIS analogue video
are transmitted in this integrated system. Thus, as is shown in
Figure 7, because of the handoff, there are some fluctuations
in the throughput results of CCTV and PIS, but the average
value of CCTV and PIS all stabilize around the throughput
requirements presented in Table 2.
Something needs to be pointed out; when handoff happens, the EAU will be disconnected with EBU. During this
period, the data cannot transmit between EAU and EBU. As
is shown in Figure 7, the throughput will be decreased during
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Table 2: The requirement of different traffics in integrated urban rail transit.
Throughput uplink
100 kbps
100 kbps
None
4 Mbps
None

Throughput downlink
100 kbps
None
100 kbps
None
8 Mbps

Delay
150 ms
150 ms
150 ms
500 ms
500 ms

10

0.5

8

0.45

Handoff latency
150 ms
150 ms
150 ms
500 ms
500 ms

Reliability
High
High
High
Medium
Low

0.4
6
4
2
0

0

5

10
15
20
Elapsed time (minutes)

25

30

Response time (s)

Throughput (Mbps)

Application
CBTC
Train state monitor
Emergency text
CCTV
PIS

0.35
0.3
0.25
0.2
0.15
0.1
0.05

CCTV1
CCTV2
PIS

0

0

Figure 7: Test result of throughput of PIS and CCTV based on
EUHT.

6. Conclusion
In this paper, we first detailed presented the structure of
integrated EUHT wireless communication system based on
urban rail transit and described all the traffics of traditional CBTC system. Then, the theoretical values including
communication delay without handoff, handoff latency, and
throughput were calculated in ideal condition. In order to get
the real EUHT wireless communication system performance,
an outdoor test scenario in Beijing-Tianjin High-Speed Railway was set up. Plenty of test results and the comparison
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Elapsed time (minutes)

8

9

10

CBTC
Emergency text
Train state monitor

Figure 8: Test result of communication delay and handoff latency
based on TD-LTE.

3
2.5
Throughput (Mbps)

the handoff procedure. When the EAU completes the IFHO
procedure, it connects with new EBU. The untransmission
data will be transmitted in a short period. The throughput will
be increased after the IFHO.
After the analysis of EUHT test results, we will show the
comparison with the TD-LTE test results which we get in the
Circular Railway Experiment Station of China Academy of
Railway Sciences [16, 17]. Figures 8 and 9 are the test results
of TD-LTE under the scenario with 200 km/h. As we can see,
the maximum handoff latency of safety-critical traffics can
reach 225 ms which is much larger than the requirement in
Table 2. Moreover, the throughput results can only satisfy the
requirements with 1-way 1 Mbps CCTV analogue videos and
1-way 2 Mbps PIS analogue video.
Therefore, compared with TD-LTE, the integrated EUHT
wireless communication system can achieve better performance in safety-critical and throughput-critical traffics in
high-speed scenario.

1

2
1.5
1
0.5
0

0

1

2

3

4
5
6
7
Elapsed time (minutes)

8

9

10

PIS
CCTV

Figure 9: Test result of throughput of PIS and CCTV based on TDLTE.

with TD-LTE were shown in this paper. As we can see, not
only can the QoS performance of integrated EUHT wireless
communication system based on urban rail transit satisfy the
requirement of safety critical traffics and throughput critical
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traffics in high-speed scenario well, but also it has better
performance than TD-LTE in the high-speed scenario.
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The next generation of mobile communications, 5G, will provide a wideband network based on microwave and millimeter-wave
(mmW) communication radio links with the goal of fulfilling the strict and severe requirements of the future test cases. In particular,
this paper research is focused on mmW bands in metropolitan railway tunnels. For that purpose, a propagation measurement
campaign was performed at 24 GHz band in a passenger train on a realist subway environment, and these results were combined
with simulations ad hoc for tunnels and a theoretical modal propagation model. A narrowband and a wideband study have been
conducted with the aim of obtaining the path loss, fading, power-delay profile, and angle of arrival, taking into consideration
horizontal and vertical polarization in the receiving and transmitting antennas. This validation can be used to design and deploy
wideband mobile communication networks at mmW bands in railway scenarios.

1. Introduction
The anticipated increase in demand for data traffic is one
of the key requirements of the upcoming years in mobile
communication technologies. The fifth generation (5G) aims
to provide considerable broader bandwidths and a network
capable of offering a flexible technology for very different
cases studies [1].
In this context, 5G could be the most disruptive technology in railways since it can allow the addition of new services
and applications that make railway a more efficient, safer, and
profitable transportation option [2].
However, there are important challenges to overcome:
The first one is to provide a wideband service for the plenty
of passengers who will demand a large capacity. The second
one is the critical signalling control applications which will
require very high quality of service and moderate data rate to
allow real-time applications such as high definition video for
automatic driving and surveillance [3, 4].
In the case of signalling, current railway mobile communication systems such as GSM-R are not able to provide
such ambitious features [5]. For this reason, LTE-R and

future 5G are being examined as new railway communication
technologies. In the latter, 3GPP new radio (NR) system for
5G proposes a large spectrum solution from bands under
6 GHz to 100 GHz [6]. Among all, millimeter-wave (mmW)
bands, particularly from 24 to 33 GHz, are considered as a
suitable option to establish mobile communication services
in high-speed scenarios. This band has been chosen because it
is an industrial scientific and medical band (ISM), which can
be used for railway communications. In fact, 28 and 37 GHz
have been already licensed in the USA and 26 GHz band in
China and Europe [7].
The study of electromagnetic field propagation in the
different specific scenarios of the railway environment is a key
prerequisite in order to succeed in the design and installation
of these mobile communication systems. In this sense, mmW
communications in tunnels offer some interesting features
over lower frequency bands for communications in tunnels
[8].
(i) Electromagnetic discharges of catenary pulses, usual
in tunnels, have little influence on millimeter-wave
propagation.
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(ii) Losses produced by reflection and refraction of electromagnetic waves at mmWs are relatively small.

breakpoint, 𝑍NF , where the modes are sufficiently attenuated
and it can be considered that only the first mode propagates.

(iii) Very wide bandwidth is available.

𝑍NF ≈ max (

(iv) Latency reduction is achieved.
Nevertheless, an assessment of the propagation channel
is a mandatory requirement to ensure reliable communication links. For that reason, although there is already some
literature on mmW measurements in tunnels at 30 GHz [9],
38 GHz [10], 60 GHz [11], and 240 GHz [12] bands, there are
no measurements in a realistic railway environment.
This paper focused its research on the propagation at
24 GHz frequency band in realistic metropolitan railway
tunnels. For that purpose, three methods have been applied.
Firstly, a modal propagation model has been described and
put into practice; then, a ray tracing (RT) simulator developed
specially for propagation in tunnels has been employed; and,
finally, measurements in a passenger train on a realist subway
environment have been performed.
The goal of this study is to present an accurate path
loss model at 24 GHz directly applicable to railway communication systems and to show meaningful results for
wideband simulations to assess the possibility of using mmW
for communication systems in metropolitan railway tunnels.
This analysis presents some results regarding the path
loss and the fading, power-delay profile (PDP), and angle of
arrival (AoA) along a tunnel, taking into account horizontal
and vertical polarization in the receiving and transmitting
antennas.
This document is organized as follows: firstly, in Section 2,
a theoretical attenuation modal model and the 3D RT
technique used by the simulator are explained; secondly, Section 3 describes Raylway simulation tool and the parameters
configured for this experiment in the real environment and
in the simulator; afterwards, in Section 4, all the results are
enumerated: path loss model and 𝐾 factor in Section 4.1 and
PDP and AoA in Section 4.2; finally, Section 5 presents the
conclusion obtained from all this work.

2. Modeling and Simulation of Guided
Propagation in Tunnels
In the past, the modal theory has been widely applied to study
the propagation in tunnels due to it provides suitable results.
However, this method does not take into account the effect
of arbitrary geometries in walls, roughness, discontinuities,
among others. For that reason, nowadays, RT methods are
employed to obtain more accurate propagation models [13].
2.1. Modal Analysis. Modal analysis is a classical technique
for studying propagation channel in tunnels where there
is waveguide effect. It is based on the concept that the
signal attenuation in this kind of scenarios depends on the
electromagnetic modes propagating within the tunnel. As the
cross-section area of the tunnel is quite large in comparison
to the signal wavelength, there are many modes propagating
through this channel. Nevertheless, the modes suffer gradual
extinction as they travel along the environment up to the

𝑎2 𝑏2
, ),
𝜆 𝜆

(1)

where 𝑎 and 𝑏 are the horizontal and vertical dimension of
the tunnel, respectively, and 𝜆 is the signal wavelength.
These two regions are defined as near-field and far-field
regions. On the one hand, the near-field region represents
the zone where the field amplitude suffers strong fading
and fast losses obtained from the contribution of many rays
propagating from different grazing angles with high losses.
On the other hand, the far-field region is where the relation
between the first mode and the rest is high enough to neglect
the effect of the other modes.
As [14] explains in detail, the energy contained in the
transmitted signal propagating through the tunnel is divided
into several modes. Each of them is attenuated following
different decay. The overall path loss can be simplified by considering that each mode has an independent power from the
others. Therefore, the total received power is approximately
the sum of all modes’ power. This supposition is based on the
fact that modes are closely orthogonal.
Assuming this situation, the loss expression of each mode
can be approximated for horizontal and vertical polarization,
𝛼(𝑚, 𝑛)ℎ,] , considering the tunnel as a rectangular waveguide.
𝛼 (𝑚, 𝑛)] = 4.343𝜆2 (

𝛼 (𝑚, 𝑛)ℎ = 4.343𝜆2 (

𝑚2
𝑎3 √𝜀𝑟1 − 1
2

𝑚 𝜀𝑟1
𝑎3

√𝜀𝑟1 − 1

+

+

𝑛2 𝜀𝑟2
𝑏3 √𝜀𝑟2 − 1
𝑛
𝑏3

2

√𝜀𝑟2 − 1

),
(2)
),

where 𝛼(𝑚, 𝑛)],ℎ are the attenuation of each mode in dB/km
in vertical (]) and horizontal (ℎ) polarization for the 𝑚, 𝑛th
mode; 𝜀𝑟1 ,𝑟2 are the relative permittivity of the vertical and
horizontal walls, respectively. This model can be also applied
to arched tunnels by adjusting the cross-section dimensions
[15].
As the equations in (2) show, tunnels dimensions are
directly related to the attenuation that every mode suffers.
Thus, the greater the tunnel cross-section is, the smaller the
attenuation experienced by the modes is. This is because
losses are inversely proportional to the cube of tunnels height
and width.
With this propagation constant, the overall attenuation
for both polarization directions, 𝐿],ℎ
𝑚𝑛 , at a certain distance,
(𝑧), considering losses as the rms contribution of modes for
both polarization directions is the following:
𝑀

𝑁

]

𝐿]𝑚𝑛 (𝑧) = 10 log10 [ ∑ ∑ 10(10log10 (𝑧)+𝛼(𝑚,𝑛) )/10 ] ,
𝑛=1 𝑚=1

𝐿ℎ𝑚𝑛

𝑀

𝑁

(3)
(10log10 (𝑧)+𝛼(𝑚,𝑛)ℎ )/10

(𝑧) = 10 log10 [ ∑ ∑ 10

],

𝑛=1 𝑚=1

where 𝑀 and 𝑁 are the last modes taken into account.
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P２Ｒ (x, y, z)

Tx
P４Ｒ (x, y, z)
Rp

3
multiple reflections. Finally, the received signal, 𝐸𝑟 , is the sum
of all the rays that arrived at Rx, as follows:




𝐸𝑟 = ∑𝐸𝑖 (𝑑 = 𝑑rx ) ,
 𝑖



(4)
𝑁

Image i , Ri
P ２Ｒ (x, y, z)

Figure 1: The image method. 𝑅𝑖 with respect to the ground plane.

In addition to this, losses are directly proportional to
the square of the order of the modes, so that higher modes
experience stronger attenuation. In fact, we can consider that,
from a certain distance, all high order modes have been
extinguished and only the fundamentals remain.
However, the modal propagation model does not take
into account tilt losses, which are more important in semicircular tunnels and must be adjusted carefully for each tunnel,
or wall roughness in tunnels, which might produce scattering
of the signal. That is why simulations using RT technique are
performed to obtain more accurate results.
2.2. Ray Tracing Technique. This simulator uses the novel
technique of 3D ray tracing which is based on a geometrical optics method to compute the propagation channel of
the modeled environment. It is an accurate and versatile
propagation prediction tool for different kind of scenarios
[16]. It uses a deterministic channel model which requires
an exact knowledge of the geometrical and electromagnetic
description of the environment. For that reason, the accuracy
of RT comes up with a high computational complexity,
which directly scales with the number of propagation paths
considered. Nevertheless, it has great advantages as, on the
one hand, it allows really detailed modeling, and, on the other
hand, with this technique, it is possible to calculate wideband
information such as PDP or AoA of the rays.
Tunnels are modeled as a triangular solid mesh made
of different materials whose dielectric properties are defined
according to the carrier frequency. As this is a 3D RT,
reflections on the ceiling and ground are taken into account.
This provides more accurate prediction results compared
with conventional 2D models.
Using the images method, reflections are calculated in
order to obtain the propagation paths. This method consists
of basically converting an electric field into an equivalent
one easier to compute. In certain cases, it is possible to
replace a conductor with one or more point loads. Thus,
conductor surfaces are replaced by equipotential surfaces
with equivalent potentials.
As Figure 1 shows, having the location of Tx and Rx, the
reflection point, 𝑅𝑝, coincides with the intersection between
the obstacle and the segment joining the Tx with the image
of the receiver, 𝑅𝑖 . Therefore, the ray follows a straight line
from Tx to 𝑅𝑝 and, then, another straight line from 𝑅𝑝 to Rx.
It is possible to extend this method to obtain the paths with

𝐸𝑖 (𝑑) = 𝐸0 𝜌tx 𝜌rx 𝐿 𝑖 (𝑑) ∏ [Γ (𝜙𝑝𝑖 ) 𝑇 (𝜙𝑝𝑖 )] 𝑒−𝑗2𝜋𝑑/𝜆 ,
𝑝

where 𝐸𝑖 (𝑑) is the 𝑖th ray electric field along the distance;
𝑑rx is the distance between the transmitter and the receiver;
𝐸0 is the amplitude of the electromagnetic field; 𝜌tx and
𝜌rx are the radiation pattern of the transmitter and receiver
antenna, respectively; 𝐿 𝑖 (𝑑) is the path losses for 𝑖th ray
component at a distance 𝑑; Γ(𝜙𝑗𝑖 ) and 𝑇(𝜙𝑝𝑖 ) are the reflection
and transmission coefficient of the 𝑝th reflection of the 𝑖th
component, respectively; 𝑁 is the maximum reflections taken
into account; and 𝑒−𝑗2𝜋𝑑/𝜆 is the phase factor due to the
travelled distance.
Besides, this simulator calculates the power-delay profile
which is a temporal representation of the pulse widening.
The instantaneous impulse response [17], ℎ(𝑡, 𝜏), is function
of the time, 𝑡, and the propagation delay, 𝜏. The power-delay
profile, PDP(𝜏), is described by (5) when the channel satisfies
the wide sense stationary uncorrelated scattering assumption
[18].
PDP (𝜏) = ⟨|ℎ (𝜏, 𝑡)|2 ⟩ .

(5)

Lastly, the angle of arrival is a method for obtaining the
propagation direction of a radio-frequency wave incident
on a virtual array antenna. The direction is determined by
measuring the received signal in each of the elements of the
virtual array. This difference in phase is measured by receiver
nodes 𝑅, 𝐴1, as follows:
Δ𝜑 =

2𝜋
(𝑑𝑅𝐴 2 + 𝑑𝐴 1 𝐴 2 + 𝑑𝑇𝐴 1 − 𝑑𝑇𝑅 ) ,
𝜆

(6)

where 𝑅 is the receiver position with its separated virtual
elements 𝐴 1 and 𝐴 2 and 𝑇 represents the position of the
transmitter.
Hence, the use of 3D-RT technique allows the detailed
study of the behavior of wideband channel.

3. Simulation and Measurement Set-Up
3.1. Simulation Tool. Simulations are performed using Raylway: Radio Propagation Simulator for Tunnels tool, which
calculates the radio signal propagation along different tunnel
environments. The software, developed in Java and Matlab,
allows the user to design and set up the tunnel in order to
analyze the propagation in a specific environment. Correspondingly, Raylway software brings the received power, the
power-delay profile, and the angle of arrival.
This simulator allows users to set up several parameters in
order to obtain results according to the tunnel under study:
(i) tunnel: definition of the different cross-section types
plus their shape and the longitudinal section and wall
material properties;
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Table 1: Set-up parameters.
Frequency
Transmitted power
Tx signal
Tx and Rx antenna
HPBW antenna
Antenna polarization
Tunnel cross-section
Tunnel dimensions
Train speed

Figure 2: Simulator user interface with set-up parameters.

(ii) transmitter: initial fixed position, frequency, and
transmitted power;
(iii) receiver: initial position, frequency, and distance travelled;
(iv) antennas: radiation pattern of each antenna, polarization, and relative position between them;
(v) simulation settings: number of simulation points,
maximum number of each ray reflections, and possibility of enabling diffraction.
3.2. Simulation Set-Up. Raylway user interface is presented in
Figure 2 where the set-up parameters are shown, in this case,
for vertical polarization; however, except the polarization, the
same values are maintained for the horizontal polarization.
The resulting set-up simulation scenario is shown in Figure 4.
3.3. Measurement Set-Up. In this section, the measurement
set-up in a realistic subway tunnel is explained in detail.
This experiment was conducted in a subway tunnel of
Metro de Madrid. Figure 3(b) illustrates the scenario with
its more important elements. The set-up parameters are
enumerated in Table 1.
On the one hand, the transmitter (Tx) is situated in a
fixed position between one station and the tunnel; on the
other hand, the moving receiver (Rx) module is located on
the windshield of the train. The same antenna model is used
in the Tx and Rx equipment. It is a horn antenna of Vector
Telecom with model number VT260SGAH15 [19] which
covers the frequency range from 21.7 GHz to 33 GHz. Its
radiation pattern provided at 23.96 GHz is shown in Figure 5.
The gain is a 15.2 dBi and the half power beamwidth is 28.3∘
in 𝐸-plane and 27.9∘ in 𝐻-plane.
The tunnel has an arched type tunnel which can be
approximately modeled as an equivalent rectangular crosssection since there is a slight adaptation of the dimensions,

24.2 GHz
5.4 dBm
Continuous wave
Horn antenna, 15.2 dBi
𝐸-plane 28.3∘
𝐻-plane 27.9∘
Horizontal and vertical
Arched
6.9 m × 4.9 m
5 km/h

according to [15]. To apply the modal propagation model
described in Section 2.1, in this case, the dimensions are 6.9 m
× 4.9 m with a radius of 2.2 m, as Figure 3(a) shows. The
assessed route follows a straight line of 350 m with a minor
slope of 5.7‰. The point 0 represents where the Tx is situated.
This train moves along the railway up to 350 m at a
constant speed of 5 km/h.

4. Results
In this section, both modal analyses and RT technique
together with measurement conducted in a real metropolitan
railway tunnel are applied with the aim of assessing the
propagation in this particular environment at 24 GHz band.
The analysis is focused on the path loss model, fastfading, power-delay profile, and angle of arrival.
4.1. Narrowband Analysis. This section provides a comparison between measurements, simulation, and modal propagation model for vertical and horizontal polarization. For
that purpose, two experiments were performed: the first one
with vertical polarization in both antennas and the second
one with horizontal polarization. The train follows the exact
same route in both experiments; likewise, two simulations
were performed with the different polarization directions;
and, finally, the theoretical modal losses are shown in order
to compare these different approaches.
4.1.1. Path Loss Model. The attenuation suffered by a signal
can be described through a path loss model defined by
(7). The main parameters are derived from the following
measurements conducted in a real environment:
𝐴 (𝑑) = 𝐴 (𝑑0 ) + 10𝑛 log (

𝑑
) + 𝜒𝜎 ,
𝑑0

(7)

where 𝐴(𝑑0 ) is attenuation in a reference distance 𝑑0 , 𝑛
represents the loss exponent, and 𝜒𝜎 denotes a zero-mean
random variable of standard deviation 𝜎 which follows a
Gaussian distribution.
Figure 6 presents the received power of the empirical data,
the simulation result, the theoretical modal model, and the
resulting path loss model for the vertical, Figure 6(a), and
horizontal, Figure 6(b), experiments, respectively.
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Figure 3: (a) Tunnel cross-section dimensions and shape. (b) Measurement scenario: fixed position of Tx at the beginning of the tunnel and
moving Rx at the windshield of the train.
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Since the antennas are highly directive, as Figure 5 shows,
the losses caused by the misalignment of the antenna are
very high for distances lower than 20 m. In addition to that,
RT simulations have a strong dependency of the number of
reflections for short distances. Hence, the simulation results
are not accurate and the first 20 m has been removed from
Figure 6.
In both experiments, the measurements expose a loss
exponent, 𝑛, equal to 1.3 approximately, which is lower than
the decay of the free space. Besides, as [20, 21] explains,
regardless the type of tunnel, loss exponents are always lower
than the free space. This is due to waveguide effect produced
in tunnels.
The curve obtained from the modal analysis presents a
similar attenuation since the loss exponents are 1 for vertical
and 1.1 for horizontal polarization. This shows a significant
effect of the modal propagation. Likewise, simulation results
are slightly greater than the one acquired by the measurements since the loss exponent is 1.8 for vertical and 1.9
for horizontal polarization. These results are summarized in
Table 2.
The differences between models may be produced
because, on the one hand, in the modal model just the losses
caused by the reflections are taken into account, and, on the
other hand, in the case of the RT simulations, the maximum

E-plane
H-plane

Figure 5: Horn antenna radiation pattern.

Table 2: Path loss model parameters at the vertical and horizontal
polarization directions.
Ref. attenuation, 𝐴(𝑑0 )
Measurement 𝑛
Simulation 𝑛
Modal propagation model 𝑛
Measurement 𝜒𝜎
Simulation 𝜒𝜎

Vertical
64.8 dB
1.28
1.8
1
1.4 dB
1.2 dB

Horizontal
62.9 dB
1.29
1.9
1.1
1.3 dB
0.9 dB

The attenuation is at the reference point, 𝑑0 , of 20 m. 𝐴(𝑑0 ) is referred to the
parameters in (7), as 𝑛 and 𝜒𝜎 .

number of reflections used is limited to six which seems to be
not enough to calculate a more accurate model; nevertheless,
after some distance, the results converge when the reflections
are high enough, as Figure 7 shows.

Reference power (dB)
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Figure 6: Comparison between measurements, simulation, and modal model for vertical and horizontal polarization.
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Figure 7: RT Simulation results for different number of each ray’s
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Nevertheless, in all the cases, the loss exponents are
lower than those in the free space which show a clear
waveguide effect. This is because the electromagnetic waves
are repeatedly reflected in the tunnel’s walls. As concrete is
made of conductor materials (among others) the reflection
coefficient is high. For that reason, the waves are confined to
the dielectric by almost total internal reflection at its surface.

At mmW bands, a large number of modes are propagated
through the tunnel. Particularly at 24.2 GHz, according to
rectangular waveguide theory cut-off frequencies, modes up
to 𝑚 and 𝑛 equal to 1246 and 1877, respectively, travel down
the tunnel.
For that reason, the breakpoint, where most of them are
sufficiently extinguished, is located at a few hundred meters
in lower frequencies (from 1 to 6 GHz) [14]. However, at
24.2 GHz, it is at 8 km which means that theoretically the
route is fully situated in the waveguide region.
The polarization seems to be independent of the loss
exponent since it does not show a substantial difference in
any of the cases. As Table 2 shows, this also holds true for the
shadowing whose standard deviation is closely equal in both
polarization directions.
The effect of the slope reveals an interesting difference
in both polarization directions. There is a slope of 5.7‰.
Thus, focusing on the average of the last 50 m where this
slope has its major effect, there are greater losses in vertical
polarization. This result is noticed in the simulations and
in the measurements. It may be due to, firstly, the general
misalignment of both antennas, which is analyzed in Section 4.2, and, secondly, the fact that this effect is more notable
in vertical polarization since these antennas present higher
directivity in elevation than in azimuth.
Regarding the reference attenuation, 𝐴(𝑑0 ), there is a
slight difference between polarization directions. In the case
of horizontal polarization, there are 2 dB more than in vertical. This is related to the tunnel dimensions that are directly
connected to the effect of polarization in the antennas. When
tunnel presents larger width than its height, higher reflection
coefficients appear in vertical polarization. Lower attenuation
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Figure 8: Comparison between measurements and simulation of the fast-fading probability density function.

comes out for the case of horizontal polarization. This effect
is more significant in short distances. As [22] explains, in
tunnels where there is a perfectly square cross-section, the
result of vertical and horizontal polarization will be exactly
the same.
4.1.2. Fast Fading. In this section, an analysis of the fast
fading is shown. The results for vertical and horizontal
polarization are described in Figure 8. A comparison between
the measurements and simulations are made.
Rician distribution, 𝑃𝑟 (𝑟), is a statistical model which
better describes the fast-fading effect in an environment
where there are LoS conditions.
𝑃𝑟 (𝑟) =

𝑟 (𝑟2 +𝐴2 )/2𝜎2 𝑟𝐴
𝑒
𝐼0 2 ,
𝜎2
𝜎

(8)

where 𝑟 is a random variable; 𝜎 is the standard deviation;
and 𝐾 factor, represented in (9), is the relation between LoS
component, 𝐴, and multipath component.
𝐾 = 10 log (

𝐴2
).
2𝜎2

(9)

At this frequency, as Table 3 enumerates, the channel
varies considerably fast independently of the experiment
since the wavelength is small, 12.4 mm.
As Figure 6 shows, there are peaks up to 25 dB of attenuation in both cases. Horizontal polarization shows greater
immunity to the shadowing, despite an insignificant impact
on the fast fading compared to the vertical polarization.
Nevertheless, overall, fast fading has a major effect on the
signal, as Figure 8 shows. This occurs when the coherence
time of the channel is small relatively to the delay requirement
of the application. In this case, the amplitude and phase
change imposed by the channel vary considerably over the
period of use.

Table 3: Fast-fading modeled with a Rician distribution at the
vertical and horizontal polarization directions.
𝐾 factor measurements
𝐾 factor simulation
Std measurements
Std simulation

Vertical
2.62 dB
2.79 dB
0.55
0.52

Horizontal
2.62 dB
2.62 dB
0.59
0.61

Regarding the 𝐾 factor, the three scenarios present
similar results. The relation between LoS and the multipath
component is very low. This is because, as it was described
in previous sections, the waveguide effect allows the propagation of a high number of modes at this frequency. As a
result, the received signal is essential for not only the LoS
component, but also the sum of all the reflected signals along
the tunnel.
4.2. Wideband Analysis. This RT based simulator is used
to acquire PDPs and AoAs whose information is helpful to
understand the wideband channel. In this particular case,
the data obtained from the measurements in narrowband are
used to parametrize the needed values in the simulator in the
wideband analysis.
4.2.1. Power-Delay Profile. The PDPs, in Figure 9(a), reveal
that the energy is almost equally divided between LoS and
the reflections since the power of these rays has slightly lower
power than the one coming from the direct path. This is fully
coherent with 𝐾 factor resulting from the Rician distribution
obtained in Section 4.1.2.
Besides, there is a clear decrease in the delay spread when
the distance between Tx and Rx raises. This is connected with
the great attenuation of the higher modes along the tunnel.
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Figure 9: Simulation results for (a) PDP and (b) AoA along the distance.

In short distances, as there is an extensive spread of the pulse,
signals may be damaged by intersymbol interference.
4.2.2. Angle of Arrival. The AoA, in Figure 9(b), shows also
the decrease in the delay spread as Rx moves away from Tx.
There is no ray coming from the negative axis of 𝜙 since
the horn antenna is directive and the front-to-back ratio
is very high, as Figure 5 shows. Besides, all the rays come
from the right side of the Rx, which is reasonable as there is
misalignment of the antennas imposed by the set-up itself.
On the other side, when the antennas are close, most of
the signals arrive from the back side of the antenna, but, when
the antennas are sufficiently separated, the different rays are
reduced until all the energy is fully concentrated in a single
ray.

Considering the shape of the PDP obtained from simulations and the AoA of the rays, it can be assumed that the
Doppler spectrum follows an asymmetric Jakes type [23]. It
will change from moderate to strong asymmetry when the
distance to the transmitter increases, according to [24]. The
maximum Doppler deviation for this frequency, considering
a 120 km/h speed of trains, would be ±9.68 kHz.

5. Conclusion
In this paper, a narrowband and a wideband study have been
performed for mmW band propagation in subway tunnels on
metropolitan railways.
The narrowband analysis takes into account several
approaches: measurements, simulations, and a modal propagation model. By combining these techniques, an accurate
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path loss model is obtained. It is clear that there is a
considerable lower loss exponent in comparison to the Friis
formula since the measurements show a loss exponent of
1.3 in the tunnel. Regarding the simulations, although some
limitations have been found when the maximum reflections
of each ray are not enough, this inaccuracy is gradually
reduced in accordance with the distance as the modes are
becoming weaker and, as a result, fewer rays are necessary
to represent more precisely the path loss.
The wideband analysis, based on the PDP and the AoA,
reveals that the delay spread decreases as Rx moves away from
Tx. This is an important result which, once again, highlights
that higher modes extinguish faster than the lower ones. For
that reason, the behavior of wideband channel improves with
the distance to the transmitter.
Finally, an important remark is that there is the absence of
published measurement on propagation at mmW frequencies
in real subway tunnels, and this paper validates the possibility
of using mmW frequency bands for communications in
metropolitan railway tunnels.
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Safety messages propagation is the major task for Vehicular Cyber-Physical Systems in order to improve the safety of roads
and passengers. However, reducing traffic and car accidents can only be achieved by disseminating safety messages in a timely
manner with high reliability. Although mathematical modeling of the delay of safety messages is extremely beneficial, analyzing
the safety messages propagation is considerably complex due to the high dynamics of vehicles. Moreover, most previous works
assume vehicles drive independently and the interaction between vehicles is not taken into consideration. In this paper, we
proposed an analytical model to describe the performance of safety messages propagation in the VCPSs under platoon-based
driving pattern. Infrastructure-less and RSU-supported scenarios are evaluated independently. The analytical model also takes into
account different transmission situations and various system parameters, such as communication range, traffic flow, and platoon
size. The effectiveness of the analytical model is verified through simulation and the impacts of different parameters on the expected
transmission delay are investigated. The results will help determine the system design parameters to satisfy the delay requirement
for safety applications in VCPSs.

1. Introduction
Vehicular Cyber-Physical Systems (VCPSs), which take
advantage of the latest advances in communication, computing, sensing, control, and so on, have attracted the attention
of many researchers, for the great potential of providing
different applications, such as safety-related services, traffic
information services, and entertainment services [1–5]. In a
typical VCPS, moving vehicles are all equipped with various
sensors to collect the up-to-date information about the road
and disseminate the collected information to all neighbor
vehicles in order to avoid the traffic jam, reduce car accidents,
and save fuel consumption [6]. Generally, a platoon-based
VCPS consists of two main processes: the platoon mobility
process which describes the platoon mobility pattern under
a control strategy and the communication process that generalizes the communication request of VCPSs applications
[7]. VCPSs can support both ad hoc and infrastructure-based
communications [8]. Particularly, vehicles on the road can

communicate with each other through a direct and indirect
multihop ad hoc connection. In addition, these vehicles can
also communicate with roadside units (RSUs) deployed in
the road, which provide Internet access and real-time data
services to passing vehicles.
Among the vast array of potential applications, safety
messages propagation has been the major task of VCPSs.
The majority of the VCPSs safety applications require that
each vehicle broadcasts safety messages to all the surrounding
vehicles. There are two main types of safety messages broadcast by each vehicle, namely, beacon and event-driven message [9, 10]. The former is automatically sent by each vehicle at
regular intervals to inform others about its current position,
speed, and direction of movement. The latter is broadcast by
certain vehicles only in case of an unexpected event. When
on-board sensors detect an accident or a sudden brake, the
vehicle immediately generates an emergency message and
broadcasts it to the following vehicles to notify other drivers
before they reach the potential danger zone. A relatively small
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reduction in the driver’s reaction time may potentially avoid
the trigger of an accident. Thus, message transmission delay is
a main quality-of-service (QoS) metric for safety application
in VCPSs. However, data communication in VCPSs is a
challenging task due to the highly dynamic network topology
and intermittent connectivity caused by the high mobility and
speed of vehicles [11–14].
Recently, several works have been conducted to study the
safety messages propagation in VCPSs [15–18]. Zhou et al.
[15] proposed an analytical model to investigate the safety
message propagation process and derived the probability of
delivering safety messages to all neighbor vehicles for different traffic condition. Wang et al. [16] derived a mathematical
model to describe the relationship between the average delay
and the deployment distance between two neighbor RSUs. In
[17], the authors analyzed the safety messages delivery delay
with general store-carry-forward mechanism and decelerating store-carry-forward mechanism, respectively. Li et al.
[18] analyzed the delay of multihop safety message broadcast
by taking propagation distance, distribution of vehicles,
vehicle density, and minimum safe distance between vehicles
into consideration. However, these theoretical analyses are
useful to understand the safety message propagation delay in
VCPSs. The main limitation of these works is that they usually
assume vehicles drive in free traffic state, that is, each vehicle
moves independently at constant velocity, and the interaction
between vehicles is seldom taken into consideration.
In practice, vehicles that move in the same direction
with close space can naturally be grouped into a platoon.
Platoon-based driving pattern in highway is regarded as a
promising driving manner. To the best of our knowledge,
there is no equivalent investigation on the performance of
safety messages propagation in the VCPSs under platoonbased driving pattern. Therefore, the main purpose of this
work is to analyze and provide quantitative insights into
the expected transmission delay of safety messages based on
platoon driving pattern. The major contributions of this paper
are summarized as follows:
(i) We develop an analytical model for safety messages
propagation in a dynamic network formed over vehicles traveling in opposing direction. The model captures the platoon mobility characteristics of vehicles.
Under the model, we derive the expected transmission delay of safety messages under infrastructureless and RSU-supported scenarios.
(ii) The analytical model takes into account different
transmission cases and various system parameters,
such as communication range, traffic flow, and platoon size. The effectiveness of the mathematical
model is verified, and the impacts of different parameters on the expected transmission delay are investigated through simulation results.
(iii) The derived mathematical model can be used to
estimate the safety message transmission delay, which
will help determine the system design parameters to
satisfy the delay requirement for safety applications in
VCPSs.

The rest of the paper is organized as follows: The scenario
and necessary assumptions are introduced in Section 3.
The analysis of safety messages propagation delay in an
infrastructure-less scenario is derived in Section 4. With the
help of RSUs, the delay of safety messages propagation will be
discussed in Section 5. Numerical and simulation results are
shown in Section 6. The last section is for a brief summary.

2. Related Works
In the literature, several works have been conducted on how
to improve the communication quality of safety messages
propagation in various aspects, including the network connectivity, medium access control (MAC), and routing protocols. Network connectivity is a fundamental requirement of
safety messages propagation in VCPSs. The authors in [19]
developed an analytical model with a general radio channel
to fully characterise the access probability and connectivity
probability in a vehicular relay network. The empirical studies
[20, 21] have investigated the instantaneous network connectivity and the impacts of vehicles mobility on the connectivity.
Efficient and scalable medium access control (MAC) protocol
is crucial to guarantee the reliable broadcast of safety messages in VCPSs. A MAC protocol named VeMAC is proposed
in [22] which supports a reliable one-hop broadcast service
for safety applications in VCPSs. They also analyzed the
total delivery delay of VeMAC for periodic and event-driven
safety messages. Lyu et al. [23] designed a novel time slotsharing MAC, named SS-MAC, to support diverse beacon
rates for safety applications in VCPSs. Suthaputchakun et
al. [24] introduced a mini-distributed interframe (DIFS) in
the MAC protocol to give the safety message a higher access
priority and selected the farthest possible vehicle to perform
forwarding to increase the dissemination speed by reducing
the number of forwarding hops.
From the perspective of routing, an efficient broadcast
protocol called Density-aware Emergency message Extension
Protocol (DEEP) is proposed in [25]. Different vehicles are
given different forwarding priorities by segmenting roads
into multiple blocks according to vehicle density. Binary
partition approach is used in the forward node selection
process to improve the efficiency of broadcast by reducing
the delay incurred before choosing the relay node in each
hop in [26]. Wu et al. [27] used fuzzy logic algorithm to
choose the best relay node by taking intervehicle distance,
vehicle velocity, and link quality into account. To lower safety
message transmission delay and reduce message redundancy,
Bi et al. [28] utilized iterative partition, mini-slot, and blackburst to quickly select forwarding node. Although these
works are useful to improve the performance of safety
messages propagation, they mainly focus on the design of
broadcast protocol, so as to make safety messages be received
by other relevance vehicles with low dissemination delay and
high reliability.
Other works have developed analytical models studying
safety messages propagation in VCPS. In [29], Abboud and
Zhuang developed a mathematical model to compute the
total delay in emergency message broadcasting based on
the traffic flow theory for three traffic flow levels (high,
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medium, and low). The impact of two different network
parameters on the communication delay in infrastructureless highway scenarios was studied in [30]. A time/locationcritical framework for emergency message dissemination is
proposed in [31]. Nevertheless, the literatures [29–31] only
took into account the delivery delay in a highway scenario
without RSUs. In [32], the maximum message delivery delay
from a vehicle to the nearest RSU was estimated. They also
derived the minimum number of RSUs required to cover a
straight road. The probability of a rear-end collision between
two vehicles that travel in the same direction when a sudden
event occurs is derived in [33]. However, the literatures [32,
33] consider the unidirectional scenario that the vehicle only
moves in one direction, so the message delivery process
cannot get the help from the vehicles moving in the reverse
direction. The improvement in the rehealing delay when a
number of RSUs are deployed was investigated in [34, 35], and
the results show the rehealing time is significantly reduced
in the presence of RSUs. Jia et al. [7] proposed a novel
architecture for platoon VCPSs and derived the intraplatoon
and interplatoon spacing in the steady state. Our paper is
based on the results of intraplatoon and interplatoon spacing
derived in [7]. We investigated the expected transmission
delay of safety messages under different scenarios. In addition, we also discussed the benefits of RSU deployed at fixed
interval to enable relaying of information when there is severe
disconnection between vehicles.

3. System Model
This section describes our system model with necessary
assumptions in terms of the network scenario, distribution
of traffic flow, and vehicle mobility model, for tractability in
establishing the analytical model.
3.1. Network Scenario. In this paper, we consider a straight
two-lane highway that goes in opposite directions (i.e., the
eastbound and the westbound directions) shown in Figure 1.
We assume that all vehicles are equipped with storage,
computation, and communication capabilities. Thus, vehicles
can quickly and accurately collect the real-time information

about the status of the road and notify neighboring vehicles
of potential dangerous events. The communication radius
of each vehicle is denoted by 𝑅 within which reliable V2V
communication is guaranteed. Vehicles that move in the
same direction and within each other’s communication range
will form a platoon. The foremost vehicle in a platoon is
the platoon leader which is responsible for creating and
managing the platoon. The platoon tail is located at the end
of a platoon and is responsible for communicating with the
following platoon leader. All vehicles in the same platoon can
directly communicate with each other. As shown in Figure 1,
the vehicles in the same circle belong to the same platoon
and the foremost vehicle (e.g., the yellow one) is the platoon
leader. When an accident occurs, the vehicle first passing
the accident location is referred to as the source node Src
which immediately generates a safety message containing
the traffic condition and broadcasts it to the succeeding
vehicles traveling in the same direction. The safety message
can be delivered to the tail of the platoon through the direct
wireless communication. However, the target vehicle Dst (the
leader of the following platoon) is not within the platoon
tail’s communication range. For such a scenario, the message
can be stored and forwarded to a vehicle that travels in
the opposite direction. Then, the relay node can forward
the message until it enters the communication range of the
target node. The average safety message delivery delay is the
time from the instant when it is issued to the instant when
the target node Dst has received it. Therefore, the problem
considered in this paper is to develop a mathematical model
to calculate the average information delivery delay.
3.2. Distribution of Traffic Flow. In this paper, we adopt the
statistics of time headway as the fundamental parameter to
describe the traffic flow distribution. Time headway is defined
as the elapsed time of the passage of identical points on
two consecutive vehicles [36]. So far numerous probability
density distribution models have been proposed to fit the
empirical distributions of time headway, including normal
distribution, exponential distribution, gamma distribution,
and log-normal distribution [37–40]. The exponential distribution is widely accepted as a very good model for relative
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long headway. However, it fails to describe the smaller
variability in the headways observed in groups of vehicles
that follow each other [41]. Through statistical analysis of
empirical vehicle trajectory data collected from highways, the
authors of [42] found that the log-normal distribution model
is a good fit for the interarrival time of traffic during day-time
hours. It is also confirmed in [37] that log-normal distribution
fits well the intermediate traffic demand level. Therefore, we
assume that the time headway has a log-normal distribution,
which is expressed as
𝑓𝑇ℎ (𝑡ℎ , 𝜇, 𝜎, 𝜏)
2

=

(log (𝑡ℎ − 𝜏) − 𝜇)
1
),
exp (−
√2𝜋𝜎 (𝑡ℎ − 𝜏)
2𝜎2

(1)

𝑡ℎ > 𝜏,
where 𝑡ℎ represents the possible value of the time headway, 𝜏
represents the minimum value of the time headway, 𝜇 is the
scale parameter, and 𝜎 is the shape parameter. Therefore, the
mean and variance of time headway can be calculated as
2

𝜇 (𝑇ℎ ) = 𝜏 + 𝑒𝜇+(1/2)𝜎 ,
2

(2)

2

𝜎2 (𝑇ℎ ) = 𝑒2𝜇+𝜎 (𝑒𝜎 − 1) .

3.3. Vehicle Mobility Model. Car-following model, which falls
into the category of microscopic level description, is the most
common vehicle mobility model to describe the interaction
among adjacent vehicles in the same platoon. In a carfollowing model, the behavior of each driver is described in
relation to the vehicle ahead. A typical car-following model,
known as Intelligent Driver Model (IDM) [43], is applied
in this paper. According to IDM, acceleration of a following
vehicle can be expressed as follows:
𝑎𝑓V (𝑡)
V𝑓V (𝑡)

4

) −(
= 𝑎 [1 − (
V0
[

𝑠∗ (V𝑓V (𝑡) , △V (𝑡))
𝑠 (𝑡)

2

) ],
]

(3)

where V represents the velocity of the following vehicle, the
gap to the preceding vehicle is 𝑠, and velocity difference
between the following and preceding vehicle is △V. Subscript
𝑓V denotes the following vehicle. In (3), the instantaneous

acceleration consists of a free acceleration 𝑎[1 − (V𝑓V (𝑡)/V0 )4 ]
to achieve the desired speed V0 and an interaction deceleration −𝑎(𝑠∗ (V𝑓V (𝑡), △V(𝑡))/𝑠(𝑡))2 based on the existing gap and
the desired minimum gap between the subject and preceding
vehicles. The desired minimum gap is as follows:
𝑠∗ (V𝑓V (𝑡) , △V (𝑡)) = 𝑠0 + 𝑇0 V𝑓V (𝑡) +

V𝑓V (𝑡) △ V (𝑡)
2√𝑎𝑏

,

(4)

where 𝑠0 and 𝑇0 represent the minimum intraplatoon spacing
and the desired time headway, respectively, and 𝑎 and 𝑏
represent maximum acceleration and desired deceleration.

4. Delay Analysis of Safety Messages under
Infrastructure-Less Scenario
In this section, we first present platoon analysis, and then,
based on the communication scenario shown in Figure 1, we
study the average delay of safety message propagation under
two different situations: the best-case where the source node
can immediately relay the information to a westbound car
and the worst-case where no westbound vehicles are located
in the communication range of the source node, respectively.
4.1. Platoon Analysis
4.1.1. Intraplatoon Spacing. Following the illustrative example
presented in Figure 2, the intraplatoon spacing between two
adjacent vehicles in the same platoon is denoted by 𝑆intra .
According to (3) and (4), the intraplatoon spacing is
𝑆intra =

𝑠0 + 𝑇0 V𝑓V (𝑡) + V𝑓V (𝑡) △ V (𝑡) /2√𝑎𝑏
4

√ 1 − (V𝑓V (𝑡) /V0 ) − 𝑎𝑓V (𝑡) /𝑎

.

(5)

In this paper, we consider that all vehicles in the scenario
run at the same velocity in the steady state [44], where 𝑎𝑓V =
0 and △V(𝑡) = 0. Let Vstb and 𝑆stb be the velocity and
intraplatoon spacing in the steady state, respectively; then, the
intraplatoon spacing can be rewritten as [44]
𝑆intra = 𝑆stb =

𝑠0 + Vstb 𝑇0
√1 − (Vstb /V0 )4

.

(6)

4.1.2. Interplatoon Spacing. Similar to intraplatoon spacing,
the gap between the tail of the leading platoon and the
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leader of the following platoon is referred to as interplatoon
spacing, which is represented by 𝑆inter . Under the assumption
that all platoons have the same platoon size 𝑛 and the same
IDM parameters, the probability density function of the
interplatoon spacing is derived in [7]
2

𝑓𝑆inter (𝑥) =

(log (𝑥) − 𝜇𝐷)
1
exp (−
),
2
√2𝜋𝜎𝐷𝑥
2𝜎𝐷

where the scale parameter 𝜇𝐷 and the shape parameter 𝜎𝐷 are
given by
𝜎2 (𝑇ℎ )

2

𝑛 (𝜇 (𝑇ℎ ) − 𝜏)

4.2. Delay Analysis of Safety Messages Propagation. Without
loss of generality, we assume the source node Src is located
in the end of a platoon and has to deliver safety message to
the vehicle Dst which is the following platoon leader. Because
the distance between the source node Src and the target node
Dst is out of the communication range, the vehicle Dst cannot
receive the safety message directly. The message waits on the
source node Src until the gap is filled by westbound vehicles.
The expected transmission delay of safety message from Src
to Dst is denoted by 𝐸[𝑇]. In order to relay the message, the
source node Src could run into one of the following cases.

(9)

𝑝1 = 𝑃 {−𝑅 < 𝑥 < 𝑅, 𝑆inter > 𝑅}
𝑅

−𝑅

(8)
2
𝜎𝐷
.
2

1
,
+𝐿

𝑒𝜇𝐷

where 𝐿 represents the platoon length and is calculated by 𝐿 ≈
𝑛𝜏Vstb . Thus, the probability of this case is given by

=∫

+ 1) ,

𝜇𝐷 = log (𝑛Vstb (𝜇 (𝑇ℎ ) − 𝜏)) −

𝑓 (𝑥) =

(7)
𝑥 > 0,

2
= log (
𝜎𝐷

4.2.1. Best-Case Scenario. As shown in Figure 3, the source
node Src can immediately relay the safety message to a
westbound vehicle X as the relay node which is the closet
vehicle to the target node Dst. Let 𝑓(𝑥) denote the probability
density function of the position of X. According to [7], the
probability density function 𝑓(𝑥) is

=

+∞
1
𝑑𝑥 ∫ 𝑓𝑆inter (𝑦) 𝑑𝑦
+𝐿
𝑅

𝑒𝜇𝐷

(10)

𝜇 − log 𝑅
2𝑅
).
Φ( 𝐷
𝑒𝜇𝐷 + 𝐿
𝜎𝐷

Once the safety message arrives at the first relay node X,
there can be two possible subcases.
Case 1. In this case, the relay node X is spatially connected
to the target node Dst as illustrated in Figure 4. That is to
say, the safety message can be continuously forwarded by
each platoon leader and eventually received by the Dst. In
order to calculate the probability of this event, we discrete the
westbound roadway segment 𝑆inter −𝑅 into multiple cells, each
of size 𝐿 + 𝑅. The number of cells is 𝑚 = ⌈(𝑆inter − 𝑅)/(𝐿 + 𝑅)⌉.
We consider a cell to be occupied if one or more platoon
leaders are positioned within that cell. The probability of each
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between adjacent cells where platoon leaders are located. The
last forwarder is vehicle Z which carries the message until it
comes into contact with the target node Dst. The probability
of Case 2 is simply the complement of 𝑝10 and is given by
𝑝11 = 1−𝑝10 . Let 𝐸[𝑑] denote the expected distance traversed
by adjacent cells, which can be calculated by

cell being occupied by at least one platoon leader is calculated
by
𝑅

𝑝𝑤 = 𝑃 (0 < 𝑆inter < 𝑅) = ∫ 𝑓𝑆inter (𝑥) 𝑑𝑥
0

(11)

log 𝑅 − 𝜇𝐷
= Φ(
).
𝜎𝐷

𝐸 [𝑑] = (𝐿 + 𝑅)

Case 1 happens when all of the 𝑚 adjacent cells are
occupied and the probability of this event is 𝑝10 = 𝑝𝑤 𝑚 .
Because the speed of wireless communication is much faster
than that of the vehicle, we ignore the delay caused by
direct wireless transmission between two vehicles. Thus, the
corresponding expected transmission delay 𝐸[𝑇10 ] ≈ 0.

1 𝑚
∑𝑖𝑝 𝑖
𝑚 𝑖=1 𝑤

= (𝐿 + 𝑅) [

𝑝𝑤 (1 − 𝑝𝑤 𝑚 )
𝑚 (1 − 𝑝𝑤 )

2

𝑝 𝑚+1
− 𝑤
].
1 − 𝑝𝑤

(12)

The safety message transmission delay is the time that the
relay node Z has to carry the message until it comes into
Dst’s communication range. Let 𝐸[𝑇11 ] denote the expected
transmission delay of this case, which can be calculated by

Case 2. As shown in Figure 5, not all of the 𝑚 cells are
occupied. The safety message can only be forwarded by X
2

𝜇 +(1/2)𝜎𝐷
− 𝑅 − (𝐿 + 𝑅) [𝑝𝑤 (1 − 𝑝𝑤 𝑚 ) /𝑚 (1 − 𝑝𝑤 ) − 𝑝𝑤 𝑚+1 ]
𝐸 [𝑆inter ] − 𝑅 − (1 − 𝑝𝑤 ) 𝐸 [𝑑] 𝑒 𝐷
𝐸 [𝑇11 ] =
=
.
2Vstb
2Vstb

Given all the given cases, we have
𝐸 [𝑇1 ] = 𝑝10 𝐸 [𝑇10 ] + 𝑝11 𝐸 [𝑇11 ] .

(14)

4.2.2. Worst-Case Scenario. In this case, the source node Src
cannot immediately relay the message to a westbound vehicle.
The probability that this case happens can be calculated:
𝑝2 = 1 − 𝑝1 .

(15)

This case can be further divided into the following two
subcases.
Case 3. No westbound vehicles are located within the communication range of the source node Src and other nodes in
the same platoon, as shown in Figure 6. Let 𝑝20 represent the
probability that this case happens. We have
+∞

𝑝20 = 𝑃 (𝑆inter > 𝐿) = ∫

𝐿

= Φ(

𝜇𝐷 − log 𝐿
).
𝜎𝐷

𝑓𝑆inter (𝑥) 𝑑𝑥
(16)

(13)

In this case, the safety message is carried by the platoon
leader in the same platoon until it comes into contact with a
westbound vehicle, which will further forward the information to the target node Dst. We assume that the platoon leader
is statistically located in the center of interplatoon spacing.
Thus, the westbound vehicle closest to the source node Src is
at least 𝐸[𝑆inter ] + 𝐿 + (1/2)𝐸[𝑆inter ] away from the target node
Dst. The expected transmission delay 𝐸[𝑇20 ] is calculated by
𝐸 [𝑇20 ] =

𝐸 [𝑆inter ] + 𝐿 + (1/2) 𝐸 [𝑆inter ]
2Vstb
2

𝐿 + (3/2) 𝑒𝜇𝐷 +(1/2)𝜎𝐷
=
.
2Vstb

(17)

Case 4. As shown in Figure 7, there is no relay node traveling
in the westbound direction within the communication range
of the source node Src, but there is one or more westbound
vehicles within the communication range of a node other
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than the source node Src in the same platoon. This case
happens with the following probability:
𝑝21 = 1 − 𝑝20 = Φ (

log 𝐿 − 𝜇𝐷
).
𝜎𝐷

(18)

Since the closest westbound vehicle to the source is at
most 𝐸[𝑆inter ] + 𝐿 + 𝑅 away from the target node Dst, the
delivery delay can be approximately calculated as
2

𝐸 [𝑆inter ] + 𝐿 + 𝑅 𝑒𝜇𝐷 +(1/2)𝜎𝐷 + 𝐿 + 𝑅
𝐸 [𝑇21 ] =
=
.
2Vstb
2Vstb

(19)

Under the worst-case scenario, the expected transmission
delay 𝐸[𝑇2 ] is
𝐸 [𝑇2 ] = 𝑝20 𝐸 [𝑇20 ] + 𝑝21 𝐸 [𝑇21 ] .

(20)

Consequently, the total expected transmission delay 𝐸[𝑇]
is
𝐸 [𝑇] = 𝑝1 𝐸 [𝑇1 ] + 𝑝2 𝐸 [𝑇2 ] .

(21)

5. Delay Analysis of Safety
Messages with RSU Supported
In this section, we present the analytical model to describe the
delay of safety messages transmission with RSU-supported
VCPSs. RUSs usually have larger communication range due
to the availability of power source and more powerful devices.
Thus, they are capable of quickly disseminating a message
to most of vehicles in a region of VCPSs. We consider the
most critical scenario where RSUs are deployed at fixed

interval of 𝐷𝑢 to enable relaying of information when there is
severe disconnection between vehicles. Thus, the probability
of finding an RSU is a uniformly distributed random variable
in [0, 𝐷𝑢 ]:
1
{
𝑓RSU (𝑟) = { 𝐷𝑢
{0

0 < 𝑟 < 𝐷𝑢

(22)

others.

Working with the analytical model in Section 4, we
determine which communication scenarios can benefit from
the presence of RSUs. Best-case and worst-case are evaluated
independently, as each leads to a different set of benefits.
5.1. Best-Case Scenario. In this case, as shown in Figure 3,
the source node Src can immediately relay the safety message
to a westbound vehicle X. The improvements are obtained
when an RSU is deployed in a way where it can forward the
safety message from X to the destination node Dst. Let 𝑅𝑢
represent the communication range of an RSU. We consider
the case where the vehicles Dst and X reach a distance of
2𝑅𝑢 from one another where an RSU can act as a relay node
between the two vehicles. If no RSUs were present, the two
vehicles have to travel a distance of 2𝑅𝑢 − 𝑅 to be able to
communicate with each other. We see a range of positions
where an RSU can be deployed as shown in Figure 8. The most
favorable position for the RSU is in front of vehicle Dst by 𝑅𝑢
where the travel distance reduction is highest (2𝑅𝑢 − 𝑅) and
vehicles can communicate immediately. No improvements
can be obtained when the RSU is on top of either vehicle Dst
or X. Let 𝑧 denote the distance from the RSU to the vehicle
Dst. We observe that the reduction in travel distance increases
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linearly from 𝑧 = 0 to 𝑅𝑢 and decreases linearly from 𝑅𝑢 to
2𝑅𝑢 . The travel distance reduction, 𝐺(𝑧), is given by
𝐺 (𝑧)

𝑝𝑟 = 𝑃 [

𝑅
{
0 < 𝑧 < 𝑅𝑢
{
(23)
{(2 − 𝑅 ) 𝑧
𝑢
={
{
{− (2 − 𝑅 ) 𝑧 + 2 (2𝑅𝑢 − 𝑅) 𝑅𝑢 < 𝑧 < 2𝑅𝑢 .
𝑅𝑢
{
Therefore, the mean reduction in travel distance is given
by
𝐸 [𝐿] = ∫

2𝑅𝑢

0

𝑅 (2𝑅𝑢 − 𝑅)
𝐺 (𝑧) 𝑓RSU (𝑧) 𝑑𝑧 = 𝑢
.
𝐷𝑢

𝐸 [𝑆inter ] − 𝑅 − 𝐸 [𝐿] − (1 − 𝑝𝑤 ) 𝐸 [𝑑]
.
2Vstb

>

𝑆inter + 𝐿 + (1/2) 𝑆inter
2Vstb

𝑆inter + (1/2) 𝐷𝑢 − 𝑅𝑢
]
Vstb

=∫

2(𝐿+2𝑅𝑢 −𝐷𝑢 )

−∞

= Φ(
(24)

With the presence of an RSU acting as a relay node, the
delay of safety message transmission 𝐸[𝑇1 ] is
𝐸 [𝑇1 ] =

from an RSU. Let 𝑝𝑟 represent the probability of an RSU
acting as a relay node

(25)

5.2. Worst-Case Scenario. In this case, the source node Src
does not have any vehicles traveling on the opposite direction
within its communication range to relay the safety message.
With the presence of RSUs, a new scenario where an RSU act
as a relay node becomes possible. This is shown in Figure 9.
The source node Src can first deliver the safety message to the
RSU. The destination node Dst receives the message from the
RSU when it comes into the communication range of the RSU.
This case happens when the delay for the destination node
Dst to get the message from the RSU is smaller than the delay
to forward the message to a vehicle traveling on the opposite
direction. The source node Src is at most (𝐷𝑢 − 2𝑅𝑢 )/2 away

(26)

𝑓𝑆inter (𝑥) 𝑑𝑥

log (2 (𝐿 + 2𝑅𝑢 − 𝐷𝑢 )) − 𝜇𝐷
).
𝜎𝐷


] in this
The delay of safety message transmission 𝐸[𝑇20
scenario is

𝐸 [𝑇20
]=

𝐸 [𝑆inter ] + (1/2) 𝐷𝑢 − 𝑅𝑢
Vstb
2

𝑒𝜇𝐷 +(1/2)𝜎𝐷 + (1/2) 𝐷𝑢 − 𝑅𝑢
=
.
Vstb

(27)

If the above scenario does not occur, the delay of safety
message transmission is sum of two components: the source
node Src has to wait for an opposite-lane vehicle Z and Z
comes into the communication range of Dst.
Thus, under the worst-case scenario with RSU-support,
the expected transmission delay 𝐸[𝑇2 ] is


] + (1 − 𝑝𝑟 ) 𝐸 [𝑇21
],
𝐸 [𝑇2 ] = 𝑝𝑟 𝐸 [𝑇20

(28)


] is the previous worst-case expected transmiswhere 𝐸[𝑇21
sion delay.
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Figure 10: Impact of the communication range on the expected
transmission delay (𝑛 = 10, Vstb = 20 m/s).

Figure 11: Impact of the size of platoon on the expected transmission
delay (𝑅 = 250 m, Vstb = 20 m/s).

Given all cases, the expected transmission delay 𝐸[𝑇 ]
with RSU supported is

cases of traffic flow rates, which means the analytical model is
effective. It is easy to see that the expected transmission delay
of safety message decreases as the communication range 𝑅
increases. Particularly, when the traffic flow rate is 1200 veh/h,
the expected transmission delay 𝐸[𝑇] decreases from 18 s to
0 s as the communication range increases from 50 m to 350 m.
That is to say, the safety message can be directly transmitted
from the succeeding tail of platoon to the following platoon
header when the communication range is 350 m. Even in
sparse scenario (i.e., 600 veh/h), the expected transmission
delay still significantly decreases as 𝑅 increases. This is mainly
due to the fact that 𝑅 can significantly enhance the network
connectivity. There are more high probabilities that two
vehicles are connected and forward the message to each other
when the communication range increases. As expected, for a
given value of communication range 𝑅 (i.e., 250 m), it also
takes less time to forward a safety message to the following
platoon header in the dense traffic condition. This is because
as the traffic flow rate increases, the interplatoon spacing gets
smaller.

𝐸 [𝑇 ] = 𝑝1 𝐸 [𝑇1 ] + (1 − 𝑝1 ) 𝐸 [𝑇2 ] .

(29)

6. Numerical and Simulation Results
In this section, we verify the effectiveness of the analytical
model through simulation results and investigate the impacts
of different parameters on the expected transmission delay,
respectively, including the communication range of a vehicle
(i.e., 𝑅), the platoon size (i.e., 𝑛), and the steady velocity
(i.e., Vstb ). To perform the simulation experiments, we have
developed a MATLAB simulator. In the simulation experiments, vehicles are generated at the beginning of each road at
time intervals obtained from a log-normal random number
generator. Vehicles move at a constant speed in steady state
and there is no overtaking. The value of 𝜎 is set to 0.4 like in
[7], which normally does not vary much over different traffic
low levels. The minimum value of headway time is 𝜏 = 1 s.
By setting different value of 𝜇, we can simulate the traffic
scenarios with various traffic flow rates.
6.1. Impact of Communication Range of Vehicle. We now
study how different communication ranges impact the
expected transmission delay 𝐸[𝑇]. Given the platoon size
𝑛 = 10 and steady velocity Vstb = 20 m/s, we show the
expected transmission delay of safety message when the communication range 𝑅 varies from 50 m to 500 m under various
traffic flow conditions in Figure 10. We can observe that the
simulation results and the analytical results fit very well for all

6.2. Impact of Platoon Size. To study the impact of platoon
size on the expected transmission delay, we fix the communication range 𝑅 = 250 m and the steady velocity Vstb = 20 m/s,
respectively. Figure 11 shows the expected transmission delay
𝐸[𝑇] under different traffic flow rates. It is seen that simulation results are very close to the analytical results. Moreover,
with an increasing platoon size, the expected transmission
delay increases in various traffic flow conditions. The graph
shows that, for the traffic flow rate of 720 veh/h, the expected
transmission delay increases from 4 s to 61 s as the platoon
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Figure 12: Impact of the steady velocity on the expected transmission delay (𝑅 = 250 m, 𝑛 = 10).

size increases from 5 to 26. A similar phenomenon is also
observed in other traffic flow rates. This is due to the fact that
the interplatoon spacing is enlarged when the platoon size
increases. As a result, the possible distance traversed during
store-carry-forwarding process will be maximized.
6.3. Impact of Steady Velocity. Figure 12 plots the expected
transmission delay 𝐸[𝑇] against the steady velocity of vehicles
in various traffic flow rates, where 𝑅 = 250 m and 𝑛 = 10.
Similar to the effect of platoon size, the expected transmission
delay slowly increases with the increase of steady velocity. For
the traffic flow rate of 1200 veh/h, we notice that there is no
transmission delay when Vstb ≤ 14 m/s, and the transmission
delay is less than 10 s when the steady velocity reaches 26 m/s.
That is because increasing steady velocity results in large
interplatoon spacing for a given traffic flow rate.
6.4. The Benefits on the Expected Transmission Delay with RSU
Supported. First, we investigate the two main components of
the expected transmission delay 𝐸[𝑇 ] with RSU supported.
We conduct the simulation under different flow rate conditions, where the value of RSU deployment interval 𝐷𝑢 is set
to 1 km and the communication range of RSU is set to 400 m.
Figure 13 shows the analytical and simulation results for
the best-case and worst-case scenario with RSU supported,
for traffic flow rate ranging from 300 to 900 veh/h. We observe
a very good match between the predictions of our analytical
model and the output of the simulations. The results clearly
show that the expected transmission delay of both best-
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Figure 13: The expected transmission delay of best-case and worstcase with RSU supported (𝐷𝑢 = 1000 m, 𝑅𝑢 = 400 m).
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Figure 14: The expected transmission delay with RSU supported
under different deployment interval.

and worst-case scenarios decreases as the traffic flow rate
increases. When the traffic flow rate is below 600 veh/h, the
network is essentially disconnected, and the likelihood of
being in the presence of a worst-case scenario is high. As the
traffic flow rate increases, the networks are largely connected,
and the safety messages are more likely propagated under the
best-case scenario, which gives a lower penalty in expected
transmission delay.
The expected transmission delay 𝐸[𝑇 ] under different
deployment intervals is shown in Figure 14. It is easy to
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see that the delay of safety message propagation can be
reduced obviously with the help of RSUs. When the traffic flow rate is 300 veh/h, the expected transmission delay
decreases almost 45% by a regular space 750 m deployment
of RSUs. There is still 22% reduction when the deployment
interval increases to 1500 m. On the other hand, the safety
message propagation can be done almost instantly when the
traffic flow rate reaches 700 veh/h with RSU supported. That
indicates sufficient number of RSUs can significantly reduce
the expected transmission delay of safety messages. However,
with too many RSUs, it would also incur high installation cost
and maintenance cost of these RSUs.

7. Conclusions
The message transmission delay is a main QoS metric for
safety application in VCPSs. In this paper, we developed an
analytical model to analyze the safety message transmission
delay in both infrastructure-less and RSU-supported scenarios. The vehicles are assumed to move based on Intelligent
Driver Model. The analytical model takes into account different transmission cases and various system parameters, such
as communication range, traffic flow, and platoon size. We
conducted extensive simulation to validate the effectiveness
of the analytical model. The results will help determine the
system design parameters to satisfy the delay requirement for
safety applications in VCPSs.
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Safety services of Vehicular Ad Hoc Network (VANET) require reliable broadcasts. We propose a reliable broadcast mechanism for
urban roads called VANET Broadcasting for Urban areas based on Road Layout (VBURL), which tries to minimize the dependency
on information that may become inaccurate to maximize the efficiency of broadcast. Specifically, the proposed mechanism takes
into account the road layout information accessible from the digital map and only the real-time information obtained from the
broadcast messages or beacons. VBURL basically makes the vehicle that is farthest from the current forwarding vehicle take the
role of next forwarding vehicle and, if possible, makes an additional broadcast happen at the intersections where the effect of signal
attenuation caused by the road side obstacles is low in order to have prompt and reliable dissemination of safety messages towards
all roads connected to the intersections. The simulation results verified that VBURL achieves the same high performance as that
of the compared legacy schemes in terms of reliability with much higher efficiency. Even though the message reception delay of
VBURL is slightly longer than those of compared schemes, it is far less significant to impair the original purpose of safety message.

1. Introduction
The Vehicular Ad Hoc Network (VANET) consists of vehicles
that use mobile communications and enables communication
between vehicles or between vehicles and fixed infrastructure
along the road. The road condition and traffic information
collected through various sensors installed in vehicles and on
road side units are transmitted in real time through VANET.
The IEEE 802.11p standard and the IEEE 1609 working
group defined technologies for Wireless Access in Vehicular
Environments (WAVE) [1, 2]. In particular, 802.11p defines
the MAC and PHY layers, and 1609.4 defines multichannel
operation. For multichannel operation, it is specified to use
the control channel (CCH) for safety services, as well as
system control such as beacons, and the service channels
(SCHs) for general commercial services. The Synchronization
Interval (SI) of 100 ms is divided into an equal length of a
CCH interval and an SCH interval.
VANET enables the provision of services to improve
passenger safety and traffic flow through the propagation of
information on dangerous situations and the detection of

traffic congestion, as well as various services for passenger
conveniences and entertainment, such as games, chatting,
and data sharing between vehicles [3]. Among these various prospective VANET services, safety related services are
expected to be the foremost and representative applications.
In particular with the upcoming deployment of autonomous
vehicles, the importance of safety service becomes more
critical. When a traffic accident occurs or obstacles fall on the
road, a safety message is broadcast to encourage deceleration
or rerouting to a bypass. Generically, the safety services
require reliable broadcasting, and extensive studies have been
actively conducted regarding this subject.
Various mechanisms have been proposed to make up for
802.11p for the provision of reliable broadcasts [4–19]. In [4–
8] the authors proposed extensions of 802.11p to avoid the
collisions caused by the hidden terminal. On the other hand
[9–16] proposed the acknowledgment schemes for 802.11p
to check the reception of broadcast message at the target
vehicles and to have the rebroadcast be made if it is needed in
order to guarantee the reliable broadcast. In particular, [17–
19] focus on the reliable broadcast in urban environments
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Figure 1: Characteristics of urban roads, formation of concentrated vehicle groups due to red light of traffic signals.

and address the problem of broadcast inefficiency in addition
to the reliability. Broadcast efficiency is critical in urban
environments where the traffic density is relatively high.
However, there are some limitations in dealing with the
broadcast inefficiency problem at the MAC layer by fully
reflecting the characteristics of urban roads.
Differing from [4–19], [20, 21] proposed reliable broadcast mechanisms for VANET to be implemented above the
MAC layer, that is, 802.11p. Their common design objectives
are to reduce the number of broadcast forwarding attempts
by selecting vehicles that can forward the message to the
largest possible number of vehicles that have not received the
message yet to optimize the broadcast efficiency. Both [20, 21]
leverage the location information of neighboring vehicles
which has been conveyed though the periodic beacons in
order to determine the optimal forwarding vehicles. To
this end, the location information is conveyed through the
beacons that are periodically exchanged over the CCH of
802.11p and is kept on hold during a certain holding time.
However, the effect of traffic concentration due to the red
light of traffic signals, as shown in Figure 1, is not considered
carefully in [20, 21]. With the traffic concentration, frequent
exchanges of beacons may cause congestion in CCH, which
leads to the collisions and losses of beacons as well as the
safety service messages. On the other hand, increasing the
beacon exchanging interval to avoid such congestion also
lowers the accuracy of the information provided by the
beacons. References [20, 21] also implicitly judge the message
reception status of neighboring vehicles based on their
location information and reflect it to their forwarding vehicle
decisions. Around the intersections, though, the implicit
judgement on the message reception status frequently turns
out to be incorrect due to the signal attenuation by the
surrounding buildings. In particular, the inaccuracy of information about the neighboring vehicles may aggravate the
broadcast inefficiency more seriously by causing unnecessary
broadcast or broadcast message collisions when traffic is
heavily concentrated. With the traffic signals and intersections, usually the vehicles with the broadcast message and the
vehicles that have not received the message yet meet across
one another in groups. With the incorrect information about
the neighboring vehicles, wrong and/or the same forwarding
priority values are assigned among the neighboring vehicles,
resulting in unnecessary broadcasts or broadcast message
collisions which wastes the CCH resources and causes serious
efficiency deterioration. Therefore, the legacy schemes that

Obstacles

Obstacles

Obstacles

Obstacles

Figure 2: Intersection with no vehicle and with significant signal
attenuation due to obstacles.

leverages the non-real-time information and the implicit
judgement about the message reception status of neighboring
vehicles without careful considerations about the characteristics of urban roads need to be reconsidered.
Similar to [20, 21], [22] and a recent work [23] also
proposed the broadcast mechanisms for urban roads that is
supposed to be implemented above the MAC layer. In [22, 23],
differing from [20, 21], the road layout information instead
of the holding information from beacons is leveraged to
minimize the vulnerability to the inaccuracy of information
utilized in the forwarding vehicle decisions. The reliability,
though, cannot be assured by the works in [22, 23]. For
instance, in both [22, 23], a vehicle that enters a road segment
where the broadcast is just completed cannot receive the
broadcast message. In particular, [23] focuses on the broadcast efficiency to eliminate or minimize the redundant broadcast. The delay for broadcast message dissemination, though,
may become extraordinarily long in [23] if no vehicle exists at
some or many of the intersections and the signal attenuation
by surrounding obstacles prohibits the propagation of the
broadcast message crossing over those intersections to reach
the road segments at the other side of the intersection, as
shown in Figure 2.
As the diverse applications of the Intelligent Transportation System (ITS) are expected along with the development of
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VANETs, maximizing the usage efficiency of limited wireless
resources is emerging as a critical issue. To this end, studies
are conducted on dynamic and flexible utilization of wireless
channels based on the real-time usage information [24–
27]. Under this paradigm, lowering the utilization of CCH
becomes also helpful in enhancing the chances to accommodate additional useful services in SCH by leveraging the
leisurely utilized CCH resources. Note that CCH is assigned
for the safety message dissemination as well as for the
transmission of control messages such as beacons. In order
to optimize the efficiency of CCH, therefore, not only the
elimination of factors that demand the frequent beacon
exchanges but also the maximization of broadcast efficiency
of safety message dissemination is necessary.
In this paper, hence, we propose a safety message broadcasting scheme named “VANET Broadcasting for Urban
areas based on Road Layout (VBURL)” that enhances the
efficiency of safety message broadcast by minimizing the
possibility of falsely selecting a forwarding vehicle based
on the incorrect information while having little dependency
on the beacon interval as well. VBURL is the extension of
the work proposed by the authors in [22] to remedy its reliability weakness. Instead of leveraging non-real-time holding
information from the periodic beacons or implicit judgement
about the message reception status of neighboring vehicles,
VBURL takes into account the road layout information
accessible from the digital map similar to [22, 23], which is
common and available already through the Digital Multimedia Broadcasting (DMB) networks. The performance of
VBURL is, therefore, much less vulnerable to the beacon
cycles as well as to the usual urban road characteristics such as
high traffic density, frequent traffic signals and intersections,
and traffic concentration.
Note that the urban roads consist of intersections and the
roads interconnecting them. In VBURL, different forwarding
strategies are applied depending on whether there is an
intersection within the transmission range of a vehicle that
receives the broadcast message and is supposed to determine
whether to take the role of message forwarding. It is assumed
that the signal attenuation caused by obstacles along the
road sides is not significant on the straight roads between
intersections, and thus, VBURL simply makes the vehicle that
is farthest from the current forwarding vehicle perform the
rebroadcast on the straight roads for rapid and efficient
broadcasting. Meanwhile, for the message dissemination
around the intersections, VBURL makes an additional broadcast happen at the intersections in addition to the one made
by the farthest vehicle as long as there exists a vehicle hearing
the broadcast at the intersection or else at least there exist one
or more vehicles that are moving toward the intersection with
that intersection within their transmission range. Since the
effect of signal attenuation caused by the road side obstacles
is low inside of the intersections, it enables the prompt and
reliable dissemination of safety message toward all roads
connected to the intersections.
This paper is organized as follows. After the introduction
in Section 1, Section 2 examines the related studies. VBURL
is explained in detail in Section 3. Section 4 describes the
simulation to compare the performance of VBURL with that
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of two representative legacy schemes and analyzes the results
of simulation. Finally, Section 5 provides a conclusion.

2. Related Work
In this section, existing studies that implement the efficiency
of reliable broadcasting on urban roads on top of the plain
802.11p, similar to VBURL, are examined [20, 21, 23]. These
schemes commonly use the Connected Dominating Sets
(CDS) [28] as the virtual backbone network for broadcasting.
If a correct CDS can be set up, the broadcast dissemination to
entire network is possible solely by the broadcast relays of
vehicles included in the CDS. These schemes, hence, strive to
suppress unnecessary transmissions by non-CDS vehicles in
order to maximize the efficiency. References [20, 21] leverage
the holding information obtained from the beacons such as
the location of neighboring vehicles to determine the CDS,
whereas the road layout information is utilized in [23].
2.1. Acknowledged Parameter-Less Broadcast in Static to
High Mobile (ABSM). ABSM uses the Neighbor Elimination
Scheme (NES) as proposed in [28, 29] as well as CDS vehicle
information to determine the broadcast-forwarding vehicle
[20]. In ABSM, the vehicles implicitly decide the message
reception status of their neighboring vehicles by considering the distance between the forwarding vehicle and the
neighboring vehicle leveraging the location information of
neighboring vehicle obtained from the beacon. Each vehicle
manages neighboring vehicle lists of 𝑅 and 𝑁, and the neighboring vehicles that are believed to have received the message
are compiled in list 𝑅 and the other vehicles are placed on
the list 𝑁. Upon receiving the message, each vehicle sets
the broadcast timer for deciding the next forwarding vehicle.
In ABSM, the broadcast timer value, which determines the
forwarding vehicle, is set combining two factors: (1) whether
the vehicle is in the CDS, and (2) the number of neighboring
vehicles that have not received the message, that is, |𝑁|. A
CDS vehicle sets the timer to be inversely proportional to the
number of neighboring vehicles that have not received the
message. For the timer value of non-CDS vehicles, a constant
value of ‘maximum waiting time’ is added to that of CDS
vehicle so that the timer of CDS vehicle always expires
first before that of non-CDS vehicle when they have the
same number of neighboring vehicles that have not received
message. The vehicle whose timer has expired performs a
broadcast and the other vehicles that receive the duplicate
broadcast release their broadcast timer.
Furthermore, message reception is indicated in the beacon so that, when a new vehicle with no message appears as
a neighboring vehicle, it can be detected and the message can
be sent to the new neighbor. ABSM updates the lists 𝑅
and 𝑁 through the broadcast message reception and the
beacon exchange. Broadcast is repeated until no neighboring
vehicles exist in the list 𝑁 so that the reliability of message
transmission to the entire network can be guaranteed.
In ABSM, not only the CDS virtual backbone network set
up but also the broadcast timer setting is determined based on
the holding information conveyed by the beacons. In order
for ABSM to operate efficiently, the real-time locations of
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Figure 3: Example of a general situation where vehicles with no message are discovered through a beacon.

neighboring vehicles and positional relationships must be
accurately identified. On urban roads, which have frequent
intersections and high vehicle densities, however, the beacon
may not be received properly due to signal attenuation or
a collision, and thus, the locations of neighboring vehicles
may not be accurately identified or actual neighbors may
not be recognized as neighbors (or vice versa), lowering the
broadcast performance of ABSM.
Especially, with the traffic concentration at the red traffic
light, it is more likely that there exist multiple vehicles
with the same number of neighboring vehicles that have
not received the broadcast message, resulting in a broadcast
collision. Broadcast collision degrades the performance of
ABSM by causing additional broadcasts. In particular, many
such broadcast collisions can occur in a series of attempted
broadcasts when vehicles with no message are discovered by
a beacon. Figure 3 shows the situation where vehicles with
no message are discovered by a beacon. Due to the traffic
concentration phenomenon of urban roads, vehicles with the
message and vehicles with no message frequently approach
each other in groups. Note that the discovery of neighbors
and the confirmation of message possession can be verified
only through beacons, and the beacons of different vehicles
are not synchronized. When the first beacon from a vehicle
in the group with no message is generated, multiple vehicles
in the group with the message recognize it simultaneously
and set the broadcast waiting timer accordingly. In this case,
the same waiting time is set for all the vehicles with the same
CDS status, and this results in simultaneous broadcasts. In
case the broadcast waiting time of ABSM is shorter than
the beacon cycle, a “broadcast and then collision” incident
occurs repeatedly whenever each vehicle in the group with
no message generates a beacon.
Furthermore, ABSM may incorrectly judge the message
reception status of neighboring vehicles. ABSM implicitly
determines the message reception status of neighbors by
considering the distance between a neighbor and a messageforwarding vehicle without considering the signal attenuation by obstacles. This may, however, turn out to be a false
guess. In particular, as shown in Figure 4, the reception
status of neighbors cannot be accurately guessed near an

intersection. The broadcast of the forwarding vehicle may not
be delivered to the vehicles on roads R1 and R2, which are
close to the intersection, due to signal attenuation. However,
vehicle A thinks that its neighboring vehicles on roads R1
and R2 have received the message by only considering the
distance between the neighbors and a message-forwarding
vehicle. This incorrect judgement affects the determination
of the optimum forwarding vehicle.
2.2. Receiver Consensus (ReC). ReC is proposed to improve
the speed of message delivery as well as the broadcast
efficiency [21]. As with ABSM, ReC also constructs a CDS virtual backbone network for broadcast delivery. While ABSM
determines the priority of forwarding vehicles according to
the combined factors, that is, the number of neighboring
vehicles that have not received the message and whether the
vehicle is a CDS vehicle or not, ReC definitively gives higher
priorities to CDS vehicles than to non-CDS vehicles. The
broadcast priorities among the vehicles with the same CDS
status are determined based on the ideal location, which is
the average location of neighboring vehicles that have not
received the broadcast message. The first time slot is assigned
to the first priority vehicle for immediate broadcast with no
delay. Furthermore, the nth time slot is assigned to the vehicle
of nth priority, and the broadcast is carried out if no broadcast
is heard in the previous time slots before the expiration of its
own broadcast timer. Since CDS status of neighboring vehicle
is also reflected in the decision of forwarding vehicle in ReC,
CDS information is indicated in the beacon together with the
location of vehicle.
ReC manages neighbors with three lists by adding list 𝑃
to lists 𝑅 and 𝑁, which are also used in ABSM. ReC is similar
to ABSM in that neighbors are classified (lists 𝑃 and 𝑁) by
judging message reception status based on the locations of
neighbors informed by the beacons and the location of the
current forwarding vehicle. A vehicle in 𝑃 is moved to 𝑅 only
when message reception is explicitly confirmed by a beacon.
For each vehicle, the beacon cycle is divided by |𝑅| + |𝑃| time
slots. The forwarding vehicle that has performed broadcast
moves its neighbors in list 𝑁 to list 𝑃, and the vehicles that
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Figure 4: Example of a broadcast near an intersection.

have received message repeat this process until there is no
vehicle in list 𝑁, thus ensuring message dissemination to the
entire network.
As with ABSM, however, the inaccuracy of beacon information due to the signal attenuation around the intersection
or beacon collisions as well as non-real-time characteristics
of holding information may result in suboptimal selection of
forwarding vehicle.
2.3. Broadcast Protocol with Road Network Topology (BRNT).
Differing from ABSM and ReC, BRNT configures a CDS
consisting of the road segments connecting the intersections
instead of the individual vehicles [23]. Upon receiving a
broadcast message, the broadcast timer of a vehicle is set
according to where they are located so that the vehicles
located at the intersections are assigned with the highest forwarding priority among the vehicles that receive the broadcast message, then the vehicles on the CDS road segments,
and finally the ones on the other road segments. Specifically,
the broadcast timer of the vehicles on a higher forwarding
priority road segments is set with a shorter timer expiration
value, and a vehicle forwards the broadcast message upon the
expiration of its timer while the vehicles receiving the duplicate message cancel their message forwarding. The broadcast
timer is further tuned so that the farther vehicle from
the current forwarding vehicle is assigned with the higher
forwarding priority on the same road segment.
If there exist one or more vehicles at every intersection or
the signal attenuation at intersections is not significant so that
all CDS road segments are connected by the intersections,
BRNT could work optimally in terms of both delay and
efficiency since the message is disseminated via the CDS road
segments which have the shortest waiting time for forwarding, with no duplicate transmissions. As the ratio of
intersections with no vehicle or with nonnegligible signal
attenuation gets higher, though, the broadcast dissemination
delay could get very long since not only some of the road
segments connected to those intersection can only receive
the message via a detouring path but also the broadcast

message may have to be disseminated via the non-CDS road
segments, which requires longer forwarding delay than the
CDS road segments, due to the incomplete connectivity of
CDS road segments. Note that chance of having broadcast
at the intersection is higher in the proposed VBURL than in
BRNT since intersection broadcast cannot happen in BRNT if
there is no vehicle at the intersection at the point of broadcast
message reception, whereas VBURL may have the vehicle
moving toward the intersection perform the intersection
broadcast even in the case where no vehicle exists at the
intersection at the point of broadcast message reception. Furthermore, no mechanism is provided to ensure the delivery of
broadcast message to a vehicle that newly appears or missed
the broadcast due to some signal interference on the road
segment where the message broadcast has been completed
once.

3. VANET Broadcasting for
Urban Areas Based on Road Layout
Safety service aims to alert the occurrence of a traffic accident
or the falling of obstacles on the road through broadcasts to all
vehicles near the point of accident so that they can decelerate
or reroute to a bypass. The purpose of the proposed VBURL
is to improve the efficiency while ensuring the reliability of
safety message broadcasting by considering the environmental characteristics of urban roads such as a high vehicle
density, as well as frequent intersections and traffic signals.
VBURL attempts to take appropriate broadcast dissemination
in consideration of the road layout without depending on
neighboring vehicle information which is identified through
a beacon. On straight roads between intersections, where the
effect of signal attenuation by obstacles is low, it allows the
vehicle located farthest from the current forwarding vehicle
perform the next broadcast forwarding in order to deliver
the message to the largest possible number of vehicles similar
to the Contention Based Forwarding (CBF) [30]. Meanwhile, to facilitate the message dissemination around the
intersections, VBURL makes an additional broadcast happen
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Figure 5: Broadcasting near an intersection.

at the intersections in addition to the one made by the farthest
vehicle as long as there exists a vehicle hearing the broadcast
at the intersection or else there exist one or more vehicles
that are moving toward the intersection with that intersection
within their transmission range. Since the effect of signal
attenuation caused by the road side obstacles is low inside
of the intersections, it facilitates the prompt and reliable
dissemination of safety message toward all roads connected to
the intersections. Furthermore, in order to achieve reliability,
a rebroadcast is performed if broadcast dissemination of the
next forwarding vehicle is not heard or a neighboring vehicle
that has not received the message is discovered by a beacon.
In Section 3.1, the safety message broadcasting method of
VBURL is explained. The rebroadcasting method for the
reliability in safety message dissemination is explained in
Section 3.2.

to its distance from the current forwarding vehicle using the
location information of forwarding vehicle conveyed in the
message, and the vehicle whose timer expires before hearing
others’ broadcast performs the broadcast. As a result, the
farthest vehicle from the current forwarding vehicle takes the
role of message-forwarding vehicle. On a straight road where
the effect of obstacles is relatively little, broadcasting by the
vehicle that is farthest from the message-forwarding vehicle
potentially disseminates the message to the largest possible
number of vehicles that have not received the message.
If the received safety message is already stored in the
buffer, it will be labeled as a duplicate message. When a
vehicle receives a duplicate of the message for which the FT is
running, it means that another vehicle already has taken the
role of the next forwarding vehicle. In this case, the FT is
released to avoid unnecessary duplicate broadcasts.

3.1. Broadcasting of Safety Message. When a vehicle receives
a new safety message that is required to be broadcast, it
determines the forwarding method depending on the existence of an intersection within its transmission range. First,
the forwarding method of a vehicle that has no intersection
within its transmission range is described. The forwarding
method when there is an intersection within the transmission
range is then described.

3.1.2. Broadcasting with an Intersection. Near an intersection,
due to the effect of obstacles such as buildings around the
intersection, there can be roads where message dissemination
is impossible through the simple broadcasting by a vehicle
whose FT expires first. For instance, the vehicles on roads R3
and R4 in Figure 5 cannot receive the message forwarded by
the vehicles that are selected according to the FT expiration
because of the signal attenuation due to the buildings around
the intersection. On the other hand, as shown in Figure 6, the
center of an intersection is least vulnerable to the signal attenuation by surrounding obstacles. In this paper, it is defined
as the “intersection area.” To facilitate prompt and reliable
broadcast message dissemination to all roads adjacent to an
intersection, hence, VBURL maximizes the chance of broadcast occurring within the intersection area by having not
only the vehicle in the intersection area but also the vehicle

3.1.1. Broadcasting with No Intersection. The vehicle that has
received a new safety message saves it in the broadcast
message buffer and maintains it until the expiration of
message life time. In addition, it uses the Forwarding Timer
(FT) to determine the next forwarding vehicle for continuous
dissemination of the message. Similar to CBF, every vehicle
receiving the safety message sets its FT in inverse proportion
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moving toward the intersection, in case there is no vehicle
in the area at the point of broadcast message reception, perform the intersection area broadcast forwarding. Specifically,
VBURL makes the first vehicle that arrives at the intersection
perform the intersection area broadcast forwarding in case
there is no vehicle at the intersection at the point of broadcast
message reception but there exist one or more vehicles
moving toward the intersection with that intersection within
their transmission range.
In order to do this, the vehicles that have the intersection
in their transmission range (groups (1) and (2) in Figure 7)
and the vehicles that are already located within the intersection area (group (3) in Figure 7) set the Intersection Forwarding Timer (IFT) according to (1) in addition to the FT. The
vehicles in the intersection area, group (3), set their IFT in
proportion to their distance from the center of intersection,
{IFT
= MaxWT ×
IFT = { time out
{IFTmax ,

𝐷vehicle to center
,
𝑐

(i) IFTmax is maximum timer value that is large enough
not to expire until the vehicle enters the intersection;
(ii) MaxWT is maximum waiting time;
(iii) 𝐷vehicle to center is distance from the center of intersection to the vehicle;
(iv) 𝑐 is half of the diagonal length of the intersection area
(see Figure 6).
3.2. Rebroadcast of Safety Messages. For reliable broadcasting, the safety message must be rebroadcast in case the safety
message fails to be disseminated to the next forwarding
vehicle. For this purpose, it must be possible for the current
forwarding vehicle to confirm the reception of a safety
message by the next forwarding vehicle. There are largely two
methods of confirming the receipt of a safety message: explicit
acknowledgment, which requires the exchange of a control
message, and implicit acknowledgment, which regards the
broadcast of safety message by the next forwarding vehicle

so that the vehicle closer to the center of intersection where
the effect of signal attenuation by surrounding buildings is the
least will take the role of broadcasting before others. On the
other hand, the vehicles moving toward the intersection, such
as groups (1) and (2), set their IFT to the maximum value that
is large enough not to expire until they reach the intersection
(IFTmax ). Upon the arrival at the intersection, if they have not
heard the broadcast from the intersection area yet, they reset
their IFT to IFTtime out . Consequently, when there are vehicles
in the intersection area, the vehicle that is closest to the center
of the intersection area takes charge of broadcasting within
the intersection area, whereas, if there is no vehicle in the
intersection area, the vehicle that arrives at the intersection
first takes charge of it.
The goal of IFT is to facilitate the dissemination of
broadcast message to all roads adjacent to the intersection.
Thus, it is released only when a duplicate broadcast from
the intersection area is heard. The FT and IFT may be
running simultaneously at a vehicle for a specific safety
message, and whichever that expires first makes the broadcast
be performed. If the FT expires first and the vehicle is
in the intersection area, it means that broadcast is already
occurring in the intersection area due to the FT expiration,
and the IFT is released to prevent an unnecessary duplicate
broadcast. On the other hand, if the vehicle is still on its
way to the intersection upon the broadcasting caused by the
FT expiration, broadcast within the intersection area is still
necessary and the running IFT is maintained. If the FT is
running in the vehicle when the IFT expires, the FT is always
released to prevent unnecessary duplicate broadcasts:

if intersection vehicle

(1)

if intersection within TR and approacing intersetion.

as the reception confirmation message and considers that
all vehicles located between itself and the next forwarding
vehicle have received the safety message [9–13]. In VBURL,
the implicit acknowledgment is deployed for the efficient use
of limited wireless resources considering the VANET environments, similarly to the method used in other studies [9, 12,
13]. In general, when the implicit acknowledgment method is
used, if the broadcast of the next forwarding vehicle is not
heard within a certain amount of time after broadcasting,
rebroadcasts are performed repeatedly for a maximum count.
In addition, if the vehicle with an effective safety message
discovers a neighbor that has not received the message after
the broadcast has been completed, it makes an additional
broadcast to improve reliability.
3.2.1. Rebroadcast of a Forwarding Vehicle. When the vehicle
that has broadcast a safety message receives it redundantly
from another vehicle, it assumes that successful progress of
continuous message dissemination is made by next forwarding vehicles. Otherwise, the vehicle determines that the dissemination of broadcast has stopped and performs a rebroadcast. For this purpose, every forwarding vehicle sets the
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Figure 7: Target vehicles of IFT setting for broadcasting in the intersection area.

Rebroadcast Timer (RT) after broadcasting a message. In the
study [9], if a vehicle that has performed broadcast receives
a broadcast from the next forwarding vehicle, it assumes that
all neighboring vehicles between the two forwarding vehicles
have received the message. However, this may not be a valid
assumption if there are roads where broadcast dissemination
is not smooth due to signal attenuation by obstacles. In particular, around the intersection, receiving a broadcast from
the next forwarding vehicle that comes from a certain road
may not mean successful progress of broadcast dissemination
toward every road adjacent to the intersection. Consequently,
in VBURL, the vehicle that has performed broadcast in the
intersection area sets the Intersection Rebroadcast Timer
(IRT) to verify that the message has been delivered to all roads
adjacent to the intersection while the forwarding vehicle
that has performed broadcast with no intersection within
its transmission range sets the RT. Receiving a duplicate
message for which the RT is running means that the next
forwarding vehicle has successfully received the message that
the vehicle has broadcast. Thus, the vehicle considers that its
responsibility for message dissemination has been transferred
to the next forwarding vehicle and releases the RT. On the
other hand, the IRT is released after receiving the duplicate
message from all roads adjacent to the intersection where
neighbor vehicles exist, because the purpose of IRT is to
confirm that the message has been disseminated to all roads
adjacent to the intersection. For the purpose of figuring
out the roads where neighboring vehicles exist and for this
purpose only, VBURL leverages the holding information
which has been obtained from the periodic beacons.
To avoid early expiration, RT and IRT are defined according to (2) considering the time over which the safety message
has been disseminated to the transmission range and the
delay until the safety message returns by broadcasting after
the broadcast waiting time of the next forwarding vehicle. RT
or IRT expires when there is a road where message dissemination has not been confirmed. Therefore, when RT or IRT
expires, the forwarding vehicle rebroadcasts the same message and sets the timer again to wait until message reception
is confirmed from all roads to which the broadcast must be
disseminated. These timers can be reset for the maximum

number set by the system so as to repeat the rebroadcast
process as needed:
RTtimeout = MaxWT + 2 × MaxPT.

(2)

(i) MaxWT is maximum waiting time;
(ii) MaxPT is maximum dissemination delay of the
broadcast message, which is the time until the message is disseminated to the transmission range.
3.2.2. Rebroadcast for the New Neighboring Vehicles with
No Message. Neighboring vehicles that have not received a
broadcast of the safety message may appear for various
reasons, such as collision, radio interference, and the entrance
of a new vehicle. In this case, an additional broadcast must
be performed to deliver the safety message to the vehicle
with no message. The Neighbor Forwarding Timer (NFT) is
used for this purpose. The NFT is set when none of FT, IFT,
RT, and IRT is running for a valid safety message, and the
message is not specified in the received message list in the
beacon of a neighbor. The purpose of NFT is to avoid the
collision of broadcasts or unnecessary broadcasts by deciding
the optimum vehicle that will take the broadcasting role when
multiple vehicles with the message discover a vehicle with
no message simultaneously in a geographically close area.
For this purpose, among the vehicles that have the message and have received a beacon from a vehicle with no
message, VBURL makes the vehicle closest to the vehicle
with no message perform the broadcast of safety message.
Considering that usually the vehicles with no message and the
vehicles with the message encounter each other in groups on
urban roads due to the traffic signals as shown in Figure 3,
if a vehicle closest to the vehicle with no message takes
charge of message delivery, it can deliver the message to more
vehicles with no message through one broadcast. Specifically,
the values of the NFT are set by (3). The distance among
the vehicles with the message may be quite small due to
vehicle concentration upon the wait traffic signal. To prevent
unnecessary broadcasts, VBURL makes the difference in NFT
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Figure 8: Urban road layout for simulation.

values set by vehicles with the message be greater than the
propagation delay by increasing MaxWT 𝑛 times in NFT
value calculation. As with the FT, unnecessary duplicate
broadcasts are avoided by releasing the NFT when a vehicle
running the NFT receives a duplicate broadcast, that is,
when the message has been delivered by another forwarding
vehicle. NFT may also be released if it is confirmed through
the beacons that have been received during the running of
NFT that all neighbors have received the message:
NFTtimeout = 𝑛 × MaxWT ×

𝐷
.
TR

(3)

(i) MaxWT is maximum waiting time;
(ii) D is distance between a vehicle with a message and a
vehicle with no message;
(iii) TR is transmission range.
The broadcasting and rebroadcasting mechanisms of VBURL
are illustrated in pseudocodes in Algorithm 1.

4. Performance Evaluation
A simulation is conducted using OPNET to compare the
performance of VBURL with ABSM and ReC, which are the
legacy schemes implementing the reliable broadcast for
urban roads on top of IEEE 802.11p. The simulation environments are first explained in Section 4.1. In Section 4.2, the
numerical results of simulation are then presented.

4.1. Simulation Environments. The urban roads used in the
experiment are bidirectional one-lane roads where 25 intersections are located at intervals of 350 m as shown in Figure 8.
It is assumed that 10–20 m high buildings are located along
the road and the signal attenuation by the surrounding
buildings is implemented using the knife-edge model [31].
At the beginning of the simulation, vehicles running at
random speeds start one by one at fixed intervals at each of the
20 entrances in the simulation network roads and are directed
to run straight along the road. The vehicle arriving at the
end of the road exits the simulation network, and a new
vehicle instead starts on the lane of the opposite direction
to maintain a constant vehicle density on the simulation
network roads. Each intersection has signal lights, and the
vehicles repetitively drive/wait according to the signals. All of
the signal lights on the east-west roads turn to driving
(waiting) signals simultaneously, and all of the signal lights
on the south-north roads turn to waiting (driving) signal
simultaneously. The vehicles are set to stop at 4 m intervals
at the waiting signal of intersections considering the average
body length of vehicles.
As shown in Figure 8, the accident point is at the center
of the simulation network, and it is assumed that the safety
message is first broadcast from the accident point. The eastwest and south-north roads, excluding 100 m on each edge,
are set as the target area (shaded area in Figure 8) to which the
safety message must be broadcast. Furthermore, the vehicles
in the target area when the safety message is broadcast for
the first time are assumed to be the target vehicles that are
considered in the message reception ratio. The safety message
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Reception of a broadcast message
If (new message)
Save the message
Set FT
If (intersection vehicle)
Set IFT = IFTtime out
Else if (intersection within TR && approaching intersection)
Set IFT = IFTmax
Else
If (FT is running)
Cancel FT
If (IFT is running)
If (implicit ACK from all branches where neighbors exist ‖ msg from intersection vehicle)
Cancel IFT
Else
Keep waiting implicit ACK
If (RT is running)
Cancel RT
If (IRT is running)
If (implicit ACK from all branches where neighbors exist)
Cancel IRT
Else
Keep waiting implicit ACK
If (NFT is running)
Cancel NFT
Timer expiration
If (FT ‖ NFT)
Broadcast the message
If (intersection vehicle)
Set IRT = RTtime out
Else
Set RT = RTtime out
Wait for implicit ACK
Else if (IFT)
Broadcast the message
Set IRT = RTtime out
If (FT is running)
Cancel FT
Else if (RT ‖ IRT)
If (num. of rebroadcast by RT or IRT less than maximum)
Broadcast the message
Num. of rebroadcast by RT or IRT ++
Set RT or IRT = RTtime out
Wait for implicit ACK
Arrival at intersection zone
If (IRT is running)
Reset IFT = IFTtime out
Meet new neighbor vehicles without message
If (FT, IFT, RT, and IRT are NOT running)
Set NFT
Algorithm 1: Pseudocode of VBURL.

size is 100 bytes, and the life time of the safety message is set
to 100 seconds.
Both ABSM and ReC use the location information of
neighboring vehicles transmitted through beacons, and when
the beacon cycle increases, the accuracy of neighboring vehicles’ location information decreases. Furthermore, all of the
three compared schemes discover the neighboring vehicles

with no message by exchanging the received safety message
identifier through beacons. Thus, when the beacon cycle is
short, the broadcast dissemination attempts for the vehicles
with no message are made frequently. In this experiment,
therefore, beacon exchange cycle, which is an important
parameter that can affect the performance, is increased to 0.5,
1.0, 3.0, 5.0, 7.0, and 10.0 seconds.
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Table 1: Simulation Parameters.
Simulation parameters

Values

Transmit power

0.005 W

Min. frequency

5885 MHz

Data rate

6 Mbps

Channel bandwidth

10 MHz

Transmission range

300 m
Target area, 2,135 m × 2,135 m, 1 lane
in 2 directions
20–30 km/h (congestion scenario)
40–50 km/h (smooth scenario)
4000 vehicles, 86.4 vehicles/km
(congestion scenario)
2000 vehicles, 43.2 vehicles/km
(smooth scenario)

Network dimensions
Vehicle velocity

Vehicle density
Beacon interval
Beacon hold time

(0.5, 1.0, 3.0, 5.0, 7.0, 10.0) seconds
(1.5, 3.0, 9.0, 15.0, 21.0, 30.0) seconds

The driving speed on urban roads is generally slower
than on the express or freeways due to a high vehicle density
and frequent intersections. Furthermore, it is usual to have
higher traffic density during the commuting hours due to a
large number of inflowing vehicles. In this experiment, two
scenarios of traffic flow are assumed: a case of rush hours,
such as commuting hours, during which vehicles are congested (hereinafter referred to as the “congestion scenario”),
and a case of noncommuting hours, during which the
traffic flow is relatively smooth (hereinafter referred to as
the “smooth scenario”). For the congestion scenario, longer
traffic signal cycles are set to reflect the reality. Specifically, for
the congestion scenario, 200 vehicles running at random
speeds between 20 and 30 km/h start at 1.5 sec intervals at
each road entrance (a total of 4000 vehicles, i.e., traffic density
of 86.4 vehicles/km), and the waiting/driving signal duration
is set to 25 seconds. For the smooth scenario, 100 vehicles
running at random speeds between 40 and 50 km/h start at
2 sec intervals at each road entrance (a total of 2000 vehicles,
i.e., traffic density of 43.2 vehicles/km), and the signal changes
at intervals of 15 seconds.
In this experiment, the MaxWT value is set to 0.1 sec,
which is used to set the FT (FTtimeout = MaxWT×(1−𝐷/TR)),
IFT, RT, and IRT in VBURL, and the MaxPT used to set the
RT and IRT is set to 0.003 sec. For the NFT, n is set to 10 for the
maximum waiting time of 1 sec. The parameter for broadcast
in ABSM is set to W = 0.25 sec according to [20]. The
maximum waiting time used to set the waiting time in ReC is
set as the beacon cycle according to [21]. Table 1 outlines
the major simulation parameters used in this experiment and
their values.
The performance measurement values collected for performance evaluation are as follows. All the measurement
values are averages of the measurements for 10 broadcasts.
(1) Message reception ratio: this is the ratio of vehicles
that have received the message before expiration of
the life time of the message among all the target
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vehicles. It is used to evaluate the reliability of a
broadcast scheme.
(2) Number of receiving vehicles per broadcast: this is
the number of receiving vehicles per broadcast forwarding. It is used to evaluate the efficiency of a
broadcast scheme.
(3) End to end delay: this is the time elapsed until a
target vehicle receives a message after the message is
first generated. It is used to evaluate the rapidity of a
broadcast scheme.
4.2. Simulation Results. The performances of three schemes
are compared in terms of reliability, efficiency, and rapidity,
respectively.
4.2.1. Reliability. All the three compared schemes show a 99%
or higher reception rate in all beacon cycles of the congestion
and smooth scenarios. VBURL, ABSM, and ReC ensure
broadcast reliability by performing rebroadcast whenever a
vehicle that has not received the message is found. The
reception rate does not reach 100%, though, because there are
vehicles moving to exit the road on each edge of the target area
and exit the simulation network before receiving the message.
Because these vehicles are moving farther away from the
accident point, there is no safety problem even if they do not
receive the message. It is only that they could not take the
helpful role to forward safety messages to vehicles beyond the
target area.
4.2.2. Broadcasting Efficiency. Figure 9 shows the ratio of
vehicles that receive the message against the broadcast count,
which signifies the efficiency of a broadcast scheme. The efficiency of VBURL is 2–100 times higher than that of the ABSM
and ReC. In particular, the difference is greater in the congestion scenario where the loss of the beacons and traffic concentration are more significant. The beacon inaccuracy caused by
the loss of the beacons aggravates the performance of ABSM
and ReC whose forwarding vehicle is determined based
on the location information provided by the beacons. On
the other hand, the performance of VBURL is intact regardless of the loss of beacons in the congestion scenario since
it mainly uses the real-time or semistatic information in its
forwarding decision. Furthermore, the efficiency of VBURL
even becomes better in the congestion scenario because the
number of neighboring vehicles included in the transmission
range of a forwarding vehicle is larger.
The efficiency of VBURL decreases slightly as the beacon
exchange cycle is lengthened in both of the scenarios. It is
because, for the intersection broadcast, VBURL also utilizes
holding information from the beacons to determine the
roads on which neighboring vehicles exist. As the beacon
cycle increases, the beacon information holding time also
increases, and, as a result, a road with no neighboring vehicle
anymore actually tends not to be recognized early enough,
causing unnecessary rebroadcasts. Furthermore, for higher
vehicle speed, the information accuracy becomes more sensitive to the beacon cycle. Thus, the broadcast efficiency
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Table 2: Number of broadcasts due to the reception of a safety message (A) and the number of broadcasts due to the discovery of a vehicle
with no message by a beacon (B).
(a) Congestion scenario

VBURL

Beacon cycle

ABSM

(A)
175.6
190.5
181.8
182.2
193.7
206.3

0.5
1.0
3.0
5.0
7.0
10.0

(B)
9.7
8.9
7.3
7.9
8.3
10.5

(A)
192.1
219.5
267.4
271.7
305.4
376.6

ReC
(B)
21148.1
21727.2
24039.6
16707.0
11911.1
10384.6

(A)
573.9
371.8
796.7
751.6
757.0
754.3

(B)
2434.8
2979.2
1831.2
1544.4
1318.0
1344.3

(A)
334.5
253.9
227.5
244.8
287.1
451.3

(B)
9321.7
1854.8
1581.6
875.3
674.0
346.8

(b) Smooth scenario

VBURL

Beacon cycle

ABSM

(A)
155.1
157.7
166.8
175.2
166.6
194.8

0.5
1.0
3.0
5.0
7.0
10.0

(B)
3.6
3.1
4
4
5.1
5.4

(A)
174.8
190.2
217.1
249.3
260.4
271.5

16
14
12
10
8
3.315

6
0.369

4
2
0

(B)
1692.7
299.2
135.4
119.5
97.3
95.0

20

18

0.171

0.5

1.643
0.167

1.0

1.533
0.150

3.0

2.240
0.215

5.0

2.553

0.340
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7.0

10.0
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Figure 9: Broadcast efficiency.

decreases slightly in the 7 sec or longer beacon cycles in the
congestion scenario and in 3 sec or longer beacon cycles in
the smooth scenario in VBURL.
ABSM has the lowest efficiency among the compared
schemes due to its great inefficiency in the broadcast when a
new neighbor with no message is found as shown in Table 2.
In the case of ABSM, the efficiency increases slightly in both
congestion and smooth scenarios as the beacon cycle lengthens since the efficiency of ABSM is mainly determined by
the efficiency of rebroadcast upon the discovery of with-nomessage neighbors, for which the efficiency is better with the

longer beacon cycle as shown in Table 2. On the other hand,
in the case of ReC, as the beacon cycle becomes longer, the
efficiency increases in the congestion scenario whereas the
efficiency increases first and then decreases in the smooth
scenario. It is because, in ReC, the effect of an efficiency
decrement due to the inaccuracy of location information
resulting from the long beacon cycle is more prominent in the
smooth scenario where the difference in beacon accuracy by
the beacon cycle is greater due to the faster speed of vehicles.
Specifically, the message broadcast is attempted when (1)
the vehicle receives a new safety message or (2) neighboring
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vehicles with no message are detected by the beacons. Table 2
shows the number of broadcasts occurred during the entire
simulation according to by which incident the broadcast is
attempted. In VBURL, the least number of broadcasts are
incurred on both of the incident (1) and (2) in all beacon
cycles of the congestion and smooth scenarios. In particular, In VBURL, the broadcasts are performed mainly by
receiving a new safety message. On the contrary, in ReC, more
broadcasts are incurred by the detection of a vehicle with
no message for relatively short beacon cycles. Furthermore,
in ABSM even for all lengths of beacon cycles most of the
broadcasts are caused by the incident (2).
The difference between VBURL and the two compared
legacy schemes is particularly prominent in (2). Due to the
characteristics of urban roads, vehicles with a message and
vehicles with no message often encounter each other in
groups. When one of the vehicles in the with-no-message
group issues a beacon, multiple vehicles in the with-themessage group may receive this beacon and the process to
determine the next forwarding vehicle starts immediately. In
case of ABSM, all CDS (similarly all non-CDS) vehicles with
the message are assigned the same broadcast priority upon
receiving the beacon and perform the broadcast simultaneously resulting in broadcast collisions. Moreover, since the
beacon generation times of vehicles are not synchronized, in
the worst case, whenever a beacon is issued from a vehicle
in the with-no-message group, the vehicles in the withthe-message group may attempt to broadcast and cause a
collision. In ReC, broadcast priority is assigned in the order
of proximity to the vehicle with no message, instead of simply
reflecting the number of neighbors with no message as with
ABSM (which is one for all the vehicles in the with-themessage group that hears the beacon from a with-no-message
vehicle). Therefore, ReC has a lower possibility of the same
broadcast priority among the vehicles in with-the-message
group. However, a similar problem to ABSM may still occur
due to the inaccuracy of beacon information caused by the
loss of a beacon due to collisions in traffic concentration.
The size of a vehicle group tends to be larger in an
environment with high vehicle density and worsens the
situation. Thus, in VBURL, ABSM, and ReC, the number of
broadcasts due to the discovery of a vehicle with no message
in the congestion scenario is approximately 2 times, 9.2 times,
and 2.1 times larger than in the smooth scenario, respectively.
Both ABSM and ReC have a decreased chance of performing
broadcast by discovering the vehicles with no message as
the beacon cycle is lengthened. As a result, the number of
broadcasts owing to the discovery of vehicles with no message
decreases as the beacon cycle gets longer in Table 2.
VBURL incurs the smallest number of broadcasts resulting from the reception of a safety message even though the
difference among the schemes is not as large as the difference
in terms of the number of broadcasts resulting from the discovery of vehicles with no message. In all three schemes, the
number of broadcasts resulting from the reception of a safety
message is around 1.1–1.5 times larger in congestion scenario
than in the smooth scenario. It is because the loss of a beacon
due to a beacon collision causes the inaccuracy of beacon
information in the environment with high vehicle density
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resulting in decision of suboptimal forwarding vehicle and/or
rebroadcast. The performance difference depending on the
traffic density scenario is the least in VBURL though since
it is the least dependent on the holding information obtained
from beacons; that is, the utilization of holding information
is limited to the rebroadcast decision at the intersections.
In VBURL, the number of broadcast attempts upon
receiving a new safety message slightly increases as the
beacon cycle is lengthened. It is because, as the beacon
cycle lengthens, a road with no neighboring vehicle anymore
actually tends not to be recognized early enough, causing
unnecessary rebroadcasts.
The number of broadcasts by the reception of a new safety
message is the largest in ReC, which is the most dependent on
the accuracy of location information provided by beacons.
In ReC, if the beacon cycle is too short, not only the loss
of the beacons due to collisions increases, but also more
frequent broadcasts occur because the broadcast waiting time
becomes shorter (note that the maximum waiting time is set
as the beacon cycle in ReC). Note that difference in waiting
time among the vehicles as well as the length of waiting
time becomes smaller as the maximum waiting time becomes
shorter and vehicle density becomes higher, leading to higher
chance of unnecessary broadcasts. On the other hand, when
the beacon cycle becomes too long, not only the inaccuracy
of location information obtained from beacon increases,
but also the number of vehicles considered as neighbors
increases, both of which lead to the degradation in efficiency.
As a result, in ReC, the number of broadcasts initiated by
the reception of a new safety message first decreases as the
beacon cycle became longer, then it starts to increase when
the beacon cycle rises above a certain value.
In the case of ABSM, the number of broadcast attempts
upon receiving a new safety message increases as the beacon
cycle is lengthened. For ABSM, not only the beacon inaccuracy increases as the beacon cycle is lengthened but also the
average number of neighboring vehicles tends to increase due
to the increase in beacon hold time. If the number of vehicles
regarded as neighbors increases, the broadcast waiting time
becomes shorter and tends to be similar among vehicles in
ABSM, thus increasing the chance of unnecessary broadcasts
or collisions.
4.2.3. Latency. Figure 10 shows the transient behavior in the
changing ratio of vehicles receiving the message over time in
the congestion and smooth scenarios, respectively. In both
congestion and smooth scenarios of all the three schemes,
at least 99% of vehicles receive the message after an interval
that is slightly longer than the traffic signal waiting time after
the first broadcast. It is because when one interval of signal
waiting time passes after the first broadcast, it is highly likely
that a vehicle with a message has passed every intersection.
As a result, the possibility of message dissemination to most
of the roads in the simulation network is high.
The percentage of vehicles receiving a message within
one second after the first broadcast in the smooth scenario
(Figures 10(d), 10(e), and 10(f)) is lower than in the congestion
scenario (Figures 10(a), 10(b), and 10(c)). It is because the
vehicle density of the smooth scenario is lower than that of the
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Figure 10: Continued.
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Figure 10: Continued.
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Figure 10: Continued.
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Figure 10: Delay of message reception.

congestion scenario and has a higher possibility of suspension
of message dissemination. The suspended broadcast could
be resumed when a vehicle with no message is discovered
by a vehicle with the message through a beacon, and the
time required to discover a vehicle with no message tends to
increase as the beacon cycle becomes longer. Thus, in all of the
three compared schemes, the percentage of vehicles receiving
a message within one second tends to decrease as the beacon
cycle is lengthened.
Meanwhile, ABSM has a slightly higher percentage of
message reception within one second compared to VBURL
and ReC. This is not only because waiting time of ABSM
tends to be shorter than the other two schemes, but also at the
cost of very low efficiency and large number of broadcasts as
shown in Figure 9 and Table 2. For the percentage of message
reception within one second, ReC is the lowest in all cycles
except for the case of 0.5 sec beacon cycle. The reason for this
is that as the beacon cycle becomes longer, beacon inaccuracy
becomes greater, causing as a result more broadcast collisions
or longer delay due to no forwarding vehicle with the first
priority.
In the congestion scenario (Figures 10(a), 10(b), and
10(c)), all vehicles in ABSM receive messages before 30
seconds, while VBURL and ReC have few vehicles that receive
messages after 30 seconds. For the vehicles whose delay of
message reception is more than 30 seconds in VBURL, (1)
the distance to the accident point when the message is first
issued, (2) the ratio of the distance travelled before reception

of message and the original distance when the message is first
issued, and (3) the message reception delay is measured in
order to check how critical the delay could be to the quality
of application. As shown in Figure 11, the vehicles with longer
delay of reception tend to be farther away from the accident
point when the message is first issued. Even though it takes
longer than 30 seconds to receive the message, they receive it
at least one intersection ahead of the accident point and, on
average, around three or more intersections away from the
accident point, that is, way ahead of reaching the accident
point. Since they were far from the accident, taking longer
time in receiving the message is not critical to the purpose
of application. Even in the case where the reception delay is
long, the message is received with a sufficient distance to be
able to respond to the accident by decelerating or rerouting
to a bypass. In our experiments, the vehicle that receives a
message the latest receives the message at 77.5 seconds after
the broadcast starts, and it is still around 3.8 intersections
away from the accident point when the message is received.
Figure 12 shows the average message reception delay for
varying beacon cycles. In all cases, the difference in average
reception time among VBURL, ABSM, and ReC is less than
1.5 seconds, and the movement distance corresponding to this
time is 8–21 m depending on the vehicle speed. Therefore, it
does not result in a significant difference that would affect
the safety service quality on urban roads where the vehicle
density and congestion are high and the speed is low. The
factors that have the greatest effect on the average reception
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Figure 12: Average message reception delay.

delay are length of traffic signals and vehicle speed. The
average reception delay of the congestion scenario (5-6 sec),
where traffic signal cycle is longer and vehicle speed is slow
due to high vehicle density and traffic congestion, is longer
by 2.8–3.4 sec than in the smooth scenario (2-3 sec).
VBURL and ReC show a trend of slightly increasing
average reception delay as the beacon cycle is lengthened,
because it takes longer to discover a vehicle with no message.
According to the way how the broadcast waiting time is set,
VBURL tends to have a longer broadcast waiting time than
ABSM and ReC. As a result, in most of the cases, the average
reception delay of VBURL is slightly longer than those of the
compared schemes. In the case of ReC, the message reception
delay tends to be higher when the vehicle density is high
and the beacon cycle is long. It is because the information
inaccuracy increases as the vehicle density and/or the beacon
cycle increase, and as a result, multiple forwarding vehicles
with the highest priority may exist resulting in collisions or
broadcast delay increases due to the lack of a vehicle with the
highest priority. In the smooth scenario, where the vehicle
speed is high and the inaccuracy of location information

tends to be higher, there are cases where the average reception
delay of ReC is longer than that of VBURL. In the case of
ABSM, the average reception delay is the shortest among the
compared schemes for all beacon cycles. The waiting time of
ABSM tends to be very short due to too many rebroadcasts
meaning extremely low efficiency, as shown in Figure 9 and
Table 2.

5. Conclusions
A broadcast message dissemination scheme with minimal
beacon dependency is proposed considering the characteristics of urban roads such as frequent intersections, high vehicle
density, and traffic concentration due to frequent traffic
signals. The proposed VBURL selects the forwarding vehicle
only using its location and the location of the current forwarding vehicle which is conveyed in the received message,
that is, real-time information, and by leveraging the road
layout information which is available from the digital map
obtained through the DMB network. On urban roads, the
intersections and the roads connecting the intersections are
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repeated. On a straight road, the vehicle that is farthest from
the current forwarding vehicle simply performs broadcast
forwarding for rapid and efficient broadcast dissemination.
In intersections, however, where signal attenuation is more
serious due to surrounding obstacles such as buildings, the
vehicle located in the intersection area that is free from
such influence performs additional broadcasts in order to
facilitate broadcast dissemination to all the roads adjacent
to the intersection. The beacon only serves a supplementary
role to deliver a safety message to the vehicles that have
not received the message, which are newly entering an area
where the broadcast has been completed. For performance
evaluation, the percentage of vehicles receiving messages,
the number of vehicles receiving the message per broadcast,
and the message reception delay are measured for various
beacon cycles in the congestion/smooth scenarios. All of the
three compared schemes, VBURL, ABSM, and ReC, show
reliabilities close to 100%, but the broadcast efficiency of
VBURL is 2–100 times higher than that of ABSM and ReC
for all beacon cycles in both of the congestion and smooth
scenarios. Difference in efficiency between VBURL and the
compared schemes is greater in congestion scenario for which
the traffic concentration as well as the loss of beacons is more
serious. In particular, the broadcasts inefficiency of ABSM
and ReC is significant when neighboring vehicles with no
message are detected. In terms of message propagation speed,
the average message reception delay of VBURL is slightly
longer than that of ABSM and ReC. The difference in the
average reception delay among the three schemes is, though,
less than 1.5 seconds, which would not have a significant effect
on quality of service. Furthermore, in VBURL, the vehicles
whose message reception delay is long are those located far
from the accident point at the time of the first broadcast, and
all the vehicles receive the safety message early enough to have
sufficient chance to reroute to a bypass before reaching the
accident point.
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